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 ABSTRACT  

The approach to water management worldwide is currently in transition, with a shift from 

centralised infrastructures to greater consideration of decentralised technologies, such as 

rainwater harvesting (RWH). Initiated by recognition of drivers, including water demand, 

increasing risk of ground-water pollution and flooding, the value of RWH is filtering across 

the academic-policy boundary. However, in Nigeria, implementation of sustainable water 

management (SWM), such as RWH systems, is inefficient social, environmental and 

technical barriers, concerns and knowledge gaps exist, which currently restrict its widespread 

utilisation. This inefficiency contributes to water scarcity, water-borne diseases, and loss of 

lives and property due to flooding. Meanwhile, several RWH technologies have been 

developed to improve SWM through both demand and storm-water management. Such 

technologies involve the use of storage tanks, surface water reservoirs and ground-water 

recharge pits as storage systems. 

  

A framework was developed to assess the significance and extent of water management 

problems, match the problems with existing RWH-based solutions and develop a robust 

ready-to-use multi-criteria analysis tool that can quantify the costs and benefits of 

implementing several RWH-based storage systems. The methodology adopted was the mixed 

method approach, involving a detailed literature review, followed by a questionnaire survey 

of 1067 household respondents, 135 Nigerian Architects and Civil Engineers and focus group 

discussion with Stakeholders. A total of 1042 sets of data were collected through a 

questionnaire survey and analysed using SPSS, Excel and selected statistical methods to 

derive weightings of the attributes for the tool. Following this, three case studies were 

selected to collect data for hydrological modelling using the RainCycle model.  From the 

results it is found that the most important barrier constraining sustainable RWH regime in 

Ibadan was obsolete and insufficient operational equipment, followed by poor renumeration 

of water corporation staff and misuse of available funds. In addition, the measure of 

importance of storage capacity was established, with the highest score of 4.5 which reflects 

the general inadequacy of storage as a major barrier to the adoption of RWH as a sustainable 

water management method. Further, respondents’ major health hazards associated with 

drinking contaminated water was established. A larger proportion (61.2%) of respondents 

chose prevalence of typhoid fever; some have a prevalence of diarrhea (19.4%), while few of 

respondents’ water sources is free from water-borne diseases (2.3%). 

 

The tool developed is an integrated platform of related evaluation techniques, including 

Whole Life Cycle Cost Analysis and Multi-Attribute Utility Theory. The tool uses data 

including cost and quantities of materials for building a RWH storage system and quantifies 

the cost and benefits of alternative RWH-based systems that can improve project 

management. This tool is novel, given its integration of the analytical techniques mentioned 

above and application for selecting the most appropriate RWH-based SWM systems. The 

implementation of the tool is envisaged to provide an objective platform for the 

quantification of the costs and benefits of RWH-based systems prior to implementation. 
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CHAPTER 1 

BACKGROUND TO SUSTAINABLE WATER MANAGEMENT 

 

1.1 Introduction 

This chapter reviews sustainable water management in the water industry. The current 

practise of main water supply is critically explored to identify problems, causes, effects and 

water management technologies applicable for the mitigation of some of the identified 

problems. The chapter concludes with the structural outline of this thesis. 

Sustainable water management (SWM) can be defined as: ‘...managing our water resources 

while taking into account the needs of the present and future users’. It is also ‘a process of 

promoting the co-ordinated management of water, land and related resources, in order to 

maximise the resultant economic and social welfare in an equitable manner without 

compromising the sustainability of vital ecosystems’ (Biswas, 2004). 

The SWM approach accepts that it is beneficial for water to remain in urban catchments 

(Hurley et al., 2008). It was first highlighted in the 1972 Club of Rome Project, ‘The Limits 

to Growth’, that SWM has its origin in the pursuit of sustainable development. Earth’s 

resources are finite and the depletion of natural resources and excess industrial and 

agricultural emissions would force an end to global human growth (Meadows et al., 1972). In 

1992, sustainability subsequently appeared on the global agenda when the UN Conference on 

Environment and Development (UNCED) in Rio de Janeiro proposed the ‘Rio Declaration on 

Environment and Development’. On this basis, the foundation for responsible action towards 

planet Earth was laid. Safe access to potable water was recognised as a basic human right 

(Konig, 2001).  

Sustainable urban water management (SUWM) is an alternative to the traditional way of 

managing urban water systems and is now accepted in water resource management. Terms 

such as ‘integrated water management’, ‘total water cycle management’ and ‘urban water 

management’ are incorporated (Ashley et al., 2007; Harremoes, 2002; Niemczynowicz, 1999; 

Pahl-Wostl, 2007; Wong, 2006). While traditional schemes are comprised of large centralised 

infrastructures, SUWM is characterised by integrated infrastructures and biophysical systems, 

which consider social, economic, environmental and political contexts, provision of water for 
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ecological and human uses, and long-term perspective (Brown and Keath, 2008; Mitchell, 

2006; Mostert, 2006; Serageldin, 1995; Vlachos and Braga, 2001).   

SUWM is a proposed strategy for overcoming and/or coping with the challenges facing urban 

water systems, which include addressing the impacts of population growth, climate change 

and environmental impacts of traditional urban water management practises. In 2009, 50% of 

the world’s population comprised of urban residents (WHO/UNICEF 2010) and as the 

population grows, demand for urban water services increases. 

Sustainable development is defined as “...development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs”, as well as 

adhering to the three pillars of sustainability: economy; society; environment (Figure 1.1) or 

the triple bottom line (Glavic and Lukman, 2007; Ashley et al., 2008).  

In 1997, the ‘World Water Forum’ in Morocco identified the importance of engaging the 

public and politicians in water awareness. Rainwater management was added to the agenda at 

the 2000 Forum in The Hague, where many countries presented case studies (Konig, 2001). 

Recommendations included the development of technologies; stimulation of public interest; 

production of government policy frameworks to address social, economic and environmental 

benefits; development of frameworks for sharing best practises; encouraging community 

participation and involvement of government and recognition of the role of individuals in 

environmental management. This included the promotion of rainwater harvesting (RWH) as 

part of the solution to poverty and environmental degradation. In addition, in 1999 the 

International Environmental Technology Centre of the UN’s Environment Programme 

featured Sustainable drainage systems and RWH in the International Symposium on Efficient 

Water Use in Urban Areas. The focus was on water security through efficient use of existing 

sources to avoid supply issues (Konig, 2001). 

 

1.2 Structure of Sustainable Water Management 

The three main components of the urban water cycle are water supply, wastewater disposal 

and storm water drainage, making up the urban water system. The traditional approach is to 

consider infrastructure delivering potable water separately from that disposing wastewater 

and separately from that providing drainage for storm water. The need to re-evaluate this 

approach in order to seek ways of minimising the environmental impact of urban areas on 
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supply sources and receiving waters is increasing. Hence, it necessitates the investigation and 

subsequent exploitation of possible interactions between the three main components of urban 

water. Wastewater and rainwater were considered waste streams that needed to be conveyed 

away from the urban environment and disposed of, but are recently being seen as resources 

that need to be exploited rather than unavoidable by-products of urbanisation. The potential 

for utilisation of urban storm water and wastewater for beneficial use is foregone when the 

systems are planned and operated separately, disregarding the fact that these systems are 

inter-connected and inter-related. Thus, changing one flow can induce a reaction in the other 

systems. For example, potable water demand is directly related to wastewater production; 

hence, technologies that reduce water demand influence wastewater conveyance systems. 

Water recycling techniques also reduces water demand in addition to reducing demand for 

sewage and sewage treatment. Therefore, there is a need to take a more holistic view at 

allowing water supply, wastewater disposal and storm water drainage to be considered as 

interacting components within a single system (Mitchell et al., 2001).  

 

The five streams of urban water are potable (or white water), grey water, treated grey water 

(or green water), wastewater (or black water) and runoff. However, these do not correspond 

to the three urban water components (water supply, wastewater and storm water drainage) 

discussed above. They are introduced explicitly to allow for the conceptualisation of 

interactions between these components. 

 

Figure 1.1 The three pillars of sustainability (source: http://www.waketech.edu/about-wake-

tech/sustainability/)  

http://www.waketech.edu/about-wake-tech/sustainability/
http://www.waketech.edu/about-wake-tech/sustainability/
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1.2.1 Potable water 

Potable water is water whose quality meets drinking water standards. Treatment of water to 

potable standard is expensive and energy consuming. However, a small proportion (~15-

20%)  (Figure 1.2) of in-house water demand is actually used for purposes requiring drinking 

water quality (water used for drinking, cooking and cleaning dishes). There are notable 

variations in water consumption patterns from house-to-house, depending on household 

occupancy, socio-cultural conditions and the type of domestic water consuming appliances 

(Butler and Davies, 2004).  

 

 

 

Figure 1.2 Water consumption shares of different micro-components of the household in the 

industrialised world (source: Memon and Butler, 2006). 

 

1.2.2 Greywater 

Greywater is the diluted wastewater stream originating from domestic activities, such as 

showering, bathing, washing hands, brushing teeth, dishwashing, washing clothes, cleaning 

and food preparation. Some organic materials, such as food remains, pathogens and inorganic 

material, such as detergents, sand and salt, are contained in the water (Balkema, 2003). 

Greywater reuse has the advantage of regular supply, as it is independent of external 

phenomena such as rain. The storage space required is thus smaller than in the case of 
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rainwater systems. However, a reduction in demand is achieved by substituting potable water 

with greywater used for purposes other than drinking (e.g. toilet flushing and garden 

irrigation), thus assisting the preservation of valuable water resources (Nolde, 2000). In 

application of greywater systems, the main issues are social acceptability and water quality. 

Although, freshly produced greywater does not have any objectionable odour, it requires 

early treatment after collection. Prolonged storage of untreated greywater leads to oxygen 

deficiency conditions and the formation of scum that can float or sink in the collection tank 

(Memon and Butler, 2005). In general, greywater treatment prior to recycling is socially 

acceptable, and renders it suitable for more uses (Memon and Butler, 2005).    

 

1.2.3 Greenwater 

Greenwater is a term used to denote treated rainwater and greywater. Greenwater could be a 

viable alternative water supply, regardless of the scale of the recycling scheme or origin and 

can potentially substitute potable water in some water uses within the house, with the obvious 

exception of drinking water or food preparation. Nolde (2000) revealed that service (green) 

water made available from rainwater or grey water systems can be cost-effective and with 

proper operation presents no hygienic risk or comfort loss for the consumer. 

 

1.2.4 Wastewater 

The whole volume of delivered drinking water becomes wastewater in conventional water 

supply and drainage systems, thus requiring treatment before being released to the 

environment. Increased water demand also implies that additional wastewater will have to be 

disposed of, often in areas where existing sewage treatment works or in areas where 

discharge potential to local watercourse is limited by environmental concerns.  The volume of 

wastewater produced can hence be significantly reduced if recycling schemes are 

implemented. 

 

1.2.5 Runoff 

Direct impacts are exhibited by new developments on existing drainage infrastructure and the 

surrounding environment (Butler and Maksimovic, 2001). They increase the area of paved 

surfaces, thus reducing infiltration, while causing surface runoff to exhibit higher peak flows, 
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larger volumes, and shorter times to peak and accelerated transport of pollutants and sediment 

from urban areas (Niemczynowicz, 1999; Makropoulos et al., 1999). This results in pollution 

of the receiving watercourses and increased flood risk within the development. Controlling 

surface runoff thus becomes a key element in working towards urban sustainability. 

Rainwater collection for recycling (through harvesting) can be used to reduce surface runoff, 

with the additional advantage of reduced potable water demand (Butler and Parkinson, 1997; 

Butler and Davies, 2004; Makropoulos et al., 2006a, b).  

 

1.3 Factors Contributing to Inefficient Water Management 

The following factors, as currently practised, contribute to inefficient water management in 

the water industry:  

 Population growth and changes in lifestyles, due to rapid economic growth. This has 

increased the demand for urban water resources, thus creating numerous challenges, 

due to growing urban communities, their changing water use habits and the variability 

of local mains water supply, influenced by different factors, such as land use and 

climate change (Pandey et al., 2003). 

 Implication of climate change forecasts indicate extreme events (such as droughts, 

storms and heat waves) are likely to increase and freshwater systems will be adversely 

affected (IPCC, 2008). 

 Over-allocated water systems are vulnerable to decreasing water availability and 

increasing rainfall variability, reducing water security of both urban and non-urban 

areas (IPCC, 2008). 

 Environmental impacts from traditional urban water management are observed within 

and outside most cities, resulting from damming rivers for water supply and 

discharging pollution into downstream waterways (Niemczynowicz, 1999). 

 Aging urban water infrastructure is a challenge confronting numerous countries 

(Vlachos and Braga, 2001).  

 The challenges to increasing access to improved drinking water is further complicated 

by disparities in provision, which may be geographical (between urban and rural); 

socio-economic (between the poor and more economically disadvantaged) or related 

to the disproportionate focus on water in comparison with sanitation. For example, 

compared with 72% of Nigerians in urban areas, only 47% of the rural population has 
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access to improved water sources; whilst the ratio of water access to sanitation is only 

2:1 i.e. 58% water to 26% sanitation (WHO/UNICEP 2010). Figure 1.3 highlights the 

factors contributing to efficient water management. 

 

1.4 Effect of Inefficient Water Supply System 

The consequences of current poor water supply practise in the water industry include: 

 

1.4.1 Inadequate main supply 

Public drinking water is often unreliable in Nigeria (Ifabiyi, 2008). Some 52% of Nigerians 

do not have access to improved drinking water supply (Adekunle, 2008). There is inadequate 

supply of treated pipe-borne water to communities, due to lack of proper maintenance of 

water treatment plants. However, the demand for potable water met by pipe-borne water is 

very small (Figure 1.4). Hence, there is a need to tap other sources of water to meet 

requirements. Tables 1.1 and 1.2 show the water supply of Ibadan Metropolis for 2009 and 

2010, respectively. It shows that the water supply by the water corporation of Oyo State 

(WCOS) is inadequate to meet water demand of the growing population. Hence, alternative 

water sources are needed to mitigate this deficit. 

    

1.4.2 Ground-water pollution 

There is a challenge of lack of supply of pipe-borne water in Nigeria. Hence, many homes 

have wells sited around the house some distance from the septic tank. The scarcity of piped 

water has made communities find alternative water sources; groundwater sources being a 

ready source. Wells are a common groundwater source readily explored to meet community 

water requirements or address shortfalls (Adelekan, 2010). The most common cause of 

pollution is attributed to the close proximity of septic tanks to wells and unhygienic use of 

wells. For instance, some wells have no cover/lids; they are dirty and unkempt, thus making 

the water susceptible to infection (Onunkwo and Uzoije, 2011). Groundwater pollution is also 

caused by the disposal of solid or liquid wastes in pits, abandoned boreholes or even stream 

channels and landfills (Iyun, 1994). These processes result in the deterioration of the 

physicochemical and biological properties of water (Orebiyi et al., 2010). Hence, there is 
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insufficient good quality water for drinking, due to high pollution rates of groundwater 

sources (Lade et al., 2012). The cost of developing surface water is very prohibitive, due to 

poor management of wastes, which are usually dumped into streams and other surface waters. 
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Figure 1.3 Factors contributing to inefficient water management (source: WHO/UNICEP 2010) 
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Figure 1.4 Water sources in Ibadan (2005-2008) (source: SSN, 2008). 

         

     Table 1.1 Water supply of Ibadan Metropolis (2009) 

Months Asejire scheme 

(m
3
) 

Eleyele 

scheme (m
3
) 

Total (m
3
) Water demand 

(m
3
) 

January 952,027 182,093 1,134,120 15,588,832 

February 725,031 141,309 866,340 14,080,235 

March 993,870 145,072 1,138,942 15,588,832 

April 1,115,067 125,205 1,240,272 15,085,966 

May 676,455 115,613 792,068 15,588,832 

June 976,328 117,182 1,093,510 15,085,966 

July 891,591 127,633 1,019,224 15,588,832 

August 875,709 113,713 989,422 15,588,832 

September 685,100 166,322 851,422 15,085,966 

October 1,027,610 211,069 1,238,679 15,588,832 

November 567,894 194,490 762,384 15,085,966 

December 949,741 95,221 1,044,962 15,588,832 

Total 10,436,423 1,734,922 12,171,345 183,545,923 

    (Source: WCOS, 2012). 
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     Table 1.2 Water supply of Ibadan Metropolis (2010) 

Months Asejire scheme 

(m
3
) 

Eleyele 

scheme (m
3
) 

Total (m
3
) Water demand 

(m
3
) 

January 1,153,213 192,830 1,346,403 16,136,000 

February 723,396 127,797 851,193 14,576,115 

March 1,157,579 123,321 1,280,900 16,136,000 

April 955,930 136,003 1,091,933 15,615,484 

May 854,061 23,115 877,176 16,136,000 

June 664,695 33,986 698,681 15,615,484 

July 988,998 126,540 1,115,538 16,136,000 

August 761,336 94,839 856,175 16,136,000 

September 422,252 - 422,252 15,615,484 

October 408,486 - 408,486 16,136,000 

November 665,776 - 665,776 15,615,484 

December 1,168,450 - 1,168,450 16,136,000 

Total 9,501,920 858,431 10,782,963 189,990,051 

     (Source: WCOS, 2012). 

 

1.4.3 Water-borne diseases 

Ponds and streams are accessible sources of water in Nigeria, but are prone to guinea worm, 

schistomiasis and other water-borne infections (Sridhar, 1999; Oloruntoba et al., 2006; 

Oloruntoba and Sridhar, 2007). In Nigeria, refuse dumps, pit latrines and open dumps are 

common and environmental sanitation is poor. The inhabitants suffer mainly from (in 

descending order of severity) diarrhoea, gastro-enteritis, malaria, measles, tuberculosis, 

cholera and typhoid (Oguntoke et al., 2009). Water-borne diseases are prevalent, including 

cholera, typhoid, bacillary dysentery, paratyphoid, amoebic dysentery, gastroenteritis and 

infective hepatitis (USAID, 2005). There is a seasonal pattern of water borne diseases, with 

~50% occurring between July and September (USAID, 2005).  
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1.4.4 Lowering of water tables 

Dependence on groundwater to meet growing demand has increased tremendously in Nigeria. 

Urban water supply in Ibadan City is based on both groundwater and surface water (NBS, 

2007), due to inadequate water availability in shallow aquifers. In Ibadan, 41.4% of the 

population is serviced with tube well water (SSN, 2008). The provision is carried out at 

individual (household) level. At present, however, the success achieved in hand tube well-

based urban water supply is near collapse, due to  pollution of groundwater caused by poor 

waste management and because these wells dry up during the dry season (Beretta et al., 

2004). During the dry season, there is extreme scarcity of water for drinking and other 

domestic purposes, due to the lowering of water table resulting in water drying up in wells 

(Lade et al., 2012). These result in inadequate access to sufficient water supply to meet 

societal needs, and users often walk several kilometres to obtain water from streams and 

rivers. When there is a gross misbalance between natural recharge and extraction of water 

over a period, the falling water table and associated yield becomes problematic. The only 

option available for society is to increase recharge over and above the rate induced by natural 

processes. RWH and recharge is one such promising option. It is estimated that prudent 

artificial recharge schemes and waste water recycling could meet ~25% of India’s water 

requirements by 2050 (UN, 2007). 

 

1.4.5 Increasing water demand 

The rate of urbanisation in Nigeria is rapid, with major cities growing at rates between 10-

15% per annum (Longe and Balogun, 2010). Hence, human activities, including soil fertility 

remediation, indiscriminate refuse and waste disposal, use of septic tanks, soak-away pits and 

pit latrines, are increasing. For most communities, pipe-borne water from municipal water 

treatment plants is the most secure source of safe drinking water. However, most treatment 

facilities fail to meet the water requirements of the served community, due to corruption, poor 

maintenance, population pressure and pollution (Adekunle, 2008). 

 

1.5 Requirement of an Efficient Water Supply System 

In order to increase knowledge on sustainable water and wastewater management, a 6-year 

Swedish research programme ‘SUWM’ was initiated (Malmqvist, 1999). The vision for 
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urban areas is water management where water and its constituents can be safely used and 

recycled. The main objectives for a sustainable urban water and waste water system in urban 

infrastructures are: 

 Improving health and hygiene. 

 Saving human resources. 

 Moving towards a non-toxic environment. 

 Conserving natural resources. 

 Saving financial resources. 

 

1.6 Path to the Improvement of Water Supply System 

Three major resources that need to be managed and used to achieve efficient water supply 

and overall success of a SUWM are (Luitel, and Nepal, 1998): 

1. People  

Provide incentives for efficient water-use and educate consumers and producers on 

linkages between water, goods and services. Conservation and protection of water 

resources and the catchment areas: water sources should be protected to ensure 

permanent supply.  

2. Stakeholders  

Identifying stakeholders and sensitising them on integrated water resources 

management. Management of water resources should involve all stakeholders. There 

is a need to ensure agreement on priorities and equity in distributing finite water 

resources. 

3. Technology  

Development of technologies and management approaches aimed at conserving water. 

There should be efficient water use: much valuable water is lost due to improper use, 

leakage and non-use of wastewater. Better use of water is not only a technical matter, 

but is also affected by poor awareness.  

 

1.7 Rainwater harvesting technology 

Having identified technology (section 1.6) as a path to the improvement of water supply 

system, this research focuses on the application of RWH for efficient management of water 
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resources. RWH is a technology used for collecting and storing rainwater from rooftops, land 

surfaces or rock catchments using simple storage utensils, such as pots, tanks and cisterns and 

more complex options, such as underground check dams (Appan, 1999; Prinz, 1995; Zhu et 

al., 2004). 

 

Rainwater is an alternative source to public water mains and can be used for various non-

potable water uses in the home, workplace and garden. RWH is an option where conventional 

water supply systems have failed to satisfy demand (Alam, 2006). This technology has been 

introduced as part of an integrated water supply system where the town supply is unreliable 

or where local water sources dry up for a part of the year. RWH can also provide benefits for 

the attenuation of surface runoff.  

All rainwater harvesting systems (RWHS) share several common components (Gould and 

Nisser-Petterson, 1999): 

1. A catchment surface (rooftop and other collecting surfaces) for rainwater collection.  

2. A conveyance system for transporting water from catchment surfaces to storage reservoirs 

    (roof gutters and down pipe). 

3. A storage system for storing water until needed (underground or above ground tanks). 

4. A device for extracting water from the reservoir. 

 

The main uses for harvested rainwater were identified by Fewkes (2006) as: 

 Main source of potable (drinking) water. 

 Supplementary source of potable water.  

 Supplementary source of non-potable water, e.g. for WC flushing. 

In developing countries, harvested water is mainly used for potable purposes, whilst 

examples of all the three uses exist in developed countries, with potable use being more 

common in rural locations and non-potable supplies in urban areas. A gap therefore exists 

between conventional material assessment techniques and the incorporation of sustainability 

principles in decision-making processes. In order to bridge the gap, current assessment 

methodologies require thorough updating leading to a new model that incorporates the 

principal determinants of sustainable development into the decision-making process. This 

should be the multi-criteria approach, as opposed to the current single dimensional approach. 
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1.8 Statement of Problem 

Ibadan suffers serious water supply problems; cases of dry taps are common in virtually 

every part of the City. Children and women searching for water are common (Adetunji and 

Odetokun, 2011). In Ibadan, refuse dumps, pit latrines and open dumps are common and 

environmental sanitation is poor. Ibadan is a residential and urban area with an increasing 

population (Yusuf, 2007). As population grows and urbanisation increases, more water is 

required and greater demand is made on both ground and surface water.  

One of the priority actions that have been identified in order to achieve the policy goal of 

sustainable water resource management is the establishment of planning and prioritisation 

capabilities for decision-makers (Water Action Plan, 1995). These capabilities are intended to 

enable decision-makers to make choices between alternative actions based on agreed policies, 

available resources, environmental impacts, and the socio-economic consequences. It has 

been recognised that the capacity at district and lower levels to plan and implement sector 

activities is low, and additional central support is still needed (Water Action Plan, 1995). 

Likewise, the capacity at the centre (in terms of skills and technology) is limited. Efforts 

geared towards building up the requisite capabilities are timely and desirable. 

This research was, therefore, motivated to fill the knowledge gap above by developing a 

robust systematic evaluation tool that can be used to analyse the cost and benefit of RWH-

based storage systems. Such a tool can benefit decision-making due to the enormous 

investment required for the implementation of any of the identified alternative RWH storage 

systems and their benefits (Riaz et al., 2006; Jang and Skibnewski, 2008; Poon et al., 2009). 

Decision-makers need a powerful tool to help them make appropriate choices when faced 

with multiple-options (Weng et al., 2010). 

 

1.9 Aim and Objectives of the Research 

Alternative RWH-based solutions can help mitigate existing problems of water supply and 

alternatives have varied costs and benefits. The comparison of these alternatives and eventual 

selection of one for a project scheme is cumbersome and time-consuming. Furthermore, a 

manual process of analysing the alternatives is also subject to possible errors. Therefore, the 

aim of this research is to develop a computerised framework (toolkit) for the evaluation of 

alternative RWH-based water supply systems that will help overcome the environmental 
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engineering and socio-economic barriers to its uptake. The proposed toolkit will therefore 

assist water supply decision-makers with knowledge-based decisions for implementing 

RWH-based systems. 

The objectives of the research are: 

1. Critically review the RWH technologies available nationally and internationally, with the     

aim of evaluating the potential for their sustainable application in Ibadan and the potential of 

their uptake/adoption. 

2. Critically review existing RWH models, with the aim of identifying a model for modelling 

hydrological performance of a RWHS.  

3. Critically investigate the environmental engineering and socio-economic barriers 

associated with the uptake of RWH-based water supply systems in Ibadan. 

4. Evaluate the potential for application of RWH in Ibadan through pilot survey. 

5. Critically review the techniques of multi-criteria decision analysis (MCDA), with the aim 

of adopting a MCDA technique suitable for selecting RWH structure and develop a MCDA 

framework for RWH. 

6. Conduct detailed studies on socio-economic and environmental engineering barriers to 

RWH. 

7. Develop case studies from current RWH-based water supply solutions adaptable to the 

water sector. 

8. Develop a MCDA tool to help decision-makers in making decisions on sustainable RWHS. 

9. Validate the technical effectiveness and usefulness of the model from stakeholder’s 

perspectives through questionnaire survey. 

 

1.10 Scope of Research and Expected Outcomes 

In line with the aim and objectives stated in Section 1.9, the scope of the research covers the 

following areas: 
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 This research focused on process and technology among the three paths to efficient 

water supply system, described in Section 1.6. The process is the distribution of 

materials among the components of RWHS, including collection, conveyance and 

storage systems. The technology is concerned with RWH technology that can enhance 

efficient collection and storage of rainwater. 

 The lack of rigorous investment justification platform for RWH-based water systems 

in the water industry led to the development of a multi-criteria decision-support model 

in this research for the selection of a cost-effective system. However, this research 

limited the implementation of the decision-support model to multi-attribute utility 

theory (MAUT) among various existing multi-criteria analysis techniques, given its 

conformity to the objectives of this research. 

 Although the findings of this research were derived in Nigeria, the principles of 

operation of the model are applicable universally. In addition, the findings agree 

largely with findings in other countries, where similar volumes of rainwater are 

collected and stored for use. 

After the realisation of the aim and objectives of the research, the expected outcomes 

include the following: 

 Analysis of operational benefits of implementing RWH to improve water supply 

systems. The operational benefits represent the reduction of the problems of RWH 

which include, storage estimate, water assurance, storage capacity, site location, area 

utilisation, risk/impact of catastrophic structural failure, ground area, 

evaporation/seepage loss, feasibility of inspection and repair, water quality, 

construction, maintenance, pumping and unit cost, payback period, and system 

stabilisation.  

 The factors contributing to the practice of RWH. These factors are presented in 

Chapter 4. 

 The probabilities of RWH to offer benefits to SWM. 

 A robust decision support model based on MCDA methodology. 
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1.11 Structure and Outline of Thesis 

This thesis documents the development of an integrated decision analysis framework for the 

selection of the appropriate RWH-based system for water supply (Chapter 4). The framework 

was developed in three phases. Phase 1 was the identification of the problem created by the 

current practise of water supply for SWM and modelling solutions applicable to the 

problems. Phase 2 includes the classification of the reduction or mitigation of such problems 

as the benefits of implementing the identified RWH technique and assessment of the benefits 

through structured questionnaire analysis. Phase 3 includes the development and testing of 

MCDA toolkit for the selection of appropriate methods from alternative RWH techniques. 

 

The structure of the thesis is shown in Figure 1.5 and the systematic flow of the chapters is 

described as follows. In order to achieve this process, the objectives are linked through 

various methods highlighted in Figure 1.6. 

 

Chapter 1: Background to Sustainable Water Management 

An in-depth review of the current practise of water management through water harvesting 

revealed the shortcomings of RWH. The chapter presents the problems, causes, effects and 

applicable water management solutions. This chapter also presents the need for this research 

in the problem statement and the aims and objectives of the research. The chapter concludes 

with the structural outlay of this thesis. 

 

Chapter 2: Literature Review on Rainwater Harvesting  

A critical review of the various RWH technologies available nationally and internationally is 

presented in Chapter 2. In addition, the potential for their sustainable application and 

uptake/adoption in Nigeria are evaluated.  

 

Chapter 3: Literature review on Modelling Hydrological Performance of RWHS 

An overview of modelling and associated concepts is presented. Reasons for modelling 

RWHS identified along with a range of commonly employed performance indicators with 

which to judge the predicted hydraulic performance. In addition, the financial assessment of a 

RWHS using a whole life costing approach is evaluated and the justification for the adoption 

of RainCycle software is presented.    
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Chapter 4: Decision Analysis Methodology and Design of Decision Analysis Framework 

This chapter presents decision process, decision analysis techniques, applications of decision 

analysis and the justification of the adoption of multi-attribute utility theory (MAUT). MAUT 

is the core component of the decision-support tool required to address the problem statement 

presented in Chapter 1. The design of the parameters of the conceptual framework is in three 

stages. Stage 1 is the definition stage, which is for the identification and specification of the 

selected attributes for alternative RWH structure. Stage 2 is the evaluation stage, which is for 

the quantification, derivation and aggregation of utilities for the alternative RWH structures. 

Stage 3 is the selection stage and is the comparison and sensitivity analysis of the alternatives 

based on their overall multi-attribute utility values. The chapter concludes with the structure 

of the decision analysis model. 

 

Chapter 5: Research methodology 

This chapter presents the review of quantitative and qualitative research methods and the 

justification for the adoption of mixed method approaches. The implementation of this 

method in the context of this research is also presented. The chapter concludes with statistical 

analyses of the responses of respondents. 

 

Chapter 6: Results from Questionnaire Analysis and Focus Group Discussion (FGD) 

The analyses of the data collected through questionnaire survey and FGD are presented. The 

values were part of the required input of the MCDA model. 

 

Chapter 7: Results from Modelling Hydrological and Financial Performance of RWHS 

This chapter presents the results of modelling hydrological and financial performance for 

three case studies for long-term water saving efficiency. The long term financial savings were 

also evaluated. 

 

Chapter 8: Development of Decision Analysis Model and Validation of the Model 

The implementation strategy of the identified RWH structures was considered for three case 

studies for the purpose of developing the integrated decision analysis toolkit. Implementation 

of the integrated decision analysis model in Microsoft 


 Excel 2010 is presented. The model 

input, processes and output are clearly stated. The Chapter also presents non-functional 

components of the model, such as background information and guides. The model is 
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validated through questionnaire survey and results are presented. The evaluation includes 

verification, validation and recommendations. 

 

 

Chapter 9: Conclusions 

The overall conclusions of the research and suggestions for future work are presented. The 

assumptions considered in the model are clearly stated and suggestions made for further 

research. 

 

1.12 Summary 

The background information on sustainable water management and the shortcomings of the 

current practise of water supply in the water industry has been presented in this chapter. The 

inefficient practise of water supply in the water industry has led to problems, such as water 

scarcity, lack of access to potable water, consumption of contaminated water, water-borne 

diseases, dependence on ground and surface water and lowering of water tables. The 

requirement for the improvement of water supply include, among others is described in 

Section 1.5, along with efficient management and water conservation. Meanwhile, there are 

RWH storage systems that can provide the aforementioned requirements. Such RWH storage 

systems include simple techniques, such as pots, tanks and cisterns as well as more complex 

techniques, such as underground check dams. 
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Figure 1.5 Flow of thesis documentation. 
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Figure 1.6 Flow chart summarising connections between the aim, objectives, methods and chapters of the 

thesis.  
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CHAPTER 2 

LITERATURE REVIEW OF RAINWATER HARVESTING 

 

2.1 Introduction 

Rainwater harvesting (RWH) is important for sustainable development and has no adverse 

environmental impacts. It also provides convenience in terms of decreased distance to 

sources of supply and is less time consuming than surface and groundwater sources. RWH 

technology acts as a tool for poverty eradication, for improving women’s livelihood as they 

are directly involved in water provision for households.  

 

RWH primarily consists of the collection, storage and subsequent use of captured rainwater, 

either as the principal or supplementary source of water. It is applicable both for potable and 

non-potable purposes (Fewkes, 2006). Some systems can provide water for domestic, 

institutional, commercial and industrial purposes, as well as agriculture, livestock, ground-

water recharge, flood control processes and as an emergency supply for fire fighting (Gould 

and Nissen Peterson, 1999; Konig, 2001; Datar, 2006). RWH is a simple and ancient concept, 

which varies from small and basic systems of attaching a water butt to a rainwater 

downspout, to large complex systems of collecting water from many hectares to serve many 

people (Leggett et al., 2001a).  

 

2.2 A Brief History of Rainwater Harvesting 

The exact origin of RWH has not been determined (Gould and Nissen-Peterson, 1999). The 

oldest known examples are associated with the early civilisations of the Middle East and Asia 

and were dated back several thousand years. Simple stone-rubble structures for impounding 

water in India dated back to the third millennium BC (Agarwal and Narain, 1997). In the 

Negev Desert (Israel), runoff from hillsides were collected and stored in cisterns for use in 

agricultural and domestic purposes before 2000 BC (Evenari, 1961). In the Mediterranean 

region, a sophisticated rainwater collection and storage system was in the Palace of Knossos, 

which was believed to have been in use as early as 1700 BC (Hasse, 1989). In Sardinia, 

settlements collected roof runoff as their main source of water from the 6
th

 century BC 

onwards (Crasta et al., 1982).  In many Roman villas and cities, rainwater was the primary 

source of water for drinking and domestic purposes (Kovacs, 1979). Cisterns were generally 
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made from stone or terracota with the identification of three distinct types: ‘bath-tub’ cisterns 

(capacity 25-134 m
3
), ‘flask’ cisterns (capacity 3-250 m

3
) and ‘cave’ cisterns which stored 

10,000 m
3
 (Crasta et al., 1982). 

 

2.3 Rainwater Harvesting Globally 

In the 20
th

 century, there was a decline in RWH techniques around the world, partly due to 

the provision of large, centralised water supply schemes, such as dam building projects, 

groundwater development and piped distribution systems. However, in the last few decades 

interest in the use of harvested water has increased (Gould and Nissen-Peterson, 1999), with 

an estimated population of 100,000,000 people worldwide currently utilising a rainwater 

system (Heggen, 2000). A detailed review on RWH globally is reported by Lade et al. 

(2011b) and summarised in Table 2.1.  

The potential of RWH to enhance water production by mitigating temporal and spatial 

variability of rainfall was confirmed by several scholars (Makurira et al., 2009; Kahinda et 

al., 2007; Rockstrom and Barron 2007; Ngigi, 2006; Oweis and Hachum, 2006; Rosegrant et 

al., 2002). RWHS as an alternative to water supply sources have been implemented 

successfully in some countries, including Japan, Hong Kong, Singapore and the USA 

(Thomas, 1998; Hatibu and Mahoo, 1999; Li et al., 2000).  

 

Table 2.1 Rainwater harvesting globally 

Reference Description 

Sekar et al. (2007) Developed a spatially explicit method to evaluate the cost of 

water harvesting in the Taunton River Watershed in Eastern 

Massachusetts, USA. The results demonstrated that a 

spatially variable harvesting strategy could minimise runoff 

loss and augment water supplies. 

Matthew et al. (2010) Computer models were developed to simulate system 

performance for 2081 rain barrels and larger cisterns in the 

south-eastern USA. The results showed that a rain barrel was 

frequently depleted to meet household irrigation demands 
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and overflowed during rainfall events. 

Erwin (2007) Investigated the recycling of storm water (polluted rainwater 

from streets and courtyard surfaces) and its reuse as service 

water in Germany. The study revealed that with simple 

inexpensive treatment, rainwater from polluted surfaces, such 

as traffic areas, could be treated to certain high quality water 

suitable for household use. These include toilet flushing and 

laundry activities without hygienic risk and comfort loss for 

users. 

Hermann and Schmida, 

(1999) 

Performed a study in Germany that revealed the potential for 

potable water savings in a house varies from 30-60%, based 

on demand and roof area. 

Ghisi and Oliveira 

(2007) 

Investigated the potential for potable water saving in south 

Brazil. Some 34-92% of cities have potential for potable 

water saving using rainwater, depending on potable water 

demand.  

Ghisi et al. (2009) Evaluated the potential for potable water saving using 

rainwater for washing vehicles in petrol stations in Brasilia, 

Brazil.  The potential for potable water saving through RWH 

was 9.2-57.2%, with a mean of 32.7%. 

Ghisi et al. (2006) Evaluated the potential for potable water saving using 

rainwater in 62 cities in South-eastern Brazil. The mean 

potential for potable water saving through RWH was 41%. 

Van Beer et al. (2008) Evaluated the cost effectiveness of the use of rainwater tanks 

for residential environments in Australia. A comparison of 

the cost of operating rainwater tanks and alternative water 

sources, such as building additional dams and desalination, 

was carried out. The research revealed that rainwater is an 

economic option for all households in the region. 

Zhang et al. (2009) Conducted a feasibility study on the use of rainwater in high-

rise residential envelope in four Australian cities (Melbourne, 

Sydney, Perth and Darwin). Sydney had the shortest payback 

period compared with other cities with 3 Ampere (A) rated 
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appliances (8.6 years) or 5A once installed (10.4 years).  

Coombes et al. (1999) Investigated the use of rainwater in 27 houses in Newcastle, 

(Australia); and concluded that rainwater usage would 

promote potable water savings of 60%. 

Appan (1999) Investigated the use of roof water from Nanyang 

Technological University, China, to supply water to toilets in 

the whole campus. This reduced potable water consumption 

by 12.4%. 

Fewkes (1999) A significant saving in potable water was made through use 

of rainwater collected from roofs for flushing toilets. The 

performance of a rainwater collector installed in a house in 

Nottingham (UK) was monitored and a mean water saving 

efficiency of 57% was obtained. 

Adhityan (1999) Studied roof water harvesting from high-rise buildings in 

Singapore where >84% of the population lives. The study 

reveals that a monthly saving of about £9,187 in water 

expenditure was realised with this system. 

Ju et al. (2010) Studied the components of the microbiological and chemical 

characteristics of harvesting rainwater and reservoir water as 

alternative water resources in South Korea. The study 

revealed that all harvested rainwater met the requirement for 

grey water, but not drinking water. 

Ming-Daw et al. (2009) Developed a method for establishing the probabilistic 

approach relationship between storage capacities and deficit 

rates of RWHS in the City of Taipei, Taiwan. A set of curves 

revealed the relationships between storage capacity and water 

supply deficit and was used by engineers to decide storage 

sizes under current deficit rates. 

Liaw and Tsai (2004) Identified four major parameters of rooftop RWHS in Taiwan 

and elucidated them using a simulation method. 

Lubinga et al. (2003) Studied the potential of RWH in urban Zambia. The system 

was designed based on mass curve analysis for storage and 

rational formulae for gutters. Analysis of samples of one of 
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such system showed that the water was suitable for drinking 

purposes. 

Mweng et al. (2007) In South Africa (SA) the potential of domestic rainwater 

harvesting (DRWH) has been explored to provide water in 

rural and peri-urban areas that conventional technologies 

cannot supply. The study concluded that DRWH has the 

potential to improve rural water supply in rural South Africa, 

when an integrated systems approach is applied. 

Mwenge et al. (2009) GIS-based decision-support system for rainwater harvesting 

(RHADESS) was also built to assist decision-makers and 

stakeholders, to indicate the suitability of RWH in any 

selected part of SA and quantify the potential impacts 

associated with its adoption at the catchment scale. 

Peters (2006) Assessed the potential of RWH in the small Island of 

Carriacou (area 24 km
2
) which forms part of the State of 

Granada (Carribean island). Although per capita water 

demand depends on household income levels, rainwater 

could adequately meet the water demand.    

Oni et al. (2008) Examined the technique and materials used for RWH, with a 

focus on the geographical spread of its use in Edo State, 

Nigeria. The study revealed that most people had emptied 

their tanks mid-way into the dry season.  

Rim-Rukeh et al. (2007) Investigated the efficiency of pollutant removal in raw 

harvested rainwater through adsorption of a fixed-bed filled 

with bone char in Agbor. His study revealed raw harvested 

rainwater subject to such treatment had good quality 

compared to WHO standards for drinking water. 

Onoja et al. (2010) Designed a RWHS using local materials in the Otukpa 

community, Benue State, Nigeria. Although rooftop RWH is 

a practise of most households in Otukpa community, the 

supply is still inadequate for sustenance through the dry 

season. 

Coker (2001) Studied rainwater exploitation as a water source in Akufo, a 
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village in Ibadan, Nigeria. The community streams were 

highly polluted and diseased, hence rainwater was considered 

as a viable option in the design of a community water supply 

scheme The study revealed that there are enormous potential 

for rainwater usage to meet water needs. 

Sridhar et al. (2001) Studied the challenges of RWH in Nigeria and found storage 

facilities to be inadequate. 

Efe (2006) Assessed the potability of rainwater samples collected from 

thatch, aluminium, asbestos, corrugated iron roofing sheets, 

and open surfaces from catchment roofs in six rural 

communities of Delta State, Nigeria. They found a 

satisfactory concentration of rainwater characteristics in the 

rural areas, as most of the physicochemical and biological 

characteristics of rainwater samples were below the WHO 

threshold. 

Olaoye and Olaniyan 

(2012) 

Analysed rainwater quality from four roofing materials 

(asbestos, aluminium, concrete and corrugated plastic) within 

Ogbomosho, Oyo State. The analysis of rainwater samples 

suggested that boiled harvested water could be used for 

domestic purposes, if gutters and catchment areas were 

cleaned regularly to remove animal droppings and leaves 

from over-hanging trees. 

Lade et al. (2012) Studied the use of rainwater harvested from rooftops to 

recharge ground-water in a household well in Ibadan. The use 

of rainwater for recharging ground-water in the well led to 

water conservation through reduced evaporation. The well 

thus yields water all year, compared to the control well that 

dried up during the dry season. 

Lekwot et al. (2012) Evaluated the potential for RWH in Kanai (Mali) district in 

Kaduna State. The amount of rainwater harvested was 

sufficient to supplement the needs of rural communities if 

community involvement in RWH activities could be 

increased. 
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Shittu et al. (2012) Designed and constructed a RWHS for a household in which 

there is no public main supply. RWH proved a cheap and 

viable water supply option for domestic, industrial and 

agricultural purposes in both rural and urban areas. 

Peter  and Mberede 

(2001) 

Studied the quality of harvested water on different catchment 

systems in rural areas of Southern Nigeria. The potential of 

RWH as a reliable source of potable water is high and ~90% 

of rooftop catchments in Nigeria are composed of corrugated 

sheets. 

 

2.3.1 Water Scarcity in Nigeria 

The provision of adequate water supply and sanitation services to the people of the 

developing world has been an ongoing quest, which has occupied the minds of development 

experts and governments for the past 40 years. Although a great deal has been done, 

enormous amounts of money have been spent, and Drinking Water Decades have been 

proclaimed, coverage levels remain inadequate. In recent years, a new trend has emerged 

throughout the developing world, increasing amounts of money are now being spent on the 

rehabilitation of water services which have previously been installed but which have fallen 

into disrepair. 

 

Nigeria is the most populous country in Africa, accounting for ~ 18% of the continents total 

population. The population of Nigeria is >110 million; 50% rural, 20% semi-urban and 30% 

urban (Figure 2.1). Table 2.2 shows the population of Nigeria by state and gender. From 

1990-2008, 60% population growth was recorded with an increase of 57 million. Population 

growth places stress on water demand. Nigeria is undergoing explosive population growth 

and one of the highest growth and fertility rates in the world (UN, 2005). By their 

projections, Nigeria is one of the eight countries expected to account collectively for half of 

the world’s total population increase from 2005-2050. The UN estimates that Nigerian 

population will be between 505 million and 1.03 billion by 2100. Hence, both government at 

various levels and private organisations needs extra efforts for this high population to have 

access to safe drinking water. Less than 30% of the population have access to safe drinking 

water. In 2007, only 47% of the total population had access to water from improved sources 
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(Aladenola and Adeboye, 2010). Successive Nigerian governments have spent several 

billions of dollars providing safe drinking water, but most of these projects failed due to 

fraud. Hence, most people are left with no choice than drinking water contaminated with iron 

sulphide and bacteria, germs and suspended matter, all capable of causing disease.  Local and 

state governments, whose primary responsibility is to provide water, are spending millions of 

Naira purchasing chemicals for water that is unavailable (Helen, 2011). 

 

In Nigeria, the water needs are met by surface and groundwater resources, which are ~226 

billion m
3
 and ~40 billion m

3
, respectively (NUWSRP, 2004). Provision of potable water by 

the government to Nigerians has been very problematic. Water shortages are predominant in 

small towns, rural communities and even urban centers due to climate changes, distribution 

system losses, increasing demand and vandalism and funding constraints. Other factors 

include inadequate legislation, inefficient billing systems; poor tariff structure, aged and 

outdated equipment, inadequate power supply, poorly-trained and excessive man-power, poor 

operation and maintenance and lack of sustainability. Government instability has also led to 

lack of policy consistency in the water sector. 

 

The water supply problem in Nigeria is enormous and can only be solved through a properly 

co-ordinated approach (Okeke, 2009). At the global scene, various organisations, such as the 

World Bank, WHO, UNDP, UNICEF and UNESCO as well as other water-related projects of 

Global Water Partnership have been at the forefront in timely efforts to provide safe drinking 

water and basic sanitation in Nigeria. This is within the framework of the Millenium 

Development Goals (MDGs) of halving the proportion of people without sustainable access 

to adequate and affordable drinking water by 2015. This will be hard to achieve, due to low 

levels of existing coverage and almost impossible if sustainability levels cannot be improved. 

By 2020, the vision of presenting Nigeria as one of the top 20 economies in the world by the 

present government  can become realistic if both government and stakeholder’s actions in the 

rural water supply sector do not undermine the provision of truly sustainable services 

(Offodile 2009). Nigeria has several water resources; a closed network of rivers and streams 

and extensive ground-water resources, yet, the country’s water supply is poorly managed. 

The problems with Nigeria water resources are: lack of proper sanitation and water treatment 

to ensure safety of water, and lack of education of hygiene practise. Although there are many 

water projects, such as the National Water Rehabilitation Project, the Improved National 

access to Water Supply and Sanitation Programme, an Agricultural Development Bank 
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Assisted Project and the construction of a second treatment plant in the Federal Capital 

Territory Abuja, the problem still remain, of insufficient supply. 

 

In Nigeria, RWH is practised in the south, as rainfall is regular for eight months of the year, 

with a mean annual fall of 1200-2250 mm. The rainy season is from May/June to 

September/October, depending on the rainfall pattern each year. The other months are 

generally dry, with cool Harmattan winds between November-March. RWH is practised at 

individual, household, commercial and occasionally at local or state government level, to 

augment dwindling water supplies to urban centres. Figure 2.2 shows the national states map. 

 

Figure 2.1 Map of Africa showing location of Nigeria (source: http://t3.gstatic.com/images). 

 

Table 2.2 2006 population of Nigeria by state and gender 

State Male Female Total 

Abia 1,430,298 1,415,082 2,845,380 

Adamawa 1,607,270 1,571,680 3,178,950 

Akwa Ibom 1,983,202 1,918,849 3,902,051 

Anambra 2,117,984 2,059,844 4,177,828 

Bauchi 2,369,266 2,283,800 4,653,066 

Bayelsa 874,083 830,432 1,704,515 

Benue 2,144,043 2,109,598 4,253,641 

Borno 2,163,358 2,007,746 4,171,104 

Cross Rivers 1,471,967 1,421,021 2,892,988 

http://t3.gstatic.com/images
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Delta 2,069,309 2,043,136 4,112,445 

Ebonyi 1,064,156 1,112,791 2,176,947 

Edo 1,633,946 1,599,420 3,233,366 

Ekiti 1,215,487 1,183,470 2,398,957 

Enugu 1,596,042 1,671,795 3,267,837 

Gombe 1,244,228 1,120,812 2,365,040 

Imo 1,976,471 1,951,092 3,927,563 

Jigawa 2,198,076 2,162,926 4,361,002 

Kaduna 3,090,438 3,023,065 6,113,503 

Kano 4,947,952 4,453,336 9,401,288 

Katsina 2,948,279 2,853,305 5,801,584 

Kebbi 1,631,629 1,624,912 3,256,541 

Kogi 1,672,903 1,641,140 3,314,043 

Kwara 1,193,783 1,171,570 2,365,353 

Lagos 4,719,125 4,394,480 9,113,605 

Nassarawa 943,801 925,576 1,869,377 

Niger 2,004,350 1,950,422 3,954,772 

Ogun 1,864,907 1,886,233 3,751,140 

Ondo 1,745,057 1,715,820 3,460,877 

Osun 1,734,149 1,682,810 3,416,959 

Oyo 2,802,432 2,778,462 5,580,894 

Plateau 1,598,998 1,607,533 3,206,531 

Rivers 2,673,026 2,525,690 5,198,716 

Sokoto 1,863,713 1,838,963 3,702,676 

Taraba 1,171,931 1,122,869 2,294,800 

Yobe 1,205,034 1,116,305 2,321,339 

Zamfara 1,641,623 1,637,250 3,278,873 

FCT Abuja 733,172 637,067 1,406,239 

NIGERIA 71,345,488 69,086,302 140,431,790 

(Source: National Population Commission, Abuja, 2006).  
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Figure 2.2 Map of the States of Nigeria (source: 

http://www.google.co.uk/search?q=map+of+nigeria+showing+oyo+state&source=lnms&tbm=isch&sa=X

&ei=AqPyUdv6BuiN7Qa2n4GIBw&ved=0CAcQ_AUoAQ&biw=1366&bih=667#imgdii=_).  

 

2.3.2 Existing Rainwater Harvesting System in Ibadan 

Nigeria has a land mass of 923,768 km
2 

with 36 States. Oyo State is located in the south-west 

(longitude 3
0
45’-4

0
00’E, latitude 7

0
15’-7

0
30’N) and is reputed to be the largest City in 

Africa, south of the Sahara (Figure 2.3). Ibadan is the Capital of Oyo State with an estimated 

population of 2,559,853 in 2007 (SSN, 2007) and a projected population of 7,656,646 by 

2015.  It is the second largest city in Nigeria in terms of land mass (400 km
2
) (Onibokun and 

Faniran, 1995); consisting of 11 Local Government areas (Figure 2.4).  

 

Ibadan was created in 1829 as a war camp for warriors coming from Oyo, Ife and Ijebu. In 

1901, all road traffic from Lagos to the north converged on Ibadan. Hence, the City is 

centrally located and accessible to the former capital city of Lagos. That was the reason for 

the choice of Ibadan as the headquarters of the Western Provinces in 1939, which later 

became the Western region of Nigeria in 1952. Furthermore, the University of Ibadan was 

founded in 1948, which has the best equipped teaching hospital in all of West Africa 

(University College Hospital). In carrying out this research, three existing RWHS in the study 

area were visited: Saint Louis Grammar School Mokola, Saint Anne’s School Molete and a 

household of seven people at New Garage, Ibadan. 

http://www.google.co.uk/search?q=map+of+nigeria+showing+oyo+state&source=lnms&tbm=isch&sa=X&ei=AqPyUdv6BuiN7Qa2n4GIBw&ved=0CAcQ_AUoAQ&biw=1366&bih=667#imgdii=_
http://www.google.co.uk/search?q=map+of+nigeria+showing+oyo+state&source=lnms&tbm=isch&sa=X&ei=AqPyUdv6BuiN7Qa2n4GIBw&ved=0CAcQ_AUoAQ&biw=1366&bih=667#imgdii=_
http://www.google.co.uk/url?sa=i&rct=j&q=map+of+nigeria+showing+ibadan&source=images&cd=&cad=rja&docid=68Bto7tEQCN8BM&tbnid=atF97Jk61NZb0M:&ved=0CAUQjRw&url=http://nigeriamasterweb.com/Masterweb/pressreleases_view?page=0,0,0,0,0,0,0,3&ei=aIdYUeGqFuSv0QWpwYCQCQ&psig=AFQjCNHjYztSdvEoTzRj17r3uBdOH8nT5Q&ust=1364842473989723
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Figure 2.3 Map of Oyo State showing Ibadan (source: DG 2012). 

 

2.3.2.1 Saint Louis Grammar School 

A RWHS was commissioned at Saint Louis Grammar School, Mokola, Ibadan on 5 

November 2009. The purpose of the system is to complement the mains supply to the School 

by providing non-potable water for use in student hostels. The RWHS consists of the 

collection system-roof catchment (Figure 2.5), transportation system-the roof gutter (Figures 

2.5 and 2.6), the storage system (Figure 2.7) and distribution system (Figures 2.8 and 2.9).  
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Figure 2.4 Map of Ibadan showing the 11 Local Government areas (source: DG 2012). 

 

 

      

 

 

 

 

 

 

 

 

 

Figure 2.5 Roof gutter for transporting rainwater at Saint Louis Grammar School, Ibadan. 
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Figure 2.6 Roof gutter for collecting rainwater into the storage tank at Saint Louis 

Grammar School, Ibadan. 

 

2.3.2.2 Saint Anne’s School 

A RWHS was commissioned at Saint Anne’s School, Molete, Ibadan on 13 October 2011. 

The purpose of the system is to complement the mains supply to the School by providing 

non-potable water for use at student hostels. The RWHS consists of the collection system-

roof catchment (Figure 2.10), transportation system-the roof gutter (Figure 2.10), the storage 

system (Figure 2.11) and distribution system (Figure 2.12).  The visit to the two schools was 

accompanied by experts in the field of RWH: Prof. Oluwande and Prof. Coker (Figure 2.13). 

 

 

 

 

 

 

 

 

 

 

   Figure 2.7 Underground storage tank for rainwater at Saint Louis Grammar School, Ibadan. 
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Figure 2.8 Stored water is pumped into overhead tanks before distribution to hostels at Saint Louis 

Grammar School Ibadan. 

 

                                    

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Taps for supplying water manually at the point source to students at Saint Louis Grammar 

School, Ibadan.                              
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         Figure 2.10 Roof gutter for transporting rainwater to the collection system at Saint Anne’s School 

         Ibadan.   

  

 

 

 

 

  

 

 

 

 

 

 

 

 

 
Figure 2.11 Underground storage tank for rainwater storage at St Anne's School, Ibadan. 
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 Figure 2.12 Stored water is pumped into tank and transported manually from the fitted taps at Saint 

Anne’s School Ibadan. 

    

     

Figure 2.13 Visit to RWHS with experts in rainwater harvesting at Saint Anne’s School, Ibadan.      

                                                                      

2.3.2.3 A Household of seven occcupants  

A RWHS was installed in a household at New Garage, in July 2006. The purpose of the 

system is to provide water for all-purpose domestic use, including cooking and drinking 

during the rainy season. This system supplies drinking water to the household all year, while 

non-potable uses are supplemented with a standby household well, as the tank capacity is 

inadequate to meet household water demand all year. The RWHS consists of the collection 

system-roof catchment (Figure 2.14), transportation system-the roof gutter (Figure 2.15), the 
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storage system (Figures 2.15 and 2.16) and distribution system (Figures 2.17 and 2.18).The 

distribution system consists of a pump for pumping the stored water from tank 1 and 2 into 

the overhead tank. A network of pipes is used for supplying the water from the overhead tank 

to the WC, bathroom, kitchen and other household units. 

 

 

 

 

 

 

 

 

 

 

       Figure 2.14 Catchment surface for rainwater collection at New Garage, Ibadan.  

 

       

 

 

 

 

 

 

 

 

 

Figure 2.15 Roof gutter for transporting rainwater to the collection system (tank 1) at New Garage,   

Ibadan. 
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Figure 2.16 Storage system (tank 2) with a first flush diverter at New Garage, Ibadan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                  

Figure 2.17 Pumping system for lifting water to overhead tank at New Garage, Ibadan. 
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Figure 2.18 Stored water is pumped into an overhead tank at New Garage, Ibadan. 

 

2.3.3 Justification of Ibadan for Rainwater Harvesting 

Although, Ibadan Metropolis receives water supply from two schemes; the Eleyele and 

Asejire Schemes, the City faces difficulties in obtaining adequate water supplies. The Eleyele 

dam gets its source of water supply from Eleyele River (Ibadan) while Asejire dam gets its 

source from River Osun, Osun state.  

 

2.3.3.1 History of Ibadan Flood 

Ibadan has a history of flood disaster, the most recent occurred on 26 August 2011. Floods 

are common in the City, as officially recorded since 1951. Records on urban floods are 

patchy and characterised by incomplete information. Table 2.3 shows that more floods were 

recorded in the 1960s and 1970s. Most recorded floods occurred in August, a period between 

the first rainfall peak and the rainfall break. In August 1980, the City recorded 274 mm of 

rain, the heaviest rain on record that caused floods during a single flood episode. The second 

heaviest recorded rainfall was 258 mm in August 1963. On 26 August 2011, the City 

experienced the third heaviest recorded rainfall (187.5 mm). The rain started at 1640, and 
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continued with intense torrents until 2000, with intermittent drizzle until 2300. The storm was 

accompanied by wind speeds ≤ 65 km/h (Oyo State Government 2011). The extent of 

damage in the flood is presented in Figures 2.19 and 2.20. 

 

      Table 2.3 Rainfall induced floods in the City of Ibadan, 1951- 2011 

Date Rainfall 

(mm) 

Estimated Damage to 

Properties (Naira) 

Estimated Loss of Lives 

9-10 July 

1951 

161 Unknown Unknown 

16-17 June 

1955 

173 Unknown Unknown 

16-17 

August 

1960 

178 Tens of thousands of Naira Unknown 

27-28 

August 

1963 

258 Tens of thousands of Naira At least 2 persons 

14 May 

1969 

137 Tens of thousands of Naira At least 2 persons 

1973 

(undated)* 

Unknown >100,000 3 

20 April 

1978 

126 >2,000,000 At least 2 persons 

31 August 

1980 

274 >300,000,000 >500 with over 50,000 

displaced 

1982 

(undated)* 

Unknown Unknown Unknown 

1984 

(undated)* 

Unknown Unknown Unknown 

April 1986 

(undated)* 

Unknown Unknown Unknown 

June/July Unknown Unknown Unknown 
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1987 

(undated)* 

April 1997 

(undated)* 

151 Unknown Unknown 

26 August 

2011 

187.5 >30 billion >100 

       Note: USD 1= N 156 (April 2013). 

       (Sources: Nigeria Environmental Study Action/Team (NEST, 1991, 107) and National Water Resources 

       Institute (NWRI, 2011, 10) * Akintola and Ikwuyatum, 2012). 

       

 

 

Figure 2.19 Temporary pedestrian crossing constructed on the collapsed Apete Bridge, Ibadan, (August 

26, 2011) source: http://gdb.voanews.com/A1FB2E40-3815-446C-9DA1-F4E883935528_w640_r1_s.jpg) 

 

 

 

 

 

 

 

 

 

http://gdb.voanews.com/A1FB2E40-3815-446C-9DA1-F4E883935528_w640_r1_s.jpg
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Figure 2.20 Cars submerged by flood waters in Ibadan, (August 26, 2011) source: 
http://allafrica.com/download/pic/main/main/csiid/00171442:f48f78510281882e99d3dc5b01fcf69a:arc614x

376:w614:us1.jpg 

 

2.4 Water Consumption in the Developed World 

In England and Wales, the mean per capita consumption for households (both metered and 

unmetered) is 150 litres per person per day (Ofwat, 2006). Figure 2.21 shows the water 

consumption share of different micro-components of the household in the industrialised 

world (Memon and Butler, 2006). Figure 2.21 reveals that all the water used in a household 

need not be of potable quality, as 31% of water is used for WC flushing, 20% for washing 

machines and 4% for outside supply. About 55% of the potable mains water used within a 

typical UK household could be potentially replaced with another source, such as rainwater, 

provided the quality is suitable for the intended uses. Water use patterns in offices are 

different compared to domestic dwellings. WC and urinal flushing account for ≤ 63% of 

water use (Figure 2.22). As with domestic properties, this water could be potentially 

substituted by rainwater. Thus, there is no need for the water to be potable, provided an 

adequate quality at the point of use was achieved. 

 

 

 

http://allafrica.com/download/pic/main/main/csiid/00171442:f48f78510281882e99d3dc5b01fcf69a:arc614x376:w614:us1.jpg
http://allafrica.com/download/pic/main/main/csiid/00171442:f48f78510281882e99d3dc5b01fcf69a:arc614x376:w614:us1.jpg
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Figure 2.21 Water consumption share of different micro-components of the household in the 

industrialised world (source: Memon and Butler, 2006). 

 

 

  

Figure 2.22 Mean water use in office buildings (adapted from Leggett et al. (2001a), p 23). 
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2.5 Water Consumption (Water Demand in the Developing World) 

Collection of valid information on water usage in a developing country like Nigeria is 

difficult. Attempts were often made to estimate water demand, by quantifying the amount of 

water use in terms of number of 8-litre buckets used per day (Adekalu et al., 2002). Figure 

2.23 reports the volume of water used per person per day. The standard water consumption 

per person per day is 50 litres (UN, 2002).   

 

 

 Figure 2.23 A typical household daily water use in Nigeria (2002) (source: Adekalu et al., 2002). 

 

2.6 Global Water Shortages 

On World Water Day 2011 with the theme “Water for Cities: Responding to the Urban Water 

Challenge” Ban Ki-Moon (Secretary-General of the UN) reported “more people die from 

unsafe water than from all forms of violence, including war. These deaths are an affront to 

our common humanity, and undermine the efforts of many countries to achieve their 

development potentials”. Less than 3% of the world’s water is fresh, the rest is seawater and 

undrinkable. However, the largest part of this freshwater (83%) is frozen, locked up in 

Antarctica, the Arctic and glaciers, and is generally unavailable for human consumption 

(UNESCO, 2003). Humanity thus relies on ~ 0.5% of the world’s freshwater. Although the 

world is not ‘running out of water’, water is not always available when and where needed. 

Factors such as climate, droughts, normal seasonal variations and floods can contribute to 

local extreme conditions (WBCSD, 2005).  In fact, one in three people on every continent are 

25% 
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affected by water scarcity (WHO, 2010). Freshwater scarcity is not limited to sub-Saharan 

developing countries, as access to unlimited amounts of freshwater at all times is not assured 

even in Western societies (EEA, 2009). In many major basins, water over use by farmers, 

governments and industries is damaging the environment, hence threatening reliable water 

supply. The situation is worsened with increasing water needs due to rapid population 

growth, urbanisation and increasing households and industrial uses (UNEP, 2008; UNDP, 

2006). Developing countries occupy one-quarter of the global population and lack adequate 

infrastructure to provide water from rivers and aquifers (WHO, 2010). Water scarcity could 

threaten the MDG Number 7; Target 10, which aims at halving the proportion of people 

without sustainable access to safe drinking water and basic sanitation (WHO, 2004).  

 

One-third of the world’s population lives in areas with water shortages and 1.1 billion people 

lack access to safe drinking water, while 2.6 billion people are without adequate water for 

sanitation (UN, 2007) . Diseases and deaths arising from people using contaminated water 

supplies are increasing, which are more pronounced in children of under-developed countries, 

where 3900 children per day die of diarrhoea alone (WHO, 2004). Some 1.8 million people 

die every year from diarrhoeal diseases (including cholera), (UNICEF and WHO, 2004). 

 

2.7 International best practises of rainwater harvesting 

Table 2.4 presents the successful best practices in rainwater. 

 

Table 2.4 Successful international best practises. 

 CONTINENT BEST PRACTISE 

1. Asia RWH- rooftop RWH for building, integrated RWH at a 

construction site and community-based RWH (Ju et al., 2010). 

2. Africa RWH decision-support system (RHADESS) was built to assist 

decision- makers and stakeholders by indicating the suitability 

of RWH in any selected part of the country (South Africa) 

(Mwenge et al., 2009).  

Practical decision-support tool – River Basin Game (RBG) was 

adopted for stakeholders in Tanzania (Kossa, 2005).  
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3. The Americas Water savings was achieved through the use of rainwater to 

minimise runoff loss and augment water supplies (Sekar et al., 

2007). Rainwater is harvested for potable use (Fewkes, 2006). 

4. Europe Dew and rainwater was collected during the winter season to 

supplement water during the dry season (Fewkes, 1999). 

5. European Union DRWH and grey-water treatment systems were adopted 

(rainwater was collected from rooftops/streets or courtyard 

surfaces) and its reuse with inexpensive treatment for 

households use, such as toilet flushing and laundry activities 

(Ghisi et al., 2009). Grey-water reuse was the most cost 

effective system (Enedir et al., 2006). 

6. Oceania Rainwater use combined with a demand management strategy 

contributed not only to lower drinking water use, but also 

provided positive and long-term water efficiency gains (Vivian 

et al., 2010). 

 

2.8 Benefits of rainwater harvesting implementation 

The benefits of RWH include: 

 RWH saves natural resources and over-dependence on ground surface water supply 

(Russell et al., 2008; Baguma, et al., 2010) and reduces the amount of money spent on 

water consumption. The water that would otherwise have been lost to the atmosphere 

through evaporation, or the drainage system, can be collected and stored in rainwater 

tanks or directed into mechanisms that can recharge ground-water (Lade et al., 2012). 

 RWH can provide water for human consumption at the points of need, reduce water 

bills and lessen the need for reservoirs, which may require the use of valuable land 

therefore reducing environmental effects caused by surface runoff (Opare, 2011; Efe, 

2006). 

 The technology is flexible and adaptable to diverse conditions. 
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2.8.1 Rainwater harvesting as a sustainable water management technique  

There is renewed interest in the use of RWH as a SWM measure, due to its ability to act as 

both a demand management and source control technique (Partzsch, 2009). In a RWH 

feasibility study for Copenhagen, the use of context appropriate and integrated water 

management measures was emphasised (Mikkelsen et al., 1999), which promoted the use of a 

range of sources rather than relying on centralised water demand measures. The importance 

of viewing RWH as part of the SWM response was highlighted. This was supported by Peters 

(2006), who argued for RWH as a context-appropriate part of SWM in Grenada. 

Consequently, there has been a remarkable increase in the global use of RWH for non-

potable applications in the last 15-20 years (Fewkes, 2006). 

 

2.8.1.1 Rainwater Harvesting for Demand Management 

RWH can be utilised to supplement mains water usage, resulting in financial savings for 

several stakeholders (such as building owners). However, large variations exist in such 

savings, depending on: capital and operational cost of the implemented RWHS, the volume 

of water saved (water saving efficiency), water metering and water and sewerage costs (EA, 

2008b). The results of similar studies are summarised in Table 2.5. These studies revealed 

that the potential of RWH to meet a level of demand is often estimated using modelling 

techniques (Section 3.2). RWH for demand management is highly site-specific; the case 

study systems indicate variability of water efficiency and implementation issues can impact 

on system efficiency. RWH is receiving increased attention as a storm-water management 

device, as the variability of water saving efficiencies has the potential to increase viability. 

 

2.8.1.2 Rainwater Harvesting for Storm-water Management (SM) 

The implementation of RWH could have wider applications than just saving water (Vaes and 

Berlamont, 1999). RWH has potential for eliminating or mitigating the root cause of 

development-generated impacts at source (Kinkade-Levario, 2003). These assertions were 

reinforced by Konig, (2001) and Kellagher and Maneiro Franco (2005), summarising that 

decentralised RWH can facilitate: 

 Pollution reduction in surface waters. 

 Increase in ground-water supplies 
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 Load reduction on sewers. 

 Reduction in individual process or operating costs. 

 

    Table 2.5 Summary of studies assessing the efficiency of RWHS 

Location of 

Study/System 

type  

Water Saving (%) 

Actual (a) or Estimate (e) 

 

Reference 

Ibadan, Nigeria/urban 

Domestic 
57.2 e  Lade et al., 2013b 

Hilly communities of 

Taipei, 

Taiwan/cylindrical 

stainless steel tanks 

21.6a  
Chiu et al., 2009 

 

Beijing, China (urban 

domestic) 
25e  

Zhang et al., 2009 

Eco-housing 

development, Daegu, 

Korea/communal 180 

m
3
 tank 

65e 
Kim et al., 2007 

 

Berlin, Germany 

(urban domestic) 
70 a  

Nolde, 2007 

Brazil (urban 

domestic)                   

48-100e (depending on 

region) 

Ghisi, 2006 

Various, Australia  6-74 e (depending on region) Coombes and Kuczera, 

2003a 

Tokyo, Japan/Stadium 59a 
Zaizen et al., 1999 

 

 

2.8.1.3 Rainwater Harvesting for Demand and Storm-water Management 

Storm-water usage for local water supply is identified by several countries. Rather than just 

seen as a local problem, RWH is been promoted for both demand management and source 
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control goals (Coombes et al., 1999; Konig, 2001; Handia et al., 2003; Waters et al., 2003; 

Peters, 2006; Van der Sterren et al., 2007; Ward et al., 2010; White, 2009). These benefits 

have been measured and modelled by several studies. 

 

When accommodating new urban development, it has been asserted that storm drainage 

system peak capacities are expensive to increase (Fok and Chu, 1991). For example, in the 

USA, where runoff has increased in excess of existing system capacity due to increasing 

urbanisation of the foothills of Denver, Colorado, RWH was made compulsory in certain 

developments. In order to prevent storm drains becoming overloaded, the water was utilised 

for non-potable demand, such as lawn irrigation and car washing (Valerie et al., 2007).   

   

2.9 Components of Rainwater Harvesting System 

A typical RWH-specific component could include some or all of the following items: 

 First-flush diverters. 

 Filters. 

 Storage device, e.g. tank. 

 Overflow arrangement (including backflow prevention device). 

 Pump and associated components. 

 UV unit. 

 Electronic controls/management systems. 

 Header tank (for indirect and gravity fed systems). 

 Mains top-up arrangement. 

 Distribution pipework. 

Auxiliary components include some or all of the following items: 

 Guttering and collection pipework. 

 Catchment area (e.g. roof). 

Figure 2.24 shows a common RWH and auxiliary components and demonstrates how they 

can be integrated in order to create a complete system.
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Figure 2.24 A common RWHS and auxiliary components (adapted from Legget et al., 2001b) 
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2.9.1 First-Flush Diverters 

The roofs are often contaminated with various pollutants, such as atmospheric particulates, 

bird droppings, leaves and other debris, during dry periods (Cunliffe, 1998; Fewkes, 2006). 

However, some contaminants are washed off catchment surfaces and transported in runoff 

when it rains. The quality of the runoff is affected by the rainfall intensity and number of dry 

days preceding a rainfall event, with long periods resulting in higher pollutant loads for a 

given catchment (Gould and Nissen-Peterson, 1999).  

 

The initial ‘first-flush’ of runoff is more polluted than subsequent flows and the concentration 

of contaminants associated with a given rainfall event tend to reduce exponentially with time 

(Lee et al., 2002). Thus, the quality of water entering storage can be improved by diverting 

the initial portion of runoff generated by a storm away from the storage device and the need 

for subsequent treatment can be reduced or even eliminated (Wu et al., 2003; Martinson and 

Thomas, 2005). 

 

A rule of thumb is that for each millimetre of first-flush collected, the contaminated load will 

be about half the amount present in the previous millimetre (Martinson and Thomas, 2005). 

Figure 2.25 shows sketches of a range of commonly used first-flush diverter types. They all 

involve the diversion and temporary storage of the initial portion of runoff. The ‘interceptor’ 

and ‘slitter’ variants rely on filling a container with the first-flush and slowly releasing it via a 

throttled outflow. Subsequent runoff from the catchment surface bypasses the first-flush 

container and is routed into the tank. The same principle applies to the ‘pit variant’, except 

that outflow from the first-flush container is into the ground via infiltration. 

The use of first-flush diverters tends to be limited and when used they often suffer from poor 

maintenance (Gould and Nissen-Peterson, 1999). This has led to incorrect functioning or 

disconnection by building occupiers. The use of first-flush diverters is common in Australia 

(Coombes, 2002). However, the collection of the first flush of water was seen as unnecessary 

for non-potable applications. In Germany, diverters were not mentioned when discussing 

treatment processes for roof runoff intended for non-potable uses (Hermann and Schmida, 

1999). However, the inclusion of such a device can increase the costs and complexity of a 

system without providing any significant benefit (Mustow et al., 1997). Limited evidence 

was available for the use of first-flush diverters in the UK and none of the proprietary system 

suppliers provides them as a standard part of their package systems. 
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Figure 2.25 Cross section of typical first-flush diverters 
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2.9.2 Filters 

In order to remove debris, such as leaves, grit, moss and soil, it is recommended that 

rainwater be filtered before entry into the storage tank.  A range of filters were identified by 

Legget et al. (2001b). Filters should be self-cleansing (easy to clean) and should not block 

easily (Martinson and Thomas, 2003). The use of crossflow filters is essentially ubiquitous 

with regard to contemporary systems, while the use of cartridge filters is often employed in 

UV systems that have a unit.  

 

2.9.3 Rainwater Storage Devices 

A storage device is required to collect and hold catchment runoff because rainfall events 

occur more erratically than system demand (Fewkes, 2006). In order to balance out the 

difference between supply and demand, water storage capacity is required (Gould and 

Nissen-Peterson, 1999). Underground tanks are the most commonly used storage device in 

the developed world (Hassell, 2005). Other types of reservoir structures used include the 

gravel sub-base of permeable driveways and pavements (Pratt, 1995, 1999; Legget et al., 

2001b); above-ground tanks and ponds (Woods-Ballard et al., 2007); covered flat roofs 

(Mustow et al., 1997); the void space beneath garages (Courier, 2002; Jones, 2002); geo-

cellular structures (Stephenson, 2002) and small local aquifers (Coombes et al., 2000c; 

Gardner et al., 2001).  

 

Installation of underground tanks has several advantages. These include protecting the tank 

from extreme weather conditions at the surface, such as freezing spells (Legget et al., 2001b), 

preventing algal growth by shielding the tank from daylight (Konig, 2001) and helping to 

regulate water temperature in the tank, keeping it cool and limiting bacterial growth (Fewkes 

and Tarran, 1992). 

Storage tanks are of various shapes and sizes and can be constructed from a range of 

materials, including ferrocement, concrete, bricks, steel and plastics, such as glass reinforced 

plastic (GRP) or high-density polyethylene (Legget et al., 2001b; Fewkes, 2006). Some 

designs are basic, whilst others are complete systems incorporating the tank, filters, pump and 

mains top-up arrangement in a single integrated unit. The storage volume of tanks for 

domestic systems are in the range of 1-10 m
3
, whilst tanks for commercial systems are 
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available in a wider range of sizes, which can be hundreds of cubic metres in volume. In 

order to provide additional volume, vessels can also be linked together. Thus, there is no 

theoretical upper limit on the amount of storage space that can be provided, site constraints 

notwithstanding.  Figure 2.26 shows examples of the types of available underground tanks. In 

this thesis, four categories of storage reservoir for domestic rainwater harvesting (DRWH) 

are recognised: 

1. Surface tanks. 

2. Underground tanks. 

2. Surface reservoirs. 

3. Ground-water recharge pits. 

 

2.9.3.1 Surface tanks 

The materials for surface tanks include metal, plastic, fibreglass, brick, interlocking blocks, 

compressed soil or rubble-stone blocks, ferro-cement and reinforced concrete cement. The 

most expensive component of a RWHS is the storage tank. Therefore, the choice of the most 

appropriate storage tank design has to be adapted to local conditions, e.g. material 

availability, skills and costs (Gould and Nissen-Petersen, 2003). Plastic tanks of various sizes 

are common in most countries, but they are generally more expensive than underground 

tanks. In practice, ferrocement tanks are the most suitable for RWH. Other common types are 

brick and block tanks, plastic and metal tanks.  
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2.9.3.2 Underground tanks 

The walls of the underground tanks (UT) must be designed to be able to resist soil and soil 

water pressure, especially when the tank is empty.  The structure is at risk of damage from 

tree roots below ground and trucks above ground. The location of the tank should be such 

that it is partly above ground level (largely above the ground-water table), as empty tanks can 

float like a boat when the water-table rises. Leak detection system should be installed in UT 

to detect leak (in both the tank and piping). Hence, heavier material, such as reinforced 

concrete tanks, is an option in solving this problem, although it may be expensive. A variable 

rate of success has been achieved with the use of ‘appropriate’ materials such as wood, 

bamboo and basket work as alternatives to steel for constructing concrete tanks. In some 

cases, use of inappropriate material has reduced confidence in RWH. Detailed engineering 

drawings, design and costs of constructing the storage reservoirs are presented in Appendix 1.  

Runoff collected from rooftops, bare lands, cultivated hill slopes or road catchment is stored 

in underground storage tanks (Wondimkun and Tefera, 2006). 

 

2.9.3.3 Surface reservoir 

This is the practise of directing rainwater from rooftops, paved or unpaved areas into an 

artificial lake, storage pond or by the construction of a dam or may be built by excavation in 

the ground or by conventional construction techniques, such as brickwork or cast concrete 

(Reij et al., 1996; Habtamu, 1999; Ngigi, 2003). 

 

2.9.3.4 Ground-water recharge pits 

This is the practise of directing rainwater from rooftops, paved/unpaved areas used to 

artificially recharge shallow ground-water aquifers through soak pits or recharge pits or 

directly through wells. Prior to the collection of rainwater, infiltration tests need to be 

conducted on the wells or recharge pits. For the wells: percolation and recovery tests are 

carried out whilst infiltration tests through recharge pits can be done by excavating the pit to 

a diameter varying from 91-121 cm, the wall of the pit should be concreted so that no lateral 

flow of water from the wall takes place. The bottom of the pit is open so that maximum 

infiltration occurs (Water Aid, 2011). Tank size for RWH depends on several factors, 
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including rainfall patterns; number of people in a household (water demand per person/day) 

and catchment area.  

 

The purchase and installation costs of a given tank are related to storage capacity (Fewkes, 

1997). Hence, selection of tank with an appropriate volume is important. Thus, a balance 

between cost and performance should be carefully judged. A key aspect of this thesis is 

determining the optimum tank size and this is covered in more detail in Chapter 7. Current 

best practise recommends that the selected tank should be sized such that it overflows at least 

twice per year, to facilitate removal of floating debris (Fewkes, 2006). 

 

2.9.4 Storage Device Overflow Arrangement 

In order to prevent flooding if the capacity of the tank is exceeded and to help avoid 

stagnation of stored water and remove floating debris, modern rainwater tanks have an 

overflow arrangement. The overflow can be connected to a soak away/infiltration device, 

storm drain or combined sewer system, but not a foul sewer (Legget et al., 2001b). An anti- 

backflow device must be included in order to prevent contaminated water entering the tank in 

the event of downstream surcharging (DCLG, 2006a, Part 1.70b). Overflows are 

predominantly unrestricted and water passes through them via gravity flow, although pumped 

overflows are also available. 

 

2.9.5 Pumps 

RWHS require that stored rainwater be pumped either to the point of use (direct systems) or 

to a header tank located ≥1 m above the point of use (indirect systems). In gravity fed 

systems, pumps are not required, as water is fed straight from the catchment surface to a 

high-level storage tank. However, in order to increase water pressure (which may be too low 

to work with certain appliances) pumps are sometimes used with gravity systems (e.g. some 

modern washing machines). Pumps have a finite lifespan (5-10 years) and will eventually 

require repair/replacement. In order to ensure that they are functioning correctly, it is 

recommended that pumps are checked at least once per year (Leggett et al., 2001a).  
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2.9.6 Ultraviolet Units 

Ultraviolet (UV) radiation is effective at killing a wide range of water borne bacteria and 

viruses. They are sufficient for the inactivation of 99.9% of most micro-organisms (Hall et 

al., 1997). The advantages of UV disinfection include: ease of use, short retention time, 

requires no chemicals, no effect on chemical characteristics, taste or odour of water, 

maintenance is not onerous and there is no risk from excessive use, as with chemical 

treatments (McGhee, 1991). 

 

In order to safeguard water quality, UV units can be fitted to RWHS. However, for a UV unit 

to effectively kill micro-organisms, the water should be of low turbidity, if fine filters are 

used (e.g. a 25 m filter followed by a 5 m filter, located in series before the UV unit). This 

should be effectively done, as suspended solids in the water can shield harmful pathogens 

from UV light (Crittenden et al., 2005; Parsons and Jefferson, 2006).  The use of a UV unit 

adds to the capital and running costs of a system, as extra filters are required which need to 

be replaced approximately every six months. The UV bulb also has a finite lifespan; it 

consumes electricity and requires replacement after about six months of use (Leggett et al., 

2001b; Shaffer et al., 2004). UV units fitted to RWHS tend to be passive (i.e. they do not 

control the rate of flow through them); the capacity of the pump should be matched to the 

treatment flow rate of the UV unit. 

The UV unit is permanently left on in the normal mode of operation, as constant switch on 

and off as dictated by demand would shorten bulb life. In domestic units, power consumption 

is typically in the range of 15-55W and lamps generally last for between 8,000-10,000 hours 

(which equates to ~12 months) of continuous use (Crittenden et al., 2005). It is recommended 

that lamps are replaced after a maximum of 10,000 hours, even if they are still functional as 

prolonged use can reduce the UV unit output intensity (Krishna et al., 2005). Figure 2.27 

shows a schematic representation of a typical UV disinfection unit. 
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         Figure 2.27 Schematic representation of a UV disinfection unit (adapted from Legget et al., 2001b).  

 

2.9.7 Electronic Control and Management Units 

Electronic control and management unit is an option in many contemporary RWHS. This is 

not essential, as some systems can be controlled using simple mechanical float valves and a 

low-level switch to trigger the pump. However, better overall performance can be achieved 

by the use of float switches, pressure sensors and electrically actuated valves (Legget et al., 

2001b). Visual readouts of systems status, such as the level of water in the tank, problems 

such as pump failure, disinfection failure or filter blockage can be reported by the control 

(Konig, 2001).  

 

2.9.8 Header Tank 

Indirect systems require the use of a header tank, which is normally located in the building’s 

roof void and should be ≥1 m above the point of supply. The storage tank pump receives 

signals on when to activate and disengage from the high and low level switches. The 

occurrence of mains top-up in the header tank is usually controlled by a low level switch in 

conjunction with a solenoid or float valve (Leggett et al., 2001b). 

 

2.9.9 Mains Top-up Arrangement 

The design of a RWHS for a constant supply of harvested water cannot be guaranteed due to 

the intermittent nature of rainfall. To meet short-term demand in times of shortfall, it is 
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advisable to have a top-up arrangement which supply sufficient mains water. In an indirect 

system, top-up can be provided in a header tank, although it can also be in the storage tank.  

Direct systems normally have mains top-up in the storage tank, although a variation exists 

known as a ‘centralised’ system in which the pumps and mains top-up are integrated into a 

single unit located inside the building. Mains water is fed into the suction pipe of the pump 

when the storage tank runs empty and from there water is transferred directly to the point of 

use (Woods-Ballard et al., 2007). Top-up controls can consist of simple mechanical valves 

controlled by flotation devices or more complex systems involving float-activated switches 

coupled with solenoid valves.  

 

2.9.10 Solenoid Valves 

Solenoid valves are typically used to start/stop the mains top-up function. For indirect and 

gravity fed systems, it is a float activated switch located in the header tank. In direct systems, 

it is located in the primary storage tank and it triggers the valve if the water volume falls 

below a pre-determined level. This activates the mains top-up function, ensuring that a 

minimum amount of water is available at all times. The float activated switch closes the 

valve, once the minimum water level has been restored, shutting off the flow of mains top-up 

water.  The typical life expectancy of solenoid valves is between 5-10 years (Leggett et al., 

2001a).  Their power consumption is low, typically in the range of 2-5W and are thus suitable 

for RWHS. 

 

2.9.11 Distribution Pipework 

To transport water from the storage tank to the point of use, a pipe distribution network is 

required. A wide selection of pipes suitable for this task is available (The Water Supply 

(Water Fittings) Regulations 1999 (HMSO, 1999); WRAS, 1999a; Leggett et al., 2001b). 

Plastic pipes are durable and are commonly used. They have a long service life if installed 

correctly, although they will require replacement at some point, typically after ~20 years 

(Leggett et al., 2001a).  
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2.9.12 Guttering and Collection Pipework 

Rainwater runoff from catchment surfaces needs to be collected and diverted to the rainwater 

storage device. If the catchment surface is a roof, collection is generally through a system of 

gutters feeding into one or more downpipes and from there into the storage device (HMSO, 

1999; 2000a; WRAS, 1999a). 

 

2.9.13 Catchment Surface 

In urban locations, catchment areas are commonly roofs (Hassell, 2005; Fewkes, 2006), 

although runoff can also be collected from other impermeable areas, such as roads, car parks 

and pavements (Environment Agency, 1999a). Collection of all rain falling on catchments is 

impossible, as some are lost from the system due to processes such as depression storage and 

evaporation (Wilson, 1990; Butler and Davies, 2004). Other factors influencing the amount 

of lost water include rainfall depth and intensity, catchment material and slopes, and 

antecedent conditions (Li et al., 2004). 

 

The effective runoff is the volume of rainwater falling on the catchment that can be collected 

and routed into the collection network of gutters and pipes. In order to estimate runoff, a 

commonly used approach is to employ a dimensionless runoff coefficient that represents 

observed losses from the catchment compared with an idealised catchment with no losses 

(Fewkes, 2006). Effective runoff is calculated by multiplying the volume of rain falling on 

the roof by the coefficient. A coefficient value of 0 means there is no runoff, whilst a value of 

1 means all the rain falling on the catchment is translated into effective runoff. Examples of 

runoff coefficients for a variety of different roof types given by Legget et al. (2001b), based 

on long-term experience of German RWHS manufacturers (Table 2.6).   

 

    Table 2.6 Common roof runoff coefficients 

Surface Type Coefficient 

Roof Pitched roof tiles 0.75-0.90 

 Flat roof, smooth surface 0.50 

 Flat roof with gravel layer or thin turf (<150mm) 0.40-0.50 

   (Adapted from Leggett et al., 2001b, p 42) 
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2.10 Water Quality 

In the UK, the Private Water Supplies Regulations (1991) apply for harvested water intended 

for potable uses (Legget et al., 20001a). Currently, there is no legally binding quality criteria 

for water derived from reuse systems (rainwater and grey-water) intended for non-potable 

purposes (Roaf, 2006). In order for water systems to become more sustainable, the quality of 

the water supplied should correspond to intended applications. This practise can help where 

demand is for non-potable water, in identifying alternative sources. Several authors have 

proposed this principle (Alegre et al., 2004; Sakellari et al., 2005). It has been illustrated that 

rainwater can be used for several non-potable applications, such as washing machines, WC 

flushing, garden irrigation and vehicle washing. None of these uses involves the consumption 

of harvested water. Hence, non-potable uses such as these require standards less stringent 

than those required for potable water.  

 

In the UK, there are several RWHS water quality guidelines and recommendations based on 

monitoring studies conducted on RWHS, such as those monitored as part of the ‘Buildings 

That Save Water Project’ (Legget et al., 2001b). Others are based on existing standards, such 

as the European Union (EU) Bathing Water Directive and World Health Organisation (WHO) 

recommendations. The quality guidelines should be application specific and based on 

proposed different ‘categories of use’, each with different quality requirements depending on 

the likely degree of human exposure (Mustow et al., 1997). However, the greatest risk of 

microbiological contamination occurs when water is ingested or deliberately sprayed, 

creating an aerosol (Legget et al., 2001b). Thus, water use for surface crop irrigation and 

vehicle washing requires better quality than for subsurface irrigation and toilet flushing.  

Recommendations found relating to non-potable uses are summarised in Table 2.7. The 

information mostly relate to microbiological quality, as this is the criterion of most concern in 

water reuse systems (WROCS, 2000). 

The presence of some bacteria is allowed in non-potable guidelines, as they are less strict 

than those applicable to potable water supplies. In everyday activities, most people are 

exposed to literally millions of faecal organisms and that for harvested water to add to the 

burden of exposure the faecal coliform content would need to be >10,000 per 100 ml 

(WRAS, 1999a).  In well-designed and operated system, rainwater from a catchment with 
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low contamination should be used for WC flushing, washing machines and irrigation without 

necessarily applying disinfection (Leggett et al., 2001b). For single-user installations (which 

includes domestic systems serving only one property) that are intended for WC flushing, 

irrigation and other non-potable uses, coarse filtration and settlement provides satisfactory 

treatment (Shaffer et al., 2004). The same criteria are recommended for multi-user 

installations (commercial and domestic systems serving several properties) with the addition 

of disinfection to achieve a total coliform count <1,000 colony forming units (cfu) per 100 

ml. Some degree of microbiological contamination is allowed by the US Environmental 

Protection agency (USEPA, 1992) and WHO (1989) guidelines and the EU Bathing Water 

Directive (76/160/EEC). In well-designed and operated systems, only coarse filtration prior 

to entry into the storage tank is required, as the risk of human health from non-potable 

applications is minimal (Konig, 2001). 

          

Water quality will not be explicitly considered in this thesis. However, if rainwater undergoes 

coarse filtration prior to entry into storage tanks, in line with previous recommendations, 

adequate quality can be maintained for non-potable uses. Although, the use of UV 

sterilisation may be considered in some instances, but for domestic situations the use of UV 

was assumed unnecessary.  

 

Table 2.7 Summary of recommended microbiological water quality standards for non-potable   

applications 

Reference Uses Key indicators Threshold values 

WHO (1989) Irrigation of crops to 

be eaten uncooked, 

sports fields, public 

parks. 

Irrigation of public 

lawns with which the 

public may come into 

contact, e.g. hotel 

lawns   

Faecal coliform per 

100 ml 

 

 

Faecal coliform per 

100 ml 

≤1000 

 

 

 

≤200 
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Legget et al. 

(2001b) 

Washing machines Total coliform per 

100 ml  

 

 

 

E.coli per 100 ml 

0, or count <10/100 

ml acceptable, 

providing not in 

consecutive 

samples. 

0 

WRAS  (1999a)

  

Toilet flushing  Faecal coliform per 

100 ml 

Faecal enterocci per 

100 ml 

<10,000 

 

<100 

EC Bathing 

Water Quality 

Directive 

(76/160/EEC) 

  

Toilet flushing Total coliform per 

100 ml 

Faecal coliform per 

100 ml 

<10,000 

 

<2,000 

 

2.11 Water-borne diseases 

In developing countries, the main drinking-water risks are associated with microbial 

pollution. About 24 infectious diseases are related to water quality (Arnal et al., 2001). Water 

borne diseases are spread by water acting as a passive carrier for infecting pathogens. These 

diseases are due to faecal contamination of water sources and are thus strongly linked to the 

sanitation conditions. The use of such water for cooking and drinking purposes, contact with 

it and ingestion during bathing and washing, or even inhalation of small droplets in the form 

of aerosols, may result in infection (Gadgil, 1998). Illnesses including cholera; typhoid; 

bacillary dysentery; infectious hepatitis; leptospirosis; giardiasis and gastroenteritis are 

caused by viruses, bacteria, protozoa or larvae. Micro-organisms, including fungi, algae, 

rotifers and crustaceans, are the most relevant category of water supply diseases (Arnal et al., 

2001). Water related diseases including yellow fever, dengue fever, encephalitis, malaria, 

filariasis, sleeping sickness and onchocerciasis are spread by vectors and insects (mosquitoes, 

flies and insects) that live in or near water. Finally, washing-water diseases, including 

scabies, trachoma, leprosy, conjunctivitis, salmonellosis, ascariasis, trichuriasis and 
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hookworm are encouraged by inadequate quantities of water for the maintenance of proper 

hygiene (Ashbolt, 2004). 

 

2.12 Water treatment 

Chemical treatment is widely used for disinfection purposes. Free chlorine is the simplest, 

most widely used and affordable of the drinking-water disinfectants. It is highly effective 

against nearly all water borne-pathogens, with the exception of Cryptosporidium paruum 

oocysts and the Mycobacteria species (Sobsey, 2002; Clasen and Edmondson, 2006). At 

household level, tablets or powders that combine a coagulant-flocculant and a chemical 

disinfectant have been described for point-of-use treatment (Rodda et al., 1993). However, 

the socio-cultural acceptance of disinfection with chlorine-containing reagents is low in some 

cases, due to taste and odour problems (Murcott, 2005). Moreover, the effectiveness of this 

method is low if insufficient time intervals are not applied for reaction and sedimentation. 

 

Slow sand filtration has been adapted for domestic use and is known as biosand filtration 

(BSF). This involves the filling of biosand filters with sand and a bioactive layer is allowed to 

grow as a means of eliminating disease-causing organisms. Laboratory and field tests have 

shown that BSF removes ~81-100% of bacteria and 99.98-100% of protozoa. However, these 

filters have limited virus-removal efficiency (Lantagne et al., 2007; Kaiser et al., 2002). 

 

2.13 Barriers to Rainwater Harvesting Implementation 

Globally, several researchers have identified barriers to the implementation of RWH (Table 

2.8).  Poor or incomplete installation results in user complaints, which is undermining trust in 

the sector before it becomes fully established (Norton, 2010). 
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     Table 2.8 Summary of global barriers to RWH implementation 

Institutional Economic Technological Educational 

Insensitive 

government 

attitudes 

Cheap mains water Shortage of suitably 

qualified specialists 

Emotional 

Resistance 

Water lobbies 

with special 

interests 

Perceived abundance 

of water  

Reduced summer 

efficiency due to 

climate change 

Health and safety 

fears 

Political 

structures with 

diverging 

interests 

Long pay-back 

periods 

Difficulties with 

operation/maintenance 

Lack of straight- 

forward guidance 

Lack of interest 

from water 

providers 

Initial capital outlay, 

especially as retrofit 

Seen as an unproven 

technology  

Unfamiliarity with 

technology 

Lack of 

willingness 

toward 

innovation 

Unproven cost-

benefit 

Lack of clearly 

defined water quality 

and other standards 

Seen as an 

unconventional 

approach 

(Compiled from Legget et al., 2001; Konig, 2001; Moddemeyer et al., 2003; Hassell, 2005; Brown, 2008;        

Baker McKenzie, 2008; De Graaf, 2009). 

 

2.14 Summary  

The literature review revealed that RWH is an ancient practise that has been used globally for 

millennia and continues to be widely used today. In developed countries, use of RWHS for 

potable purposes is restricted to rural areas, while urban areas utilise RWHS for non-potable 

purposes, such as WC and urinal flushing, washing machines and outdoor uses (garden 

irrigation and vehicle washing). RWHS have been installed in various building types 

including domestic, institutional, commercial, public and industrial buildings. A common 

practise is the use of standardised pre-manufactured modular systems, as these offer several 
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advantages including ease of installation, high degree of design flexibility, high levels of 

reliability and a supply of non-potable water in adequate quantity and quality.   

 

Many rural communities worldwide depend on harvested rainwater for all or most of their 

domestic water needs, including water for drinking purposes. A few reports exist on adverse 

health effects of drinking water in rural areas. In developed countries harvested rainwater 

fails to meet drinking water standards in urban areas, but do meet the standard for non-

potable purposes, such as the EU Bathing Water Directive and guidance provided by WHO 

and WRAS. However, researchers concluded that rainwater collected from rooftops subject 

to basic treatment processes (primarily coarse filtration) have little health risk if used for 

purposes such as WC flushing, laundry and garden irrigation. In contrast, rainwater harvested 

from rooftops in developing countries is used to supplement drinking water having gone 

through basic filtration processes. 

Barriers to the uptake of RWHS were highlighted, these ranges from lack of high quality 

research, current low cost of mains water, absence of legally binding water quality standards, 

unproven benefits, apathy and/or reluctance to conserve water, low consumer awareness and 

aversion to new technology. However, demand management measures such as RWH are 

likely to help mitigate increasing pressure on existing water resources globally, coupled with 

the non-sustainability of conventional water supply systems. Currently, the adoption of 

RWHS in Ibadan is small compared to other developing countries, but appears to have 

considerable potential for growth. The potential benefits of RWHS include: reduced pressure 

on water resources and reduction in peak demand; reduction in metered mains water use and 

associated financial savings; local flood risk and storm-water overflows.  
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CHAPTER 3 

LITERATURE REVIEW ON MODELLING THE HYDROLOGICAL 

PERFORMANCE OF RAINWATER HARVESTING SYSTEMS 

 

3.1 Introduction 

Reduction of water consumption associated water wastage in the residential sector is a rapid 

pressing issue. The residential sector is a substantial consumer of water in every country and 

therefore constitutes a focus of water consumption efforts. Since the water consumption, 

characteristics of the residential sector are complex and inter-related, comprehensive models 

are needed to assess the environmental engineering and socio-economic impacts of adopting 

RWH as a sustainable system suitable for residential applications in developing countries.  

Chapter 3 reviews the literature and identifies existing methods for assessing the performance 

of RWHS at the single building scale, in terms of water saving reliability (i.e. the methods 

that can be used for determining volume of potable water that can be substituted by harvested 

rainwater). Numerous methods for predicting the performance of a RWHS exist: ranging 

from the relatively simple such as the ‘rule-of-thumb’ approaches to the more complex, such 

as statistical methods and sophisticated computer programs. There are various techniques; 

some consider only a single building, whilst others investigate the impacts of wider 

implementation such as at the development or catchment scale (e.g. Liu et al., 2005; Sakellari 

et al., 2005; Sekar and Randhir, 2006). These are often with the aid of Geographical 

Information Systems (GIS) (e.g. Prakash and Abrol, 2005; Kahinda et al., 2007). Some 

methodologies focus solely on hydrological performance, whilst others include additional 

elements such as economic/financial measures (e.g. Coombes et al., 2002, 2003b; Liaw and 

Tsai, 2004; Ghisi and Oliveira, 2007) and in some instances assessment of system 

‘sustainability’ (e.g. Parkinson et al., 2001; Vleuten-Balkema, 2003; Anderson, 2005; 

Sakellari et al., 2005). A common practise among drainage engineers and researchers is the 

use of computer software for modelling hydraulic behaviour of both traditional (piped) urban 

drainage systems and SUDS (e.g. Swan et al., 2001; Kellagher et al., 2003; Millerick, 2005). 

Computer based methods offer several advantages over manual calculations, such as greater 

speed and flexibility, sophisticated data handling capabilities, simulation of specific designs 

under a wide range of circumstances, optimisation, and assessment of associated risk and 

identification of potential failure routes. The literature reviewed revealed that many RWHS 
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are computer based. Due to the ready availability of computing power and suitable 

applications (e.g. spreadsheets), coupled with the advantages of this approach, the developed 

model is also computer (spreadsheet) based. 

 

3.2 General modelling considerations 

Numerous methods exist for predicting the hydrological performance of RWHS. However, 

what is meant by ‘performance’ and what is it that we are trying to measure and why? The 

literature refers to the use of various performance indicators, including predictions of system 

reliability and efficiency. The reliability of a rainwater store can be expressed using either a 

time or volumetric basis (Fewkes and Butler, 1999). Liaw and Tsai (2004) defined reliability 

as the total volume of harvested water supplied divided either by the total water demand 

(volumetric reliability, essentially the portion of demand that is met) or the fraction of time 

that demand is fully met. Thomas (2002) also defined volumetric reliability, but labels it as 

the satisfaction and adds the indicator of efficiency, defined as the fraction of runoff from the 

contributing catchment that is utilised. Fewkes and Warm (2000) described the performance 

of a RWHS by its water saving efficiency (equation 3.1). This is the same as the volumetric 

reliability, as previously discussed. However, it is defined; a reliability of 100% indicates 

complete security of supply provision (Fewkes and Butler, 1999). 

 

   ET = ∑           
             

    .............................................................................................(3.1)

  ∑    
    

where: 

ET = water saving efficiency (%) 

Yt = yield from system in time t (m
3
) 

Dt = demand from system in time t (m
3
) 

T = total time under consideration. 

 

One limitation of the time reliability indicator is that it can give seemingly poor results, even 

for systems that meet a high percentage of demand. For example, a system that is able to 

consistently supply 99% of required water would nevertheless have a time reliability of zero, 
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since it would always fail to meet demand. It also makes it difficult to distinguish between 

systems that perform badly and those that perform well. Liaw and Tsai (2004) advised 

against the use of time reliability as a performance indicator for domestic systems precisely 

for this reason. Instead, they recommend the use of the volumetric reliability indicator. 

Measuring performance using time reliability may be the rational choice for critical systems 

that provide the only source of drinking water, such as those in developing countries and rural 

areas of the developed world. However, for urban systems supplying water for non-potable 

uses, and that almost always have mains top-up function, the volumetric reliability provides a 

more useful measure of system performance. Therefore, unless otherwise stated, hydrological 

performance relates to the volumetric reliability of a RWHS. 

 

3.2.1 Why model rainwater harvesting systems?  

Mathematical models can be useful because they may be the only realistic means of 

representing our understanding of the complex behaviour of a given system (Jakeman et al., 

1993). Wainwright and Mulligan (2004) overviewed the purpose of modelling from an 

environmental systems perspective. They outlined seven purposes: for research aids, tools for 

understanding, tools for simulation and prediction, as virtual laboratories, as integrators 

within and between disciplines, as a research product and as a means of communicating 

science and the results of science. The purpose of the model can therefore be considered to 

fall within the ‘tools for simulation and prediction’ category. When assessing a RWHS there 

are several issues that require consideration. For instance, the associated costs and benefits, 

and whether the objectives of the system could be better met by investing in alternative 

options. Depending on the purpose of the system, questions regarding performance could 

include:  

 What percentage of existing water demand is likely to be met by harvested rainwater? 

 What is the unit cost of water supplied from the system and how does this compare 

with the cost of other water conservation measures?  

 How long will the system take to pay for itself?  

 What will be the ultimate return on investment? 

 What are the associated risks? For example, what if the level of rainfall is less than 

expected?  
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System behaviour depends upon several interrelated processes, some of which are largely 

anthropogenic in origin (e.g. water demand, system costs) and some of which are largely due 

to natural processes, such as precipitation patterns, while others are due to both 

anthropogenic and natural processes (catchment characteristics). How well a RWHS 

performs depends upon the interaction of these processes and the way that this will precede is 

not always obvious, if one considers the constituent parts in isolation. Modelling provides a 

way to enhance our understanding of how a set of interrelated components behave as a unit 

(Chapra, 1997), thus facilitating a higher level of learning about that unit than may have 

occurred from a simpler reductionist-based investigation (Dixon, 1999).  

 

3.2.2 Data requirements  

Thomas (2002a) lists the minimum data requirements for RWH performance models. These 

are given as:  

 Roof area and runoff coefficient.  

 Average daily water demand.  

 A historic rainfall record long enough to act as a reliable guide to future precipitation 

patterns.  

 Proposed tank size.  

Some assessment methods utilise more data than listed above. Fewkes (1997) accounted for 

rainfall losses due to depression storage (water retained in small depressions in the catchment 

surface) as well as using a catchment runoff coefficient, Leggett et al. (2001b) presented a 

method which includes filter losses, and Liaw and Tsai (2004) considered several financial 

performance indicators. Conversely, some methods utilise less data, such as many of the 

commonly used ‘rule-of-thumb’ approaches. Despite some differences, all investigated 

assessment methods included at least three basic elements: rainfall, catchment area and water 

demand. It is assumed that these parameters represent the minimum data required to perform 

an objective, albeit basic, assessment. 

 

3.3 Rainwater harvesting system components: modelling considerations 

To provide a functional system as discussed in Chapter 2, modern RWHS consist of various 

integrated components. In order to predict system performance and determine a suitable 
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method of simulating their behaviour, it is necessary to consider at least some of these 

components. Constructing a model that includes every minor detail is not feasible, neither is 

it realistic to expect that all elements included will be modelled accurately. However, a more 

rational approach is to consider the key components in terms of their effect on hydrological 

and financial performance.  This should be followed by modelling the behaviour in a way that 

are reasonably accurate and yields reliable results. In order to determine which components to 

include and exclude, a set of criteria are required. Furthermore, it is necessary to determine 

which characteristics to reproduce and select as suitable for modelling. In order to determine 

which elements required explicit consideration in a hydrological model, the following 

selection criteria were used.  

1. It must directly affect the volume of harvested water or potable mains water within, or  

exchanged by the system. 

2. It must have a cost component depending on variables other than time. 

3. It must have a large effect on the hydrological/or financial performance to be worth 

taking into account. The components selected from explicit inclusion within the 

RainCycle model based on the information presented in Chapter 2 and using the 

selection rules outlined above are: rainfall, catchment surface, first-flush diverter, 

coarse filter, pump, potable (mains) water supply and sewerage system (volumes to 

and from), storage tank and non-potable supply and demand. 

 

3.4 Modelling system components 

Sections 3.5-3.12 describe how each of the RWH components shown in Chapter 2 can be 

represented within a conceptual RWHS hydrological model.  

 

3.5 Precipitation 

Precipitation varies with location, season and year. Factors such as distance from the coast 

and local topology strongly influence precipitates variability (Thomas, 2002). Annual rainfall 

depths in Nigeria vary from 0-2400 mm, with the bulk of population living in areas that 

receive just 0-1350 mm (NPC, 2006). The south and south-west receive comparatively more 

rainfall than most other areas, whilst the north receives less (~800 mm). For the RainCycle 

model to be functional, a suitable method of representing the actual rainfall profile in the city 
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of interest i.e. Ibadan, had to be found. There are two broad categories of incorporating 

rainfall data into the analysis:  historic and stochastic. Empirical rainfall data series obtained 

from weather monitoring stations are contained in the historic category, whilst rainfall data 

generated using some technique that has a random/probabilistic element are contained in the 

stochastic category.   

 

3.5.1 Historic rainfall data 

The approach is to use historic time series rainfall, which involve the gathering of a 

continuous data set by recording the depth of rain falling at a given location within a 

specified period. The data presented in the form of depth per unit time, for example, mm/hour 

or mm/day, is collated and edited into a suitable format. This is used directly in a RWH 

model without the generation of any new information. Several researchers have used this 

approach including Dixon (1999); Fewkes (1999a); Rahman and Yusaf (2000); Dominguez et 

al., (2001); Liaw and Tsia (2004), Ghisi et al. (2006) and Ghisi and Oliveira (2007).  

In Nigeria, rainfall data of this type is often available from various sources such as the 

Meteorological office, Nigerian Airport Authority, International Institute of Tropical 

Agriculture (IITA), Universities and research institutions. Most common is the collection of 

rainfall data at an hourly or daily timescale, the collection of short duration rainfall data is 

rare (Kellagher, 2007). Average monthly rainfall (using a daily rainfall data of 30-years) was 

input, and the rainfall wizard was used to define the rainfall pattern. The average monthly 

rainfall is presented in Appendix 2. 

 

3.5.2 Stochastic rainfall data 

A statistical analysis of historic rainfall records can be used to generate synthetic rainfall data 

which has been generated by various researchers for use with RWH models. In the UK, 

Monte Carlo simulation techniques were used to generate daily rainfall profiles for 

Nottingham (Fewkes and Ferris, 1982). The performance of RWHS supplying water to a WC 

was investigated using mass-balance model in conjunction with the resulting rainfall data. In 

Australia, the performance of domestic systems was predicted using the stochastically-based 
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‘Disaggregated Rectangular Intensity Pulse’ (DRIP) rainfall event model of Heneker et al. 

(2001), as part of a computer based allotment water balance model (Coombes, 2002). 

 

For areas that have no historic data or where such data are limited, stochastic methods are 

useful for generating synthetic rainfall time series. For example, areas requiring a longer time 

series such as few years or less (Kellagher, 2007). In order to have confidence in the accuracy 

of synthetic rainfall profiles generated for a given location, calibration and validation against 

observed data are required (Lanza et al., 2001). However, this will be impossible if directly 

measured historic rainfall data are unavailable.  

 

3.5.3 Criteria for assessing suitability of historic rainfall data 

In order to use a historic rainfall time series, three questions need to be asked: 

 What is a suitable time-step? 

 What is a suitable length of rainfall record? 

 How close does the RWHS need to be to the location of rain depth measurement? 

The implication of the first question is beyond the selection of an appropriate rainfall data set 

and is discussed in more detail in Section 3.13. There are several sources of advice for the 

second and third questions (Table 3.1). The data set needs to reflect local climatic variations; 

hence, the length of rainfall record is important if it is to predict system performance more 

accurately. For the use of a short data set, there is a greater risk that the information collected 

would not reflect typical conditions. For example, during a period of abnormally low rainfall, 

data collected could potentially lead to an underestimate of average system performance 

(MJA, 2007).  In addition, since precipitation conditions often vary geographically, the 

distance of the RWHS from the location of precipitation measurement is important as rainfall 

patterns can differ even over short distances (Gould and Nissen-Peterson, 1999). 

Table 3.1 demonstrates that when assessing RWHS, there is no definitive guidance 

concerning suitable spatial and temporal scales for rainfall data. However, the information 

presented would suggest that a minimum of 10 years worth of precipitation records should be 

used. These should be obtained from a weather station located close to, the site under 

investigation. Historic rainfall data cannot in itself account for the effect of climate change. 
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Hence, the data should be adjusted in line with expected changes, in order to provide more 

realistic representations of projected future precipitation patterns. 

 

    Table 3.1 Summary of advice for selecting historic rainfall data 

Reference Recorded/min. Record length Maximum distance 

from RWH system 

Environment Agency, 

2003b 

- Within 10 miles 

 

Heggen, 2000 “A rainwater catchment system can 

often be reasonably assessed from 

five years of data”.  

- 

Konig, 2001  10 years of daily rainfall data  Obtain data from 

nearest location 

Mitchell, 2007   10 years gives satisfactory results - 

Schiller and Latham, 

1982 

At least 10 years of data preferable  - 

Gould and Nissen-

Peterson, 1999   

At least 10 years of accurate local 

data. 20-30 years preferable 

(especially for drought-prone areas) 

Closest location that 

has similar climate 

and topography 

 

Liaw and Tsai, 2004 Minimum of 50 years data - 

Thomas, 2002 For large RWHS in arid areas that 

constitute critical water supplies, use 

long data sequences (say ~25 years). 

Low-security systems can be usefully 

modelled with 5-10 years worth of 

rainfall data 

- 

 

3.6 Catchment surface 

Several catchment surfaces (e.g. roads, pavements and car parks) can be used for runoff 

harvesting, but in urban areas, the most rainwater surface types are restricted to roofs 
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(Chapter 2). Thus, this thesis is limited to roofs rainfall/runoff characteristics only. The level 

of actual runoff is influenced by the type of surface material, surface wetting, ponding in 

depressions, absorption and evaporation (Wilson, 1990; Gould and Nissen-Peterson, 1999; 

Leggett et al., 2001b; Butler and Davies, 2004). The water collected from the roof is termed 

‘effective runoff’, whilst water that cannot be collected is termed ‘runoff losses’. There are 

various methods of estimating the volume of water translated into effective runoff. In 

practise, the dimensionless runoff coefficient and the initial losses are the most commonly 

applied. In order for system behaviour to be accurately reproduced, rainfall losses should be 

considered (Fewkes, 1999a). Models using runoff coefficients or runoff coefficients and 

initial losses gave acceptable results.  

 

The volume of runoff has been estimated using other techniques, such as the Dynamic 

Equations (Boers and Ben-Asher, 1982) and Kinematic Wave Equation (Heggen, 1995; 

Giakoumakis and Tsakiris, 2001). These methods appeared to be limited to a few academic 

studies with no empirical verification of their accuracy with regards to modelling RWHS. 

Hence, they were not considered for the thesis model and are not discussed further.   

 

3.6.1 Runoff coefficients  

The runoff coefficient represents the proportion of rainwater collected from an actual roof 

compared with an idealised roof from which no losses occur (Fewkes, 2006). It is the ratio of 

the volume of water that runs off a surface compared to the total volume of rain falling on it 

(Gould and Nissen-Peterson, 1999). In order to calculate the coefficient, data of several 

months or years are gathered, which can include many storm events. For each storm event, 

the runoff coefficients are then combined to give mean value (Zhu and Liu, 1998; Fewkes, 

1999a). The dimensionless runoff coefficient, (CR), can be expressed (equation 3.2) (Goud 

and Nissen-Peterson, 1999). 

 

CR =  Volume of runoff in t 

             Volume of rainfall in t......................................................................(3.2) 

where t is the time period over which the measurement are made.  
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The volume of rain falling on a catchment surface in time period t is given by multiplying the 

depth of rainfall in time t by the effective catchment area, which is commonly calculated by 

multiplying the horizontal length of the catchment by the horizontal width (Environment 

Agency, 2003b) (Figure 3.1). This gives the plan area and not the actual area. It assumes that 

the rainfall falls vertically onto the roof surface. 

 

      

       

 

 

 

 

 

 

 

Catchment area = Length x Width................................................................(3.3) 

 

After calculating the effective area of the catchment, a suitable runoff coefficient should be 

determined. Then, the volume of runoff occurring in time period t can be calculated using 

equation 3.4. 

 

ERt = Rt. A.CR ..............................................................................................(3.4) 

where: 

ERt = effective runoff in time t (m
3
) 

R t    = rainfall depth in time t (m) 

A    = effective catchment area (m
2
) 

CR   = catchment runoff coefficient. 

     

The collection efficiency of roof catchments may be reduced occasionally when precipitation 

occurs as snow or hail or is affected by strong winds (Gould and Nissen-Peterson, 1999). A 

weak correlation has been found between runoff, and wind speed and direction (Fewkes, 

1999a; Schemenauer and Cereceda, 1993). 

 

Figure 3.1 Calculating the plan area of a catchment 

http://www.google.co.uk/imgres?q=building+showing+length+and+width+of+roof&hl=en&sa=X&biw=1366&bih=613&tbm=isch&tbnid=59amq4cozwUIUM:&imgrefurl=http://www.onsitepolebuildings.com/GETAQUOTE.html&docid=rUewM6O1YJjfWM&imgurl=http://www.onsitepolebuildings.com/Demention1.jpg&w=1122&h=738&ei=yiBEUeK4HIeS0QW8m4GYCw&zoom=1&ved=0CKoCEIQcMEY&ved=1t:3588,r:70,s:0,i:298&iact=rc&dur=594&page=4&tbnh=175&tbnw=277&start=53&ndsp=22&tx=212&ty=43
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Many researchers used coefficients in estimating the volume of effective runoff (e.g. Fewkes, 

1995, 1999a; Zhu and Liu, 1998; Liaw and Tsai, 2004; Lau et al., 2005; Ghisi et al., 2006). 

The resulting runoff coefficient is strongly influenced by the surface material, and the pitch 

(Table 3.2). Building roofs are usually constructed of sloped surfaces made from smooth 

materials, such as tiles or slate. They must have a relatively high runoff coefficient, and 

designed to shed rainwater as quickly as possible. 

 

    Table 3.2 Examples of runoff coefficients for various roof types 

Reference Surface type High Mean Low 

BS EN 752-4 (1998) Steeply sloping roofs 

Large flat roofs (>10,000 m
2
) 

Small flat roofs (<100 m
2
)  

1.00  

0.50 

1.00 

0.90 

DEHAA (1999) Pitched roof, domestic dwelling  0.90  

Dharmabalan (1989) Roof tiles 

Corrugated sheets 

Plastic sheets  

Thatched roof   

0.90 

0.90 

0.80 

0.60 

 0.80 

0.70 

0.70 

0.50 

Environmental 

Agency (2003a) 

Pitched roof tiles 

Flat roof, smooth tiles  

Flat roof with gravel layer 

0.90 

 

0.50 

 

0.50 

0.75 

 

0.40 

Fewkes & Warm 

(2000)  

Pitched roof, tiles or slates 

Flat roof, impervious membrane 

Green roof, flat 

0.75 

0.00 

0.00 

 1.00 

0.50 

0.50 

Hermann & Hasse 

(1997) 

Domestic roof  0.84  

Leggett et al. 

(2001b) 

Pitched roof tiles 

Flat roof, smooth surface 

Flat roof with gravel layer 

or thin turf (<150 mm)  

0.90 

 

0.50 

 

 

0.50 

- 

0.75 

 

0.40 

Liaw & Tsai (2004) Iron and cement roofs   0.82  

Martin (1980)  Pitched roof, domestic dwelling 0.85  0.80 

Rahman & Yusaf Corrugated sheets  0.80  
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(2000) 

Woods-Ballard et al. 

(2007) 

Pitched roof tiles 

Flat roof 

Flat roof, gravel 

Extensive green roof 

Intensive green roof   

0.80 

0.50 

0.40 

0.30 

0.20 

  

Yusuf (1999)  Corrugated sheets 0.85  0.75 

     Note: coefficient of 0 = 0% runoff, coefficient of 1 = 100% runoff. 

  

3.6.2 Initial losses 

Depression storage, absorption and wind effects lead to rainfall losses. This can be accounted 

for by defining a minimum depth of rainfall below which no runoff is assumed to occur 

(Fewkes, 1999a). Runoff is produced for depths greater than this threshold, but the threshold 

value is subtracted from the total rainfall depth occurring during this period. The type of 

material a roof surface is influences the initial loss value. 

 

3.6.3 Roof areas for residential houses 

A range of realistic roof (plan) areas as a function of household occupancy is needed in order 

to conduct simulations of domestic RWHS installed in residential houses. This is necessary 

because the level of occupancy strongly influences total water demand within a dwelling 

(Butler, 1991; Butler and Memon, 2007; Coombes et al., 2000a).  

 

3.7 First-flush diverters 

The first-flush is a fixed amount of roof runoff requiring separation (Mitchell et al., 1997; 

Cunliffe, 1998). A set figure for a given building type or a variable figure based on the 

catchment area is often recommended. For domestic dwellings, the first 20-25 litres of 

effective runoff should be removed, whilst the first 2 mm of rain falling on the roof surface 

should be removed in commercial/industrial buildings. Although, there is no universally 

agreed volume of runoff that should be captured, Yaziz et al. (1989) recommended diverting 

the first 5 litres of runoff for small roofs. In Australia, an average domestic roof should 
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capture 20-25 litres initial flow (Cunliffe, 1998). These types of approaches have dominated 

the modelling and design of first-flush devices (Coombes, 2002). 

 

3.8 Coarse filters 

In modelling RWHS, filters such as screen, floating, cartridge, sand, gravity, carbon and 

membrane (Chapter 2) are rarely included. They require occasional maintenance (i.e. 

cleaning or replacement). Hence they are not considered further in terms of hydrological 

modelling, but this would be taken into account in constructing financial budgets.  

 

Crossflow filters are a common component in modern systems and affect the volume of water 

entering the storage tank. They are considered self-cleansing, since debris is automatically 

washed from the mesh screen, but occasionally manual cleaning is recommended (Shaffer et 

al., 2004).  

The efficiency of crossflow filters is defined as the percentage of water filtered and sent to 

the tank compared to the total amount of water entering the device. In modern units, the mean 

efficiency is ~90% (Konig, 2001; Legget et al., 2001b). The performance efficiency varies 

with the flow rate of incoming water; higher flow rates lead to lower efficiencies (Herrmann 

and Schmida, 1999).   

In modelling the performance of crossflow filters, the common method is to multiply the 

volume of water entering the filter in a given time by mean filter efficiency, often called the 

filter coefficient (equation 3.5). This splits the flow into two components, the filtered 

component (routed into the storage tank) and the unfiltered component (diverted away from 

the tank). 

Ft = EFt.CF.......................................................................................(3.5) 

where 

Ft  = coarse filter pass forward flow to the storage tank in time t (m
3
) 

EFt = effective flow entering the coarse filter in time t (either directly from the catchment 

     surface or via surface or via a first flush device, if present) (m
3
) 

CF = coarse filter coefficient  
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Table 3.3 shows a range of typical crossflow filter coefficients and demonstrates that a figure 

of 0.9 (i.e. 90% efficiency) is a commonly assumed value. 

 

    Table 3.3 Typical crossflow filter coefficients 

Reference Comments   Coefficient 

Legget et al. (2001b)  CIRIA best practise guidance. Figure 

refers to self-cleansing mesh filters. 

  0.90 

Environmental Agency 

(2003b) 

Recommended value from ‘most’ 

manufacturers 

  0.90 

Konig (2001) Modern German-made filters   0.90 

Gould & Nissen-

Peterson (1999) 

Downpipe and vortex type Crossflow 

filters  

  0.90 

 

3.9 Pumps 

A pump can be modelled hydraulically in a simple fashion, by considering the amount of 

water requiring pumping per unit time and the rate at which it is able to pump that water. The 

manufacturers usually give pump performance data in the form of a head versus discharge 

relationship for a pump of a given type and power ratings (Table 3.4, Figure 3.2). The 

required operating period can be calculated, from which the energy usage of the pump can be 

determined (equation 3.6). The operating cost per unit time can be calculated from this, by 

multiplying PUEnt by the unit cost of electricity, which depends on the amount charged by the 

relevant energy utility. 

C =  PuPOW x PuTIME................................................................................................................................(3.6) 

where:        

PUEnt =  pump energy usage in time t (kWhrs) 

PuPOW =  pump power rating (kW) 

PuTIME =  pump operating period in time t (hrs). 

 

For a given head, the pump algorithm used in the thesis assumes that the power consumption 

and flow rate are constant.  
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    Table 3.4 Typical domestic RWH pump performance data  

  Pumping  Output in: 

 l/min 20 30 40 60 80 

 cu.m/hr 1.4 1.8 2.4 3.6 4.8 

Pump ID Power rating (kW)       

40/06 0.80  With 32.5 30.0 27.0 19.5 10.0 

40/08 1.00 Pumping 43.3 40.2 36.3 26.1 13.4 

80/12 1.33 Height of 47.0 45.6 44.0 38.8 32.0 

40/10 1.25 (m) 54.1 50.2 45.4 32.6 16.8 

40/12 1.42  64.9 60.2 54.5 39.2 20.2 

    (Adapted from information courtesy of Rainharvesting Ltd) 

 

 

      

     Figure 3.2 Typical head versus discharge relationship for RWH pump (adapted from information 

     courtesy of Rainharvesting Ltd). 

 

3.10 Potable (mains) water supply and sewerage systems 

When available harvested rainwater cannot satisfy demands, the extent to which public water 

supply is incorporated into RWH models is usually restricted to the measurement of mains 
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top-up required. For models incorporating financial assessment, the associated volumetric 

mains and sewerage charges would be included. In the literature survey, most RWHS case 

studies reviewed the mains top-up function (e.g. Fewkes, 1999a; Coombes et al., 2003b; 

Villareal and Dixon, 2005). 

 

In models including financial assessment, the primary indicator of financial performance 

(known as ‘avoided costs’) used is the value of the mains supply substituted by harvested 

water. This is the primary way in which RWHS are potentially able to save money (Appan, 

1991; Dominguez et al., 2001; Coombes et al., 2003a; Shaaban and Appan, 2003; Ghisi and 

Ferreira, 2007; Ghisi and Oliveira, 2007; MJA, 2007). 

 

3.10.1 Disposal of used rainwater to the foul sewer system 

In the UK, charges are not imposed for harvested water that has undergone some use (e.g. 

WC flushing) and then disposed via the foul sewer. This means no associated sewerage 

charges are incurred by the owner/operator of a RWHS, even though some cost will be 

incurred by the water utility, as they are required to treat the effluent.  Although, the ability to 

include such charges was included in the RainCycle model, a disposal cost of zero was 

assumed for all simulations. 

 

3.11 Storage tanks 

A relation exists between the hydrological performance of a rainwater tank capacity and the 

size and characteristics of the contributing catchment, rainfall, capacity and demand on the 

system (Fewkes, 2006, Fewkes and Butler, 2000). Capacity influences the following 

variables: 

 Volume of water conserved. 

 Installation costs. 

 Retention time of rainwater, which affects the final quality of supplied water. 

 Systems overflow frequency, which affects the removal rate of surface pollutants. 

 Volume of water overflowing into the surface drains or soak away. 

A rainwater tank can be considered as a storage reservoir that receives stochastic inflows 

(effective runoff) over time and is sized to satisfy system demands (Fewkes, 2006). The 
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designer controls the tank size, hence some techniques to determine the size that will provide 

the optimum level of service is required (Fewkes, 1997). McMahon and Mein (1978) 

reviewed the sizing of storage reservoirs and identify two general categories of sizing 

techniques: Moran related methods and critical period methods. 

 

3.11.1 Moran related methods 

Moran (1961) developed Moran’s theory of storage in which a system of simultaneous 

equations is used to relate reservoir capacity, water demand and water supply. The analysis is 

based upon queuing theory (Fewkes and Butler, 2000) and Moran initially derived an integral 

equation relating inflow to reservoir capacity and outflow, such that the probable state of the 

reservoir could be defined at any given time. With this approach, solutions are only possible 

for idealised conditions. Moran developed a practical application by considering both time 

and flow as discrete variables. A series of simultaneous equations is used to inter-relate 

reservoir capacity, inflows and outflows (Fewkes, 2006). Subsequently, Gould (1961) 

modified this method to allow for simultaneous inflows and outflows, seasonality of flows 

and serial correlation of inflows (Ragab et al., 2001). This method, known as the ‘Gould 

matrix’ or ‘Gould probability matrix’ has not been widely applied to rainwater tanks, 

although, it is of more direct practical use to engineers (Fewkes, 2006).       

 

3.11.2 Critical period methods 

A ‘critical period’ is one during which a reservoir goes from full to empty (Ragab et al., 

2001). These methods determine the required storage capacity using sequences of flows, 

which are derived from historic data, where demand exceeds supply (Fewkes and Butler, 

2000). Critical period methods can be subdivided into two categories: mass curve and 

behavioural analysis (Fewkes, 2006). 

 

3.11.3 Mass curve analysis 

The mass curve method, originally described by Rippl (1883), has formed the basis of many 

adaptations (Gould and Nissen-Peterson, 1999), such as in sizing fresh water supply 
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reservoirs (McGhee, 1991). Where the difference between cumulative inflows (rainfall) and 

cumulative outflows (demand) are at a maximum, the critical periods in the data are 

identified. The maximum volume for future use is represented by this difference and hence 

the necessary storage capacity required maximising supply (Gould and Nissen-Peterson, 

1999). The storage system in a RWHS will perform adequately provided that the relationship 

shown in equation 3.7 is satisfied (Fewkes, 2006). 

 

           S ≥ Max (∫        
  

  
   ..........................................................................(3.7) 

  

where t1 < t2 and:  

S          = storage capacity (m
3
). 

Dt        = demand during time interval t (m
3
). 

Qt        = inflow during time interval t (m
3
).  

 

Figure 3.3 shows a graphical representation on diagram. The use of monthly data is illustrated 

in this example, but if a more accurate assessment is required daily and weekly data can be 

used. The main limitation of the mass curve method is that it is impossible to compute a 

storage size for a given reliability of supply or, probability of failure (Gould and Nissen-

Peterson, 1999; Fewkes, 2006). A statistical approach that is able to facilitate this based on an 

analysis of the frequency of occurrence of minimum rainfall amounts for periods between 2-

84 months in a 75-year rainfall record is described by Ree et al. (1971). The minimum 

rainfall for a given probability can be determined for various periods by applying standard 

statistical techniques. A mass curve can also be derived and mass curve analysis conducted if 

the cumulative minimum rainfall values are plotted against time (Gould and Nissen-Peterson; 

1999; Fewkes, 2006). 
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Figure 3.3 Application of mass curve analysis for sizing RWH tanks (adapted from Gould and Nissen-

Peterson (1999), p 57). 

where:  

A = the minimum volume required for maximum efficiency, i.e. to store and utilise 100% of  

       incoming water, which in this example is 27 m
3
.  

B = the residual storage in the tank at the start of the analysis period (5 m
3
 assumed in this 

       instance). 

C = residual storage in the tank at the end of the analysis period (5 m
3
 assumed in this 

       instance). 

 

3.11.4 Behavioural analysis 

McMahon and Mein (1978) included behavioural (or simulation) analysis, in which the 

changes in storage content of a finite reservoir (one that can overflow and empty) are 

computed using the water balance equation shown in equation 3.8 (McMahon et al., 2007). 

 

                 Vt = Vt-1 + Qt – Dt - ∆Et- Lt..............................................................(3.8)  

Subject to 0 ≤ Vt ≤ S 

where:  

Vt = storage content at time t (m
3
). 

Vt-1 = storage content at time t-1 (m
3
). 
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Qt = flow into the reservoir during time interval (m
3
). 

Dt = controlled release during time interval t (m
3
). 

∆Et = net evaporation loss from the reservoir during time interval t (m
3
). 

Lt = other losses during time interval t, e.g. seepage (m
3
). 

S = active reservoir capacity (m
3
). 

 

The most commonly used storage device with regards to contemporary RWHS is the 

underground tank (Hassell, 2005). These are watertight and airtight, so the net evaporation 

loss term ∆Et, and the other losses term Lt can be ignored (Chu et al., 1997). Equation 3.8 

then becomes: 

 

Vt = Vt-1 + Qt – Dt...................................................................................................................(3.9) 

 

Subject to 0≤ Vt  ≤ S. 

 

At the end of a prescribed time interval, the water in storage is equal to the volume of water 

remaining in storage from the previous interval, plus any inflow and less any demand during 

the time period, provided that the computed volume in store does not exceed slope capacity. 

Behavioural models thus simulate the operation of a reservoir with respect to time by routing 

simulated mass flows through an algorithm describing reservoir operation (Fewkes, 2006). 

The advantages of behavioural models are that they are: 

 Relatively simple to develop, easily understood and mimic the behaviour of the 

physical system. 

 Flexible, able to use data based on any timestep and can simulate variable demand 

patterns, for example seasonal variation in water use (Fewkes and Butler, 2000). 

Figure 3.4 shows a diagrammatic sketch of the storage tank water fluxes typically modelled 

as part of a behavioural analysis. 
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Figure 3.4 Typical RWH storage tank configuration in behavioural models (adapted from Mitchell, 2007). 

 

where: 

Yt = yield (withdrawal) from the tank in time t (m
3
).  

Ot = overflow from the tank in time t (m
3
). 

Mt = volume of mains top-up required in time t (m
3
). 

  

and Vt, Qt, Dt and S are as previously defined. From Figure 3.4, it can be seen that the 

fundamental water flux elements in relation to the operation of the storage device consist of 

runoff into the tank (inflow), overflow from the tank and yield extracted from the tank. It is 

possible at any specific moment in time that none, all, or any of these elements may be 

operating simultaneously, giving 8 possible states (Figure 3.5).  

 

Note that in Figure 3.5, the horizontal bars indicate the occurrence of an event and do not 

represent any associated volumes. Behavioural analysis models are based upon a discrete 

time interval of either a minute, hour, day or month and use a mass-balance-transfer principle 

(Fewkes and Butler, 2000). Behavioural models based on discrete timesteps have several 

fundamental limitations which go beyond the accuracy of data input.  For instance, they 

cannot conduct simultaneous computations on water fluxes and cannot ‘know’ what is 

happening on a timescale smaller than the selected tim-estep. To illustrate this, suppose the 

inflow, overflow and extract yield events occur simultaneously, an eventuality which is 

possible in reality. Since the rate of overflow at any specific moment in time is affected by 

both the rate of inflow and yield occurring at that same moment, the events are interrelated. 
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However, this would require the application and solution of differential equations. Hence, it 

could not be computed by a mass balance model based on discrete timesteps (i.e. the 

simulation of continuous and not discrete time). Therefore, the model assumes the 

occurrences of each water flux (inflow, overflow and yield extracted) that occur during the 

selected time period occur instantaneously at the end of that time period and in a predefined 

sequence (i.e. the assumption that events do not overlap chronologically). An important 

factor in determining how a behavioural model of a rainwater tank performs and influences 

the predicted reliability of supply is the order in which events are assumed to occur (Chu et 

al., 1997; Fewkes and Butler, 2000; Liaw and Tsai, 2004; Mitchell, 2007). However, despite 

these limitations, actual tank behaviour can still be modelled with acceptable accuracy.  

 

Three fundamental water fluxes have been identified: runoff into tank (inflow), overflow and 

extract yield. Yield is the volume of harvested water available to meet the demand in a given 

timestep. The yield cannot be extracted until its magnitude has been calculated; hence it has 

to be calculated in sequence. A total of four variables need to be accounted for and in terms 

of possible combinations there are now 4! = 24 unique ways of arranging the sequence of 

events. Therefore, a pertinent question to ask is: how should the four fluxes be arranged in 

order to produce a model that reflects the actual behaviour of a rainwater tank? 

 

Jenkins et al. (1978) investigated the possible sequence of events and identified two 

fundamental algorithms to describe the operation of a rainwater tank: 

1. Yield after spillage (YAS) algorithm, and 

2. Yield before spillage (YBS) algorithm. 

The YAS/YBS operating algorithms for the sizing of rainwater tanks have been investigated 

by several researchers (Jenkins et al., 1978; Chu et al., 1997; Fewkes and Butler, 2000; 

Fewkes and Warm, 2000; Liaw and Tsai 2004, Mitchell, 2007).  
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Figure 3.5 Possible states of fundamental water fluxes occurring simultaneously within a RWH storage 

tank. 

 

3.11.4.1 Yield after spillage (YAS) algorithm 

The order of operations occurring in time interval t is given as: determine yield, runoff into 

tank (inflow), overflow and extract yield. The YAS operating rules are given in equations 

3.10 and 3.11. 

Yt = min {
   

    
 ........................................................................................(3.10) 

 

Vt = min {
          

    
 .......................................................................(3.11) 

where the terms are as previously defined. In the YAS algorithm, yield is determined by 

comparing the demand in time interval t with the volume in the tank at time interval t-1 (the 

end of the previous time interval). Yield is assigned to the smaller of the two values. The 
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runoff into the tank (inflow) in the current time interval t is then added to the volume of 

rainwater in the tank from time interval t-1. If the capacity of the tank is exceeded then any 

surplus exits via the overflow, and then finally the yield is extracted. Figure 3.6 graphically 

demonstrates the process. Note that in this example, an assumption that all demand can be 

met for this particular time interval holds. 

 

 

Figure 3.6 Graphical representation of YAS algorithm (adapted fromMitchell, 2007).  

 

3.11.4.2 Yield before spillage (YBS) algorithm 

In this method, the order of operations is given as: runoff into tank (inflow), determine yield, 

extract yield, and overflow. The YBS operating rules are given in equations 3.12 and 3.13: 

Yt = min {
   

       
 ..............................................................................(3.12) 

 

Vt = min {
          

 
 .......................................................................(3.13) 

In the YBS algorithm, yield is determined by comparing the demand in time interval t with 

the volume of water in the tank at time interval t-1, plus the runoff into the tank in time 
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interval t. The yield is assigned to the smaller of the two values. The runoff into the tank 

(inflow) in the current time interval t is then added to the volume of rainwater in the tank 

from time interval t-1 and the yield is extracted. If the capacity of the tank is exceeded after 

the yield has been extracted, then any surplus exits via the overflow. Figure 3.7 is a graphical 

demonstration of the process. Note that in this example there is an assumption that all 

demand can be met for the particular time. 

 

 

Figure 3.7 Graphical representation of YBS algorithm (adapted from Mitchell, 2007). 

 

The opposite ends of the behavioural model spectrum are represented by the YAS and YBS 

algorithms (YAS, overflow first then withdrawal; YBS, withdrawal first then overflow). In 

reality, operation of RWH tank at either end of these two extremes is unlikely. However, a 

combination of YAS/YBS-style behaviour is more likely. From the information presented 

thus far, a conclusion that YBS algorithm has a tendency to overestimate the available supply 

whilst the YAS algorithm tends to underestimate. This has been found to be true when 

comparing the performance of the two operating rules (Chu et al., 1997, 1999; Liaw and Tsai, 

2004; Mitchell, 2007). 
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3.11.4.3 Adapting the YAS and YBS algorithms: the ‘storage operating parameters’ 

The use of one month time-step rainfall will result in a compact and economical data set 

(Fewkes, 2006). However, an inaccurate prediction of system performance will result from 

the use of rainfall data on such a large temporal scale (Fewkes and Frampton, 1993). A model 

based on the YAS operating rule that used a monthly time interval predicted the performance 

of RWHS in North America. Latham (1983) discovered that to provide a given volumetric 

reliability, it tends to significantly overestimate the tank size required.  In order to increase 

the accuracy of the monthly model to a level comparable with a daily time-step model, 

Latham adapted the YAS and YBS algorithms to represent the more general form, shown in 

equations 3.14 and 3.15. 

 

Yt = min {
   

        
 .............................................................................(3.14) 

 

Vt = min {
(             (      

  (      
  

............................................(3.15) 

where   represents a coefficient known as the ‘storage operating parameter’ which can be 

assigned any value between 0-1, inclusive.  

If   = 0 then the equations are the same as the YAS operating rule and if   = 1 then the 

equations are the same as the YBS operating rule. A location-specific value for   was found 

(Latham, 1983), such that a model based on monthly data gave similar results to that of a 

daily model, which have been shown to be more accurate (Heggen, 1993; Thomas, 2002a). In 

effect, the shorter time-steps of the daily model were replicated in the monthly model by the 

storage operating parameters (Fewkes, 1999b). In this approach, a simple and versatile 

method of modelling the performance of RWHS using monthly rainfall data was provided 

(Fewkes, 2006). However, to determine a suitable value of   for a given location, the use of a 

model with a smaller time-step (e.g. daily) is required. These were investigated in the UK for 

five different locations using a behavioural model with daily and monthly time-steps 

(Fewkes, 1999b). 
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3.12 Selection of storage tank modelling approach 

Of the techniques discussed in Section 3.11 for modelling a RWH storage tank (Moran 

related methods, mass curve analysis and behavioural analysis), it was decided that a 

behavioural approach was the logical choice. Moran methods were rejected, as they were 

primarily used for predicting the probability of failure associated with a reservoir of a given 

capacity, or for sizing reservoirs to meet a given security of supply, again using a 

probabilistic approach (Ragab et al., 2001). However, for contemporary urban RWHS 

intended for non-potable uses, this approach is irrelevant. Such systems would need to be 

designed to meet a given security of supply, since the uses are non-critical. In any case, it can 

be assumed that there will be a mains top-up function available during times of short supply. 

The intention of this thesis is to assess success and not failure rates. However, the concern so 

far is on hydrological performance as it affects financial performance. In this context, sizing 

tanks to meet pre-defined water saving reliability is not a valid approach. 

 

The original approach is incapable of taking into account within-year seasonality (Moran, 

1959). Constant demand is assumed throughout the analysis period (McMahon and Mein, 

1978). The usefulness of the model is limited, as seasonal variations in rainfall patterns and 

water demand (e.g. increased usage in summer for garden irrigation) could not be simulated. 

The basic method was modified (Gould, 1961), so that within-year variations in season and 

demand could be accounted for (Ragab et al., 2001). However, in doing this, Ragab et al. 

(2001) incorporated elements of behavioural analysis. In order to achieve this, it would make 

little sense to use the Gould-modified approach in order to account for variations in season 

and demand, when a purely behavioural analysis approach could be used. 

Application of Moran related methods appear to be limited, as there are few examples of their 

use in this area (e.g. Piggott et al., 1982). As there is a lack of sufficient research with which 

to judge their ability to accurately model RWHS in a UK context, these methods cannot be 

adopted, even if they were compatible with the aims of this thesis.  

A limitation of mass curve analysis approach is that it is used to determine the storage 

capacity required to meet 100% of demand (Gould and Nisssen-Peterson, 1999). In adapting 

the method, techniques exist so that a statistical probability can be attached to meet a given 

percentage of demand, which <100%, (e.g. Ree et al., 1971). Neither of these approaches is 
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relevant to this thesis. Furthermore, seasonal variations in demand are difficult to incorporate 

(McMahon and Mein, 1978). Hence, the usefulness of the approach concerning simulating 

RWHS with a garden irrigation component is limited. Finally, there are limited examples of 

its application, as it does not appear to be a popular approach amongst researchers for sizing 

rainwater tanks (Ngigi, 1999). Behavioural analysis is a technique more suited to the thesis; it 

has several advantages compared to the Moran related and mass curve methods:  

 No assumption is made that any given level of water saving reliability is in itself 

preferable to any other. This means the analysis is not driven by a requirement to size 

the storage reservoir based on the probability of meeting a predetermined demand. It 

is rather a more flexible approach that allows the analysis to be guided by criteria 

other than hydrological performance, which in this instance, is the financial aspect. 

 Seasonal variations and changing demand patterns are incorporated. If data reflecting 

these variations are available, or can be generated, inputting this into the model is 

very simple (e.g. historic time series rainfall data, and domestic water consumption 

results).   

 The models can be programmed to take into account different future conditions, (e.g. 

rainfall time series data can be modelled to take into account the effects of climate 

change and then input changes into the model). Changing consumer behaviour, which 

is a reflection of future demand patterns, can be modelled. In this approach, the 

researcher is provided with more flexibility than the Moran related or mass curve 

analysis methods. 

Numerous researchers investigating RWHS performance have used the technique (Jenkins et 

al., 1978; Latham, 1983; Chu et al., 1997; Fewkes, 1999b; Fewkes and Butler, 1999, 2000; 

Fewkes and Warm, 2000; Coombes et al, 2001; Liaw and Tsai, 2004; Ghisi et al., 2007; 

Mitchell, 2007; MJA, 2007). Several monitoring studies have confirmed the validity of 

behavioural models (Fewkes, 1999a; Coombes et al., 2000a). A domestic RWHS installed in 

a UK property, which was used for WC flushing, was modelled (Fewkes, 1999a). A 

behavioural model of the system was created and compared with data collected from the 

RWHS over 12-months. The actual system performance accorded with predicted behaviour 

and this provides empirical validation of a behavioural approach in a domestic UK context. 
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Having chosen the behavioural analysis approach, a choice of either the yield after spillage 

(YAS) or yield before spillage (YBS) operating rule had to be made. The use of YAS for 

design purposes was recommended (Fewkes and Butler, 2000), because it gives a 

conservative estimate on system performance. In investigating time reliability, YBS rules 

were used in preference to YAS. Liaw and Tsai (2004), found that it resulted in less 

predictions of failure (<100% demand met). However, the modelling approach was chosen by 

the researcher based on a predefined notion of what results would be acceptable. In an 

Australian study, the use of YAS was recommended, because results showed that it provided 

more accurate predictions of YBS (Mitchell, 2007). 

The generalised YAS/YBS algorithm was incorporated into the RainCycle model adopted in 

this thesis, with the storage operating parameter   set to zero (YAS) as the default mode of 

operation. It is acknowledged that a more conservative prediction of system performance 

would have been achieved with the use of YAS setting than use of YBS.  However, research 

suggested that as long as certain constraints regarding the selected time-step are employed, 

then YAS models are capable of modelling system performance within  10% of that 

predicted by a more accurate hourly time-step model and this was considered to be an 

acceptable margin of error (Fewkes and Butler, 2000).   

 

3.13 Implications of the behavioural model time-step 

In a behavioural model, the temporal resolution of the available rainfall data often dictates the 

selected time-step. A range of different time-step has been utilised by researchers, such as six 

minutes (Coombes, 2002; Mitchell, 2007), one hour (Fewkes and Butler, 1999), one day 

(Fewkes and Warm, 2001), three, five, seven, and 10 days (Liaw and Tsai, 2004) and one 

month (Jenkins et al., 1978).  

 

The smaller the time-step of the input data in a behavioural model the higher the accuracy 

(Fewkes and Butler, 2000). For example, a model using hourly rainfall data is more accurate 

than a model using daily rainfall data. Nevertheless, the data employed must be sufficiently 

precise for the purpose of the design (Heggen, 1993). There is inefficiency in gathering more 

data than needed (Heggen, 1993, Thomas, 2002), as meteorological data is rarely detailed, 

reliable and free and acquisition may be costly. Ideally, a researcher wants rainfall data that is 
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accurate enough and uses time-step small enough to produce useful results with low 

acquisition costs. The implications of using rainfall data with different temporal scales have 

been investigated by numerous researchers and is summarised in Table 3.5. 

  

3.13.1 Selection of an appropriate model time-step 

A decision regarding a suitable time-step had to be made prior to the implementation of the 

selected YAS. The optimal model is one that contains sufficient complexity to explain 

observed behaviour, but no more (Wainwright and Mulligan, 2004). The optimum approach 

is to use the largest time-step possible capable of producing acceptably accurate results as the 

data requirements of RWH models tends to increase as the time-step decreases. A daily 

model requires rainfall and water demand data at daily intervals, as the availability of 

information at this temporal scale is high. Extensive daily rainfall data sets for many Nigerian 

cities are available at meteorological stations. For sub-daily time-steps, a necessary 

requirement is to estimate at what times during the day events occur, and this adds another 

level of complexity to the modelling process (Dixon et al., 1999; Wong and Mui, 2005). 

Monthly models use temporarily coarse data that are generally more readily available than 

either daily or sub-daily information.  They are also likely to be compact and economical 

(Fewkes, 2006). However, inaccurate results have been produced by models that use long 

time-steps (Latham, 1983; Table 3.5). Monthly models are only recommended for use when 

sizing large stores (Fewkes and Butler, 2000). Their use for modelling RWHS is reduced as 

relatively small storage tanks are utilised.  

 

The rational choice was judged a daily time-step, due to the increased data requirements (and 

therefore complexity) of sub-daily models and the noted inaccuracies of the monthly variants.  

In addition, a determining factor in this decision was the availability of good quality daily 

rainfall time series and per capita water consumption data. Fewkes and Butler (2000) 

validated this choice with the constraints proposed for selecting a suitable time-step.  For a 

daily model to produce results within  10% of a more accurate benchmark hourly model, the 

storage fraction S/A.Ryr needs to be >0.01. A smaller value is an indication that an hourly 

time-step should be used. With the thesis simulations of domestic systems, the smallest 
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possible storage fraction value that could occur was calculated using the following 

information: 

 Smallest domestic tank size for which cost data are available = 1.2 m
3
. 

 Largest predicted roof area for new-building houses = 106 m
2
. 

 Greatest annual rainfall depth (after accounting for climate change, Section 3.14) = 

0.950 m/yr. 

A value of 0.0108 was achieved when these values were inputted into the storage fraction, 

which is close to but still greater than the threshold value. Therefore, the use of a daily YAS 

behavioural model was a valid approach.  

 

    Table 3.5 Range of timesteps used in existing international RWHS models 

Reference Description of work/comments 

Heggen 

(1993) 

Compared the performance of RWHS (time reliability) in New Mexico 

using YAS/YBS algorithms with timestep between one day and one 

month. Using a daily time-step and 7 years of daily rainfall data, found 

little difference between YAS/YBS. Used a daily YAS model as the 

benchmark against which to compare time-step of 2, 3, 7, 14 and 31 

days. As temporal scale increased, model accuracy decreased. 

Simulations with weekly data found to give results differing by ≤50% 

from the benchmark daily YAS model. Results for monthly time-step 

differed by ≤90% from the daily YAS model. Heggen concluded that if 

daily rainfall data are available, then there is no justification for using 

weekly or monthly time intervals. 

Thomas 

(2002) 

Compared the performance (time reliability) of daily models to monthly 

models for four different regions (Kenya, Bangkok, Panama and 

Brazil). For large tanks the difference between daily and monthly 

models was small. For small tanks, the use of monthly data was found 

to introduce large errors. 

Chu et al. 

(1997) 

Investigated the performance of domestic systems for WC flushing in  

Taiwan. Used YAS and YBS models with 84 years of rainfall data. 

Time-steps of 1, 3, 5, 7 and 10 days were used. Daily time-steps gave 

results close to actual systems. YAS approach underestimated actual 
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supply, so authors recommended the YBS approach. However, other 

researchers have shown that YBS tends to overestimate water saving 

reliability (e.g. Liaw & Tsai, 2004; Mitchell, 2007). 

Liaw & 

Tsai (2004) 

Modelled RWHS in Taiwan using time-steps of 1, 3, 5, 7, and 10 days 

using both YAS and YBS algorithms. Found that longer time intervals 

gave less accurate results, especially when modelling small tank sizes. 

Consequently the authors recommended the use of short time-steps and 

for the remainder of the study the authors used a time-step of 1 day. 

Mitchell 

(2007) 

Investigated the impacts of computations time-step, tank operating rule, 

initial  tank storage volume and length of simulation period on the 

accuracy of the storage-yield-reliability relationship for a wide range of 

RWHS configurations in three Australian cities (Melbourne, Sydney 

and Brisbane). Four time-steps were used: 6 mins, 30 mins; 3 hrs and 

24 hrs in conjunction with both YAS and YBS models. A 50-year 6 min 

YAS configuration was used as the benchmark model. For all 

combinations of time-step, demand level, demand pattern and location 

were found that for tank sizes >6,300 litres, the difference in results was 

     of the benchmark model, indicating that large tank sizes are 

insensitive to the characteristics of input data. YAS underestimated 

performance and YBS overestimated. Guidance was presented on 

selecting an appropriate time-step for a given set of system 

characteristics, notably the average demand per time-step and the 

proposed storage tank capacity. This approach was similar to that in 

Fewkes and Butler (2000) (Section 3.13.1). 

 

3.14 Climate change 

Since the end of the Pleistocene last ice age (~10,000 years BP), the earth’s climate has been 

relatively stable. It is currently undergoing a period of rapid warming (UKCIP, 2007). Human 

activities are believed to be contributing factor to this change; hence likely future changes 

may pose serious threats to human society and the natural environment (HMSO, 2006). 

Climate change have been predicted to continue, with the trend being generally warmer 

temperatures and increased risk of extreme weather events, such as floods, droughts, greater 
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cyclone activity and higher sea levels (IPCC, 2007a). Changes in rainfall patterns could have 

more profound impacts on humans and ecosystems than changes in temperature (Treydte et 

al., 2006). Changes in global rates and distribution of precipitation are expected. “Climate 

change is now widely recognised as the biggest global challenge facing humanity” (McEvoy 

et al., 2006). 

 

Seasonal changes in precipitation and temperature have implications on RWHS. The 

effectiveness of a system in supplying water to the end user is directly affected by the amount 

of rainfall and its temporal distribution, whilst the temperature can influence demand.  

Herrington (1996) suggested that “variations in peak [demand] factors over time are largely 

associated with climate”. When predicting the medium and long-term performance of 

RWHS, the effects of climate change should be considered. 

Climate change effects have significant impacts on the hydrologic cycle, affecting water 

resource systems worldwide and have different effects in different areas (Lee and Chung, 

2007). Thus, climate change places additional pressure on already stressed hydrological 

systems and water resources (Kahinda et al., 2010). Climate change impacts are already 

evident as temperature and rainfall variability have increased and intensified worldwide over 

the last three decades (Hewitson and Crane, 2006; Chung et al., 2011). Recent studies have 

indicated our extreme vulnerability to the impacts of climate change and that appropriate 

measures be taken by the water sector to cope with future impacts (Vano et al., 2010; Jun et 

al., 2011). 

 

RWH is listed as one of the specific adaptation strategies that the water sector should 

implement in coping with future climatic change (Aladenola and Adeboye, 2010; Boelee et 

al., 2011) as it has the potential to enhance ecosystem and livelihood resilience (Muller, 

2007). Until recently, countries have relied almost exclusively on conventional sources of 

rivers and ground-water supplies (Kahinda et al., 2010). Hence, the importance of RWH as a 

buffer against climate-linked extreme weather events has been overlooked in water planning. 

RWHS has a storage component with a specific storage capacity and should be installed to 

use rainwater in various ways. 
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3.15 Rainfall data used in the adopted RainCycle model 

The RainCycle model operates on a daily time-step, and so it requires historic rainfall data 

with the same temporal scale. In Table 3.1, the information presented would suggest that a 

minimum of 10 years worth of precipitation records should be used. Since the thesis is 

primarily concerned with analysing domestic RWHS in Ibadan, the selection criteria with 

regards to the selected station was that the location should be representative of typical 

weather patterns in the City (i.e. the average annual rainfall depth should not significantly 

deviate from what would be expected for the City as a whole). A continuous 30 year daily 

rainfall record covering the years 1980-2009 was obtained from Department of 

Meteorological Station (DMS) Samonda and the International Institute of Tropical 

Agriculture (IITA), Ibadan. Figure 3.8 shows annual rainfall depths contained within the data 

set. Note the extreme marked on the graph, which correspond to the 1980 floods, which 

affected much of Ibadan.  

 

  

 

Figure 3.8 Ibadan City historic annual rainfall depths 1980-2009 (source: DMS 2010). 
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3.16 Predicting non-potable domestic demand 

Per capita consumption varies with household size, type of property, time of the year and 

ages of household residents (Butler and Memon, 2006). Increases in household demand are 

primarily driven by population growth, levels of affluence and household occupancy 

(Environmental Agency 2001; Sim et al., 2005). In modern developments, the UK Code for 

Sustainable Homes Standard (DCLG, 2007) may act as a significant driver for reduction in 

domestic water use. In order to achieve the lowest level of compliance, a minimum per capita 

consumption of 120 litres per day is required for internal water use and this may come to 

represent the minimum standard for new housing stock. MacTavish and Hill (2007) 

suggested that the target can be achieved by simply installing water efficient fixtures, fittings 

and appliances of comparable cost to less efficient types, so that no additional cost is incurred 

by the developer. In the UK, the government is consulting on new water performance 

standards by amendment to the Water Supply Regulations (DCLG, 2006e) or within new 

building regulations. New mandatory regulations aim to reduce water usage in new buildings. 

For these reasons, a daily internal per capita consumption of 120 litres was adopted 

throughout this thesis. 

 

About 55% of total household demand could be met through domestic RWHS, if used for 

non-potable applications, such as WC flushing, laundry washing and garden irrigation. 

Demand forecasting based on rules of thumb or naive extrapolation is now recognised as 

inappropriate, since estimates obtained this way deviate from reality (Herringthon, 1987). A 

micro-component approach to water demand forecasting is often recommended (Environment 

Agency, 2001): that is the study of individual water usage within a household, such as 

personal washing and WC flushing (Butler and Memon, 2006). Numerous studies have used 

this approach in predicting future demand (Environment Agency, 2001; Williamson et al., 

2002; Chambers et al., 2005). However, regarding future water demand, no definite 

conclusion can be drawn (Downing et al., 2003), only more or less reasoned and transparent 

investigations (Alegre et al., 2004). With regard to climate change, assumption that washing 

machine and WC use are insensitive to long-term variations can be made (Downing et al., 

2003; Alegre et al., 2004).   
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3.16.1 Water closet demand  

There is no cause to believe that WC usage frequency will increase or decrease significantly 

and so existing data based on past monitoring studies was used as an acceptable indicator of 

future behaviour. In Table 3.6, the mean of the values equal to 4.59 flushes per person per 

day. However, it is impossible to flush a toilet 4.59 times, so a per capita usage of 4times/day 

was assumed for weekday (Monday-Friday), whilst a per capita usage of 6times/day was 

assumed for weekends (Saturday and Sunday). This assumes higher weekend usage, which is 

reasonable, and gives mean rate of 4.57/person/day, which is close to the actual average of 

4.59. An essentially linear relationship was found between household occupancy and 

frequency of WC flushes (Butler, 1991). Therefore, an acceptable approach for calculating 

household usage is to multiply the household occupancy rate by the capita usage frequency. 

In the current regulations, a maximum flush volume of 6 litres is permitted for single-flush 

WCs (HMSO, 1999). Dual-flush toilets ranging from 6/4, 6/3, as well as lower volume single 

flushes, such as 4.5 litres, is available. Table 3.7 summarises the range of existing and 

possible future flush volumes for modern domestic WCs. 

 

In order to demonstrate the technical lower limit for flush volumes, the last three items were 

included. But there is no sign of widespread implementation of these methods in the short to 

medium term.  The flush volumes ranging from 6-litre single to 4/2-litre dual were chosen. 

An assumption of 6/3 dual flush variety was decided for all new houses. There is also the 

issue of how many uses will involve a full flush and how much only a part flush. Grant 

(2003) reported that an assumption of 1:3 or 1:4 is made for the ratio of full to part flush, 

whilst monitoring trials have shown the actual flush ratio to be in the range of 1:0 ( i.e. only  

full flush used) and 1:2 (1 full to 2 part flushes).  A full flush ratio of 1:2 was been adopted in 

the RainCycle model. 

 

    Table 3.6 Range of domestic WC usage frequencies 

Uses/person/day References 

3.3 Thackray et al. (1978) 

3.7 Butler (1991) 

5.25 SODCON (1994) 
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6-8*  Fewkes (1999a) 

4.3 Environment Agency (2001) 

4.8 Chambers et al. (2005) 

4.8 DCLG (2007) 

4.59 Mean (of above) 

    * Fewkes noted that one of the monitored WCs often required two flushes to clear the pan, which may 

     explain the higher than average values. The higher value was ignored when calculating the mean.  

 

    Table 3.7 Range of modern domestic WC flush volumes 

Volume/use (litres)  References 

6 single flush. 

Maximum allowable 

flush volume 

HMSO (1999); Grant (2003, 2006) 

Environment Agency (2001); DCLG (2007) 

6/4 dual flush  Grant (2003) 

6/3 dual flush Grant (2003, 2006) 

4.5 single flush Grant 2006 

4 single flush
1
  Grant (2003, 2006); Environment Agency 

(2001) 

4/2 dual flush Grant (2003); Environment Agency (2001) 

3 single flush
2
 Grant (2006) 

1.5-2 litre single flush
3
 Milan (2007); Millan et al. (2007) 

1.2 (vacuum toilet)
 4

  Grant (2006) 

0 (composing toilet) Environment Agency (2001) 

      1
Considered to be probable lower limit for gravity drainage without flush boosters. 

      2
May be feasible with designs that collect several flushes and discharge them as a single larger flush to ensure 

     good drain carry.
 

     3
Prototype ultra-low flush design utilising air pressure to aid flushing. 

     4
Normally only recommended for use in extreme situations, e.g. aircraft and trains. 

 

3.16.2 Washing machine demand  

A range of washing machine (WM) use frequencies is shown in Table 3.8. Anticipated future 

per capita use frequencies will probably not differ much from those occurring at present. In 
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Table 3.8, the mean is 0.21 uses per person per day (~ once every 5 days). This later figure 

was used as a standard value for domestic simulations. This is a general relationship between 

frequency of WM usage and household occupancy (Butler, 1991). Thus, to determine 

household usage the per capita frequency can simply be multiplied by the household 

occupancy rate. Table 3.9 presents data regarding the volume of water used by modern 

washing machines for a typical wash cycle. 

 

    Table 3.8 Range of domestic washing machine usage frequencies 

Uses/person/day References 

0.16 Butler (1991) 

0.18 SODCON (1994) 

0.157 Environment Agency (2001) 

0.34 DCLG (2007)  

0.21 Mean 

 

     Table 3.9 Range of modern domestic washing machine water usage volumes 

Volume/use (litres) References 

100 SODCON (1994) 

27/kg of wash load HMSO (1999) 

45 Lallana et al. (2001) 

80 Butler & Memon (2006) 

49 DCLG (2007) 

40-80 Environment Agency (2001) 

35-40 Grant (2006) 

   * Maximum allowable under current regulations. 

    ** 30-40 litres per 5 kg load probably technical limit due to rinse performance requirements. 

 

Over the past decade, there have been considerable improvements in the energy and water 

efficiency of washing machines (Grant, 2006). Wash performance is not correlated with 

water consumption (i.e. high water use does not necessary mean cleaner clothes). There 

appears to be little justification for future installation of the less efficient variants, as the most 
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efficient machines were generally as good as, if not better, than their less efficient 

counterparts. WM that use ~50 litres per cycle are already available. In the code for 

Sustainable Homes documentation, the standard volume for new machines is taken as 49 

litres/use (DCLG, 2007). A range of 30-40 litres is taken as the technical limit, due to rinse 

performance requirements (Grant, 2006). A value of 50 litres per use was assumed in the 

RainCycle model, as this accords with current practise and is reasonably close to the lowest 

technically achievable level.  

 

3.17 Overview of Decision support system for rainwater harvesting 

A GIS-based decision-support system (RHADESS) was developed to indicate the areas of SA 

suitable for RWH (Mwenge et al., 2009). Increasing agricultural demand in SA was met by 

storing excess runoff for runoff harvesting (Gary and Graham, 2010). The study highlights 

the potential benefits from multi-scale adoption of runoff harvesting by modelling runoff. A 

method for estimating the amount of rain required to flush for any roof type was developed 

(Martinson and Thomas, 2005). This implies that the first 1 mm of rain after each dry spell 

must be diverted or flushed, since the rainfall in this region is erratic and unevenly 

distributed. This diverting device helps improve water quality. 

A GIS was recommended by Mbilinyi et al. (2005) and El-Awar et al. (2000) as a hydro-

spatial hierarchical method in dry areas for siting small water harvesting reservoirs. 

Furthermore, Zhai et al. (2004) designed a web-based GIS-hydrologic modelling system for 

selecting the most suitable location for building water-harvesting reservoirs. This process was 

applied by Jabr and El-Awar (2004) in a 300-km
2
 area of Israel-Lebanon. While these GIS 

tools have been developed to facilitate siting of water harvesting reservoirs, comprehensive 

water supply management at a community scale is yet to be developed by the decision 

support tool.  

Mbilinyi et al. (2007) developed a GIS-based Decision-Support System (DSS) for identifying 

potential sites for RWH in Tanzania. The GIS-based DSS uses remote sensing, and limited 

field survey to identify potential sites for RWH technologies. The model builder in the Arc 

View GIS was used as a platform for the parameters and weight of factors. The results from 

testing and validation of the developed DSS indicated that the tool could be reliably used to 

predict potential sites for RWH technology in semi-arid areas. 
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The detail review on RWH models was carried out by Lade et al. (2011a). Existing 

computer-based hydraulic models for RWH are listed in Table 3.10. The literature reviewed 

revealed few RWHS models exist and there seems to be insufficient attention to Decision-

Support Tools (DST) for integrated urban water management. To integrate RWH into the 

development and management of water resources in Nigeria, there is a need to develop tools 

and methodologies that will both assist planners with the identification of areas suitable for 

RWH, and quantify associated hydrological impacts of widespread adoption. 

 

    Table 3.10 Selection of existing computer based hydraulic models for RWH 

Reference Description 

Ward et al. 

(2008) 

Ward designed RWHS in two new buildings developed in the UK 

and was evaluated as a state-of-the art model compared with two 

simpler methods. The results showed that the design methods 

based on the simplified AR/D (used by RWHS suppliers) and the 

EA approach generated tank sizes substantially larger than the 

state–of–the–art yield after spill (YAS) continuous simulation. 

Roebuck and 

Ashley (2006) 

Developed the RainCycle model, which is based on the YAS 

model, as described by Jenkins et al. (1978). This is an accepted 

and widely used computer-based model to investigate the 

hydraulic and whole-life cost performance of RWHS in a UK 

school. The results showed that both water and monetary savings 

are possible in the long-term. Although, the results were less 

favourable, RWH was a viable way of reducing reliance on mains 

water and capable of saving money in the long-term. However, the 

methodology used for the prediction of future performance by 

many RWHS suppliers is inadequate in both scope and detail, 

leading to overestimating both demands that can be met by 

harvested rainwater and financial savings. 

Cobley (2004) Described a simple method for estimating the largest storage 

requirement based on consumption rates and occupancy of a 

building. Similar in many aspects to numerous models available 
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from the Internet. 

 

Day (2002); 

Ratcliffe (2002)  

 

RWH project led by Telford and Wrekin Council, UK. Monitoring 

of domestic rainwater harvesting (DRWH) system water use and 

water quality was conducted. Water consumption data were used 

to build a model of the system.  

Fewkes  (1999); 

Fewkes and 

Butler (1999); 

Fewkes and 

Warm (2001)  

 

Fewkes developed several models based on the YAS method 

described by Jenkins et al. (1978). Fewkes and Warm (2001) 

described a method of modelling RWHS at 11 UK locations. 

Recorded daily rainfall statistics and daily time-steps were used to 

predict water saving efficiencies.  

Dixon (1999)  

 

Model of DRWH system for predicting water quality and water 

saving efficiency. Also includes some stochastic elements for 

creating water demand profiles and a basic whole-life costing 

element.  

Jenkins et al. 

(1978)  

 

An early behavioural model identifying two fundamental 

algorithms that described the operation of a rainwater storage 

structure: Yield After Storage (YAS) and Yield Before Storage 

(YBS). Jenkins et al. used the YAS algorithm and a monthly time 

interval to investigate the performance of rainwater storage in 

North America.  

     Note: all models described in Table 3.12 are based on mass-balance transfer algorithms.  

 

3.18 The need for Decision Support System development in Nigeria 

Based on the status of relevant macroeconomic and human development indices, Nigeria is 

classified as a ‘developing country’. A very topical catchphrase in Nigeria today is 

‘modernisation’, which is viewed as key to addressing the poverty and underdevelopment 

status prevalent in the country (NEMA, 2003). Within this context, development of 

appropriate technologies plays a crucial role. While in the past there has been some 

scepticism regarding the suitability of modern Information Technology (IT) within an 

‘appropriate technology’ framework, there is now a growing school of thought that sees 
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advanced IT as actually underpinning the development effort in underdeveloped countries, 

such as Nigeria (Moriarty et al., 1999). This is in the context of the continuing fall in prices 

and rise in availability of computing power. There is, therefore, a need to develop practical 

tools and methodologies to underpin and support sustainable development and management 

of the country’s water resources, in the form of comprehensive decision-support systems 

(DSSs) that integrate data and stakeholder development priorities. 

In spite of rapidly advancing computer technology and the proliferation of software for 

decision-support, relatively few DSSs have been developed, implemented, and evaluated in 

the field of water resource management in Nigeria. Such decision-support tools need to be 

structured to fit in with existing policy frameworks and responsibility allocation in Nigeria’s 

water sector. They should be tailored to the local conditions prevailing in the country, and 

accommodate specific needs, as identified by stakeholders in a participatory, bottom-up 

development framework. By building a DSS, many needs of policy-makers and resource 

managers in the water sector must be met. These include the provision of mapping capability 

for land and water resources, a common digital database for information, a suite of spatial 

analysis tools, development of predictive models, and provision of a basis for the evaluation 

of management alternatives.  

 

3.19 Summary  

This chapter reviewed the various modelling techniques used for assessing the performance 

of RWHS in the residential sector (i.e. in terms of their water saving reliability). Numerous 

approaches were identified, ranging from relatively simple ‘rule-of-thumb’ approach to more 

complex, statistical methods and sophisticated computer programs. Some techniques consider 

only a single building, whilst others investigate the impacts of wider implementation, such as 

at the development or catchment scale, often with the aid of GIS. Some methodologies focus 

on assessment of system sustainability, while others on hydrological performance with the 

inclusion of additional elements such as economic/financial measures. This research seeks to 

develop a rainwater harvesting decision-support system (DSS) to assist decision-makers in 

selecting appropriate technology suitable for RWH in Ibadan in particular and Nigeria 

generally. Each technique relies on different levels of input information, different calculation 

or simulation techniques and provides results with different applicability. A critical review of 
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each technique, focusing on strengths, shortcomings and purposes, was provided, along with 

a review of available models.  

 

A broad overview of modelling and associated concepts were reviewed. A range of model 

types, including physical and mathematical, were identified, with the latter broadly consisting 

of empirical, conceptual and physically based models. Reasons for modelling RWHS 

identified several performance indicators to judge hydrological performance. A range of 

RWHS components requiring explicit consideration within the adopted model were identified 

and their selection justified. These components are: rainfalls, catchment surface (roof), first 

flush diverter, coarse filter, pump, potable (mains) water supply and sewerage systems, 

storage tank and non-potable supply and demand. Existing methodologies for simulating the 

physical behaviour of these components were discussed and suitable approaches selected.  

  

Three important techniques for modelling storage tank were identified, namely Moran related 

methods, mass curve analysis and behavioural analysis. The latter was selected as the basis 

for the adopted model, as it offers several advantages over others.  For the operation of a 

storage tank, two behavioural algorithms namely: the Yield After Spillage (YAS) and Yield 

Before Spillage (YBS) algorithms were identified. The YAS variant selected for 

implementation, and this choice was justified based on the decision to use a daily time-step. 

 

The possible future effects of climate change were discussed. A suitable source of rainfall 

data for use within the adopted model identified and 30 years of historic daily rainfall 

statistics were obtained from meteorological stations in Ibadan City. Methods for predicting 

non-potable domestic water demand were discussed. Appliance usage data for modern WCs 

and WMs were presented and reasoned assumptions made regarding probable future use 

volumes and frequencies. An existing methodology was adopted, relating watering 

requirements to temperature and precipitation (via soil moisture deficits) implemented for 

garden irrigation. Possible climate change impacts in the outdoor use component were 

discussed. 

There are few models on RWHS, which are: RainCycle; RSR, REWAPUT and DRHM. 

RainCycle is an Excel-based mass balance model using a YAS algorithm and whole life 

costing approach. RSR was used for sizing RWH tanks for storm water retention to reduce 
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flood, using Seoul as a case study. RCSM is a behavioural continuous simulation, including 

detailed analysis of time interval variation and yield-before/after-spill. REWAPUT is a 

reservoir model, rainfall-intensity-duration-frequency relationship and triangular distribution, 

while DRHM is a mass balance model with stochastic elements for demand profiling and 

simulates quantity, quality and costs.  Few reports exist on Decision Support Tool (DST) 

models for integrated urban water management, such as RWH.  
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CHAPTER 4 

DECISION ANALYSIS METHODOLOGY AND DESIGN OF THE 

DECISION ANALYSIS FRAMEWORK 

 

4.1 Introduction 

Chapter 4 presents the multi-criteria decision analysis (MCDA) methodology.  MCDA is the 

decision theory behind the decision-support model developed as part of this research. Various 

decision analysis techniques were reviewed in order to present their differences, similarities 

and limitations to provide a justification for the adoption of the most appropriate research 

method.  The Chapter adopted Multi-Attribute Utility Theory (MAUT) technique as the core 

component of the integrated decision analysis model due to its specific strengths that 

outweighs its weaknesses compared to other MCDA techniques (Section 4.6). The integrated 

nature of the model implies the integration of analytical techniques, such as Whole Life 

Cycle Cost Analysis (in the RainCycle model).  Also presented in this chapter is the 

conceptual framework developed in order to support decision-making in respect to the 

selection of the best alternative RWH technology for sustainable water management (SWM). 

The conceptual framework was developed following the adoption of MAUT. The Chapter 

concludes with the development of the architecture of the conceptual framework, which is the 

graphical representation of the decision analysis model showing the inputs, processes and 

outputs. 

    

4.2 Decision process 

 Decision process is the process of identifying and choosing alternatives based on the values 

and preferences of the decision-maker (Fulop, 2005). Decision making implies alternative 

choices exist and there is a need to choose the alternative with the highest probability of 

success or effectiveness and best fits with the goals of the decision problem (Harris, 2009). 

Decision process theory is implemented in two interwoven concepts: decision-making 

concept and decision-aiding concept (Brown, 1989; Brown and Vari, 1992; Roy, 1993). The 

decision-making concept is composed of three major theories: descriptive, normative and 

prescriptive (Bell et al., 1988; Dillon, 1998). The descriptive decision theory focuses on 

how people actually make decisions, while normative theory focuses on how people ought 
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to decide (Bell et al., 1988; Dillon, 1998).  The prescriptive theory focuses on how people 

make good decisions (Bell et al., 1988; Dillon, 1998; Ryu et al., 2008) based on the 

theoretical foundation of normative theory with the combination of observations from 

descriptive theory.  Table 4.1 illustrates the differences between these theories. 

Prescriptive decision theory is the foundation of the decision-aiding process (Table 4.1). The 

decision-aiding process is the process where different individuals (decision-maker and 

decision analyst) endowed with cognitive capabilities share some information and knowledge 

in order to establish a shared representation of a decision problem (Bouyssou et al., 2006). In 

order to handle problem situations faced by individuals and/or organisations decision-aiding 

uses a structured procedure (Tsoukias, 2008). In a decision-making concept, no distinction is 

made between decision-maker and decision analyst. In order to establish a solution to a 

decision problem (Bouyssou et al., 2006), the decision-maker directly uses decision theory 

(descriptive or normative). 

 

In this research, the decision-aiding concept was adopted, as the aim was to develop a 

decision-support model that can aid the selection of RWH-based water supply system rather 

than getting involved in the selection process (decision-making) itself. The potential 

capabilities of decision-makers (DMs) were involved in the research through assessment of 

the senior construction practitioners on some of the input parameters of the decision-support 

model (Chapter 6). A decision-aiding process generates the following products (Bouyssou et 

al., 2006; Tsooukias, 2008), discussed further in Section 4.3: 

 Representation of the problem situation. 

 Problem formulation. 

 An evaluation model. 

 A final recommendation. 

 

In defining, a suitable set of problem formulations, an appropriate perception of the problem 

situation may help, out of which the analyst may choose the formulation that best fits the 

necessities of the problem situation (Stamelos and Tsoukias, 2003). After establishing the 

problem situation, problem formulation translates the concerns expressed in the 

representation of the problem situation in a formal expression on which it is possible to apply 

some techniques, such as statistics, measurement, operational research or simulation 
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(Paschetta and Tsoukias, 2000). The evaluation model presents the precise way of evaluating 

the alternatives and the final recommendation is the eventual alternative prescribed to the 

DMs (Stamelos and Tsoukias, 2003). The aforementioned decision-aiding components were 

generated in this research in three stages of implementation of the research framework: 

definition stage, evaluation stage and selection stage.   

 

     Table 4.1 Decision-making theories 

 

Decision-making theories Definitions 

Descriptive Decisions people make. 

How people decide. 

What people actually do or have done. 

Normative Logically consistent decision procedures. 

How people should decide. 

What people should do (in theory). 

Prescriptive How to help people make good decisions. 

How to train people to make better 

decisions. 

What people should and can do. 

     (Sources: Bell et al., 1988; Dillon, 1998) 

 

4.3 Decision analysis methodology 

Decision analysis is a scientific discipline comprising of a collection of principles and 

methods aimed at helping individuals, groups of individuals or organisations in the 

performance of difficult decisions (Brachinger and Monney, 2002). Decision support 

modelling starts with a process through which the decision problem is clarified before 

considering the solution (Bouyssou et al., 2006). Decision support process is any process in 

which individuals endowed with cognitive capabilities share information and knowledge in 

order to establish some shared representation of the process problems (Massey and Wallace, 

1996). In the execution of decision-support process, the major activities include problem 

structuring, construction of evaluation model and construction of final recommendation 

(Bouyssou et al., 2006; Herwijnen, 2011). Problem structuring includes determination of 
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relevant goals, alternatives and identification of the attributes for measuring the alternatives. 

Construction of evaluation models includes the adoption of an evaluation technique, 

assessment of attributes and alternatives and the aggregation of the scores of the alternatives. 

Finally, construction of recommendations involves adoption of the best alternative after the 

evaluation model has been tested for robustness using sensitivity analysis (Jimenez et al., 

2003; Rios-Insua et al., 2006; Montmain et al., 2009). 

 

4.3.1 Structuring of a decision problem 

A decision problem involves an activity that leads to problem representation and problem 

formulation. In representing the problem situation, stakeholders (end-users) affected by the 

decision support process are established (Banville et al., 1998; De Marchi et al., 2000; 

Shakun, 1991). Problem formulation translates the client’s concern, using the decision 

support (DS) language, into a formal ‘problem’ (a problem to which DS technique and 

methods apply). A problem formulation can be represented as follows (Bouyssou et al., 

2006): 

    Γ = ⟨A, v, Π〉.....................................................................................................(4.1) 

where:  

 A is a set of potential actions that can be undertaken to address problems. The 

elements of set A, otherwise known as alternatives, have to be designed in the sense 

that such a set does not exist somewhere but should be constructed from existing 

information. 

 v is a set of points of view from which the potential actions are observed, analysed, 

evaluated and compared. The elements of v, also known as attributes, represent what 

the stakeholders want to know about set A. 

 Π is the problem statement, which anticipates what is expected to be done with the 

elements of A. Establishing the problem statement will enable the analyst to focus on 

appropriate evaluation methods and procedures.  

 

4.3.1.1 Problem structuring methods 

Problem structuring methodologies aim to help DMs to better understand their concerns 

(Checkland, 1981; Rosenhead, 1989, Landry, 1995) better justify their conclusions (Landry et 
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al., 1996) and simplify the validation process. The following are some of the existing 

problem structuring methods: 

1. Cognitive mapping: This method gives a presentation of how the decision-maker 

thinks about a set of issues. A network of nodes represents the issues concerning the 

DMs for whom a map is constructed and arrows represent the way in which one issue 

may have implications for another (Eden, 1994). The method includes a session where 

the analyst conducts interviews with the decision-maker which will lead to the 

establishment of the cognitive map (Rosenhead, 1989). Cognitive mapping is 

extremely useful in a group decision-making, in which the emergence of consensus on 

different issues is extremely difficult and remains subject to power manipulations 

(Bouyssou et al., 2006). 

2. Strategic choice: This method is expected to handle the complexity of interconnected 

decision problems. The basic philosophy of this method is to manage uncertainty in a 

strategic way (Friend and Hichling, 1987). Three principal sources of uncertainty are 

identified: 

 Uncertainties about guiding values. 

 Uncertainties about the working environment.  

 Uncertainties about choices and related agendas. 

3. Soft system methodology (SSM): This method is applied through extensive interviews 

with problem owners and large workshops with stakeholders of the problem situation. 

The modelling process involved allows such stakeholders to converge to a shared 

representation of both the problem situation and the actions to undertake. Hence, SSM 

should be considered as a methodology and not just a method that is situation driven 

and not method driven. 

4. Valued focused thinking: This method suggests that attention should be on evaluating     

alternatives after such alternatives have been established by thinking about values 

(utilities) and objectives (Keeney, 1992). The concept is to establish the objectives, 

followed by the construction of utility or value functions in order to measure the 

desirability of the alternatives and achievement of each objective (Clemen, 1991; 

Levin and McEwan, 2001). 
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5. Integrating approach:  This method involves the integration of different approaches of 

MCDA. This method is usually driven by the problem situation (Bana and Costa et 

al., 1999; Belton et al., 1997; Belton and Stewart, 2002). 

 

4.3.2 Constructing the evaluation model 

An evaluation model can be constructed by applying methodological knowledge to the 

formulated problem situation. It involves organising information that has been established 

through problem structuring in such a way that it will be possible to provide a formal solution 

(Bouyssou et al., 2006). The weights of attributes as well as the scores of alternatives are 

measured; the weights and scores are aggregated to derive the overall scores of alternatives. 

In constructing the evaluation model, different procedures exist. The difference in procedure 

forms the basis of the multi-criteria analysis techniques (Perny, 1998; Belacel, 2000; 

Paschetta and Touskias, 2000; Mousseau et al., 2000). 

 

4.3.3 Constructing the final recommendation 

The output of the evaluation model is a result which is consistent with the model itself 

(Bouyssou et al., 2006). However, the reliability of the model’s output should be justified 

before the final recommendation is made (Rios-Insua et al., 2006, Jimenez et al., 2003). The 

sensitivity of the suggested solution when certain parameters are perturbed should be tested. 

The robustness of the solution should be demonstrated under different scenarios and 

combinations of parameters (Butler et al., 1997). 

 

4.4 Decision analysis techniques 

In the construction industry, the most common techniques used for evaluation by managers 

were identified to be the return on investment (ROI), internal rate of return (IRR) and net 

present value (NPV) methods. These same methods are used in other industries (Andresen et 

al., 2000; Love et al., 2004, Love et al., 2006). In decision-making, the two more intensive 

evaluation techniques mostly applied for the identification and selection of alternatives are 

cost-benefit analysis (CBA) and multi-criteria analysis (Fulop, 2005). 
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4.4.1 Cost benefit analysis 

Cost-benefit analysis (CBA) is a global technique in decision-making, which evaluates 

alternatives according to their costs and benefits when each is measured in monetary terms 

(Fulop, 2005). It is called a mono-criterion decision analysis approach, as its only scale of 

measurement is money (Kiker et al., 2005). CBA allows users to determine whether the 

benefits of a given alternative outweigh the costs and whether the alternative is worthwhile in 

an absolute sense. It also allows users to compare several alternatives and choose the option 

which provides the greatest amount of benefits relative to costs. The individual alternatives 

relevant to CBA are those where their monetary values can be quantified (Munda, 1996). 

CBA is used in the evaluation of building projects to examine the economic consequences at 

all stages of a building construction from planning, through to occupancy, maintenance and 

demolition (O’Connor et al., 1997).     

The output of a CBA can be benefit-cost ratio (B/C), NPV or IRR (USEPA, 2000). The 

benefit-cost ratio is the ratio of discounted benefit to discounted cost. B/C can be <1, equal to 

1 or >1. If B/C is <1, the project will generally not be viable.  

The rules of thumb used in choosing the output of CBA are (Snell, 1997): 

 For mutually independent projects competing for resources: maximise B/C. 

 For optimisation between mutually exclusive projects: maximise NPV. 

 For a yes or no decision on a project’s implementation: use any of NPV, B/C or IRR 

with a previously agreed discount rate.  

The main stages of CBA are (ERSO, 2006): 

1. Define the decisions to be made (i.e. the purpose of analysis) 

2. Define the group of people whose points of view are to be applied. 

3. Choose the criteria and parameters to be used for the analysis, such as: 

 Discount rate. 

 Period of analysis. 

 Inflation, depreciation and tax. 

 Categories of benefits and costs (e.g. positive benefits, negative costs). 



 

121 
 
 

 

4. Calculate the economic benefit attributable solely to the project(s) for each year of its life    

span i.e. incremental benefits (the benefits of the with-project situation minus any benefits 

which arise in the without-project situation). 

5. Calculate the economic costs (i.e. initial cost, recurrent and replacement cost).  

6. Tabulate the net benefits and cost stream: 

 Calculate the net benefit and net cost. 

 List the benefits and costs year-by-year. 

7. Discount the benefits and cost streams. 

8. Generate the output (i.e. NPV or B/C). 

9. Carry out sensitivity analysis. 

10. Assess the non-quantifiable benefits and costs excluded from the CBA. 

11. Report the whole analysis. 

 

4.4.2 Multi-criteria analysis 

Multi-criteria decision-making (MCDM) deals with decisions involving the choice of a 

preferred alternative from several potential candidates in a decision, subject to several criteria 

or attributes that may be tangible (quantifiable) or intangible (unquantifiable) (Chow, 2003). 

The formal analysis of multi-attribute processes becomes important when an aid to rational 

choice is needed for individual DMs or consensus of value judgements among several DMs, 

and when knowledge and experience of experts are required in complicated evaluations or 

decisions (Wang and Yang, 1998). Multi-criteria analysis (MCA) is a systematic 

methodology that takes input from scientific or engineering studies of cost and benefit as well 

as stakeholder views and values to rank project alternatives (Kiker et al., 2005). 

MCA accommodates unquantifiable attributes (intangibles) to which weights are assigned, 

unlike CBA where all the parameters must be quantifiable (tangible). The weights reflect the 

importance of the attributes to the decision and they represent the opinion of a single decision 

maker or synthesize the opinions of a group of experts using a group decision technique 

(Fulop, 2005). The basis of multi-criteria decision analysis (MCDA) is philosophical, to 

eliminate conflicts, to provide insights into the nature of the conflicts amidst objectives and to 

achieve consensus among stakeholders (Kheireldin and Fahmy, 2001). MCDA deals with 

both uncertainty and multiple conflicting objectives (Brachinger and Monney, 2002). This 
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approach incorporates a mixture of quantitative and qualitative information (Qureshi et al., 

1999). However, in MCA several types of numerical scales are used to rank criteria and 

alternatives. These are: 

 Ordinal scale: which are invariant under strictly monotone increasing transformations. 

 Interval scales: which are invariant under positive linear transformations. 

 Ratio scales: which are invariant under positive similarity transformations. 

 Absolute scales: which are invariant under the identity transformation (Wang and 

Yang, 1998). 

 

Among MCA techniques, the most prominent include multi-attribute utility theory (Keeney 

and Raiffa, 1976; Wakker, 1991), analytic hierarchy process (Saaty, 1980; Harkar and 

Vargas, 1987), ELECTRE (Vincke, 1992) and Bayesian analysis (Cho, 2003). Other 

variants of ELECTRE are PROMETHE and TACTIC (Brans and Vincke, 1985; Vansnick, 

1986). 

 

4.4.2.1 Multi-attribute utility theory  

Multi-attribute utility theory (MAUT) is subdivided into additive models and multiplicative 

models (Cho, 2003). The additive MAUT model is also called simple multi-attribute ranking 

technique (SMART) (Wang and Yang, 1998). This theory allows compensation between 

criteria i.e. the gain on one criterion compensates for the loss on another (Fulop, 2005). The 

ranking value    of alternative j is obtained simply as the weighted algebraic mean of the 

utility values associated with it, i.e. 

    ∑                                 (    

 

   

 

where: 

m is the number of attributes and n is the number of alternatives; 

 j is the overall multi-attribute utility value of alternative j; 

wi is the importance weight of attribute i; 

Uij is the marginal utility of attribute i with respect to alternative j. 
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Criteria are ranked in their order of importance and points are assigned to them to reflect their 

relative importance. However, the comparison of the importance of attributes is meaningless 

if the range of utility value of alternatives is not well reflected. Hence, a variant of SMART 

named SWART was proposed (Edwards and Baron, 1994). This involves the use of swing 

which in the course of the comparison of the importance of the criteria also considers the 

amplitude of the utility values (i.e. the changes from the worst utility value level to the best 

utility level among the alternatives).  

In deriving the utility value uij of an alternative with respect to an attribute, the most 

commonly used method is proportional scoring (Levin and McEwan, 2001). This is the linear 

re-scaling of each alternative to a common utility scale. The utility scale ranges from 0 to 1. 

The highest possible score for any alternative is 1 while the lowest possible score is 0. The 

proportional scoring utility function is shown in equation 4.3 (Levin and McEwan, 2001). 

 Uij (y) =            y – Lowest Value 

    Highest Value – Lowest Value ...................................................................(4.3) 

 

 

where: 

y is the measured quantity or assigned unit of the alternative for the attribute under 

consideration, which is also called consequence.  

Uij (y) is the utility score of the alternative for the attribute. 

Equation 4.3 represents the utility function for a benefit attribute i.e. as the benefit quantity 

increases; and/as its utility score increases. For a cost attribute, the marginal utility function is 

presented in equation 4.4 i.e. as the cost quantity increases, its utility score decreases. 

uij (y) =           Highest Value – y 

    Highest Value – Lowest Value ...................................................................(4.4) 

The steps involved in SMART are: 

1. Identify the relevant criteria (attributes). 

2. Assign numerical variables to each of the attributes and specify their restrictions 

(importance weights). 
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3. Construct utility functions and measure the utility values for the individual 

alternatives with respect to the attributes. 

4. Evaluate the individual utility values and importance weights using the simple 

additive utility function shown in equations 4.3 and/or 4.4. 

5. Aggregate the utilities and weights using equation 4.2 

6. Carry out sensitivity analysis to ensure the reliability and validity of the outcome of 

steps 1 to 5. 

7. Choose the alternative with the highest overall multi-attribute utility (ranking) value. 

8. Report the whole analysis 

 

4.4.2.2 Analytic hierarchy process 

The Analytic Hierarchy Process (AHP) process is a systematic procedure for representing the 

elements of any problem, hierarchically. It is used to derive ratio scale from both discrete and 

continuous pair-wise comparison of alternatives and criteria in multi-level hierarchy structure 

(Cho, 2003). It organises the basic rationality by breaking down a problem into smaller and 

smaller constituent parts and then guides the decision-maker through a series of pair-wise 

comparison judgements to express the relative strength or intensity of impact of the elements 

in the hierarchy. These judgements are then translated to numbers. The AHP includes 

procedures and principles used to synthesise the many judgement to derive priorities among 

criteria and subsequently for alternative solutions. 

 

Alternatives and criteria are scored using pair-wise comparison methods and mathematics. 

The pair-wise comparison is made using a nine-point scale constructed by Saaty (2000) 

(Table 4.2). A scale of preference of 1 to 9 is well recognised, while 1 represents equal 

importance of the criteria, 9 represents an order of magnitude difference between the two 

criteria. The relative value core is summed up for each criterion and normalised to 100%. In a 

three-attribute case, for example, ratios wa/wb, wa/wc and wb/wc are elicited (Wang and Yang, 

1998). The ratio wa/wb is defined as 1 if attribute a is of equal importance to attribute b; 

whereas the ratio is 9 if attribute a is extremely more important than attribute b and the ratio 

is assigned 1/9 if attribute a is extremely less important than attribute b. 
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In AHP, weights and values are not explicitly distinguished; both weights of attributes and 

values of alternatives are derived by pair-wise comparison (Lai et al., 2002). This is SMART, 

where importance of weights and utility values are measured using separate methods. 

 

     Table 4.2 Fundamental scale 

 

1 Equal importance or preference. 

3 Moderate importance or preference of one over another. 

5 Strong or essentially important or preference. 

7 Very strong or demonstrated importance or preference. 

9 Extreme importance or preference.  

2,4,6,8 Intermediate values 

     (Source: Saaty, 2000) 

 

The steps involved in AHP are as follows (Bouyssou et al., 2006 and Teknomo, 2006): 

1. The decision-maker/stakeholder is asked to compare criteria in a pair-wise manner in 

terms of their relative importance. 

2. The weights of the criteria are computed from the pair-wise comparison as 

eigenvectors corresponding to the eigen value of the matrix. 

3. The eigenvectors are normalised to add up to 1. 

4. Steps 1 to 3 are repeated for comparison of the alternatives. 

5. The overall score of each of the alternatives is finally computed using equation 4.5 

(Bouyssou et al., 2006): 

a j = ∑       
     ......................................................................(4.5) 

where: 

wi = Weight of criterion i. 

αji = Score of alternative j with respect to criteria i. 

n   = Number of criteria. 

Aj = Overall score of alternative j. 

  

6. Carry out sensitivity analysis and choose the alternative with the highest score. 
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7. Report the whole analysis. 

Figure 4.1 presents a hierarchy structure for selecting water supply alternatives. The factors 

considered are: 

 

Environment     Socio-economic    

C1 – Maximise water quality.   C11 – Maximise usability/customers satisfaction. 

C2 – Minimise evaporation loss rate.  C12 – Maximise reliability. 

C3 – Minimise seepage loss rate.  C13 – Maximise culture. 

C4 – Maximise accessibility/repair.  C14 – Minimise construction cost. 

Engineering     C15 – Minimise pumping cost.  

C5 – Maximise water saving efficiency. C16 – Minimise maintenance cost. 

C6 – Minimise area utilisation.  C17 – Minimise unit cost. 

C7 – Minimise risk of structural failure. C18 – Maximise payback period. 

C8 – Minimise impact of structural failure. 

C9 – Minimise ground area required. 

C10- Minimise system stabilisation time 

 

The alternatives are: 

A1- RCC water tanks. 

A2- Surface water reservoirs.  

A3- Ground-water recharge pits. 

 

According to the objectives of this research, systematic evaluation is the process of assessing 

the holistic benefits and costs involved in the implementation of RWH-based water supply 

systems. The benefits are not only financial cost saving for the implementation of the 

systems, but also other benefits in terms of the environmental benefits that cover all the 

components of a water supply system, such as feasibility of inspection and repair, 

evaporation and seepage losses and impact of catastrophic structural failure. Other 

researchers have observed that effective evaluation should incorporate social and technical 

entities. Treating information system (IS) evaluation as a technical problem alone can lead to 

meaningless conclusions that overlook the social activities and ignore the socio-political 
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environment of an organisation (Stockdale et al., 2006). Therefore, the systematic evaluation 

of RWH-based water supply systems will involve the critical evaluation of the technical 

(engineering), environmental, financial and social attributes of RWHS that can be 

implemented to improve water supply processes. 
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Figure 4.1 Hierarchy structure for the selection of water supply alternatives 
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4.4.2.3 Outranking Method (ELECTRE) 

This outranking method is based on the principle that one alternative may have a degree of 

dominance over another, rather than the supposition that a single best alternative exists 

(Kangas et al., 2001). The goal of this method is to find all the alternatives that dominate 

other alternatives, while the dominant alternatives cannot be dominated by any other 

alternatives. The procedure involves the sequential reduction of the number of alternatives 

the decision-maker is faced with to a set of non-dominated alternatives. 

 

In outranking, the knowledge of importance weights of the criteria is required in order to find 

the dominant alternative. The methodology is based on the concordance and discordance 

indices defined as follows (Fulop, 2005; Cho, 2003): 

 The concordance index for an ordered pair of alternatives (Aj, Ak), is the sum of all 

the weights for those criteria where the performance score Aj is at least as high as that 

of Ak, i.e: 

C jk = ∑                                        (              

where: 

i : uy ≥ uik stands for the utility values for which the performance score of Aj is as high as that 

of Ak. 

 The discordance index, d jk = 0 if u y ˃ u ik, i=1,………, m i.e the discordance index is 

zero if Aj outperforms Ak on all the criteria;  

d jk =      max u ik – u ij                   ; j,k = 1,..........,n, j            (     

   i = 1,......,m max uij – min u ij 

 

From equation 4.6 for each criterion where Ak outperforms Aj, the ratio is calculated relating 

the difference in performance level between Ak and Aj to the maximum difference in score on 

the criterion concerned between any pair of alternatives. The maximum of these ratios is the 

discordance index. Once these indices have been established, an outranking relation S is 

defined (Cho, 2003): 
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A jSAk if and only if {
 (         

 (         
 

where: 

c* and d* are thresholds set by the decision-maker (Cho, 2003) and these thresholds are 

defined such that 0<d*<c*<1. 

 

4.4.2.4 Bayesian analysis 

This is a statistical decision-making process that provides a paradigm for updating 

information in the form of possibilities (Cho, 2003). Bayesian analysis is based on the 

principle that decisions involving uncertainty can only be made with the aid of information 

about the uncertain environment of the decision i.e. outcomes are the results of the 

experiments used to uncover the causes (Cho, 2003).  

 

The foundation of Bayesian analysis is Baye’s theorem (Denardo, 2002), which states that: 

P (A\B) = P (A ∩B) ..................................................................................(4.8) 

                 P (B)  

where: 

P (A\B) is the probability of an event A, given the occurrence of a second event B. 

P (B) is the unconditional probability of the second event B. 

P (A ∩B) is the probability of joint occurrence of events A and B. 

 

This theory reviews probabilities of causes known from a large sample of population 

posterior probabilities by using the outcome of an experiment with certain probability of 

success. Decisions that have already been made can be analysed using the Bayesian analysis 

decision-making approach, but may be of questionable value (Cho, 2003). Thus, a limitation 

of Bayesian analysis as the focus of this thesis is to analyse systems that are yet to be 

implemented.  

 

4.5 Applications of multi-criteria decision analysis 

The MCDA technique has been used in various applications to solve real problems, such as in 

investment evaluation, where Jothiprakash and Sathe (2009) evaluated rainwater harvesting 
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(RWH) methods for a large scale industrial area in India based on three RWH structure 

alternatives with respect to 16 criteria (attributes). Hinloopen et al. (2004) evaluated public 

transport systems in Nijmegen (The Netherlands) based on 10 transportation alternatives with 

respect to 26 criteria (attributes). MAUT was applied for the selection of alternative power 

systems in a substation design (Atanackovic and Guran 2000). Four attributes were 

considered: cost, reliability, operational flexibility and environmental impact. They quantified 

cost and reliability using monetary units, while the other two attributes were measured using 

subjective assessment. MCDA has also been applied to other policy/strategy development 

areas, such as agricultural resource management (Hayashi, 2000), energy policy (Hobbs and 

Meier, 2000), industrial facility siting (Larichev and Olson, 2001), life cycle assessment 

(Seppala et al., 2002), and climate change (Bell et al., 2003). Table 4.3 shows some other 

previous applications and corresponding MCDA techniques. A detailed review of MCDA 

methods for water supply problems was conducted by Lade et al. (2012). 

 

    Table 4.3 Applications of multi-criteria decision analysis 

Application of MCDA  

Area/aspect Techniques 

used 

Citation 

Decision-support for the selection of a multi-

media authorising system 

AHP Lai et al., 

2002 

 

Prioritisation of sites for waste management 

activities in Canada 

PROMETHE Vaillancourt 

and Waaub, 

2002 

Selection of a management alternative for 

Missouri River 

MAUT Prato, 2003 

Decision-support system for the design of 

shift schedules (prioritisation) 

AHP Garuti and 

Sandoval 

(2006) 

Decision-support system for river 

rehabilitation project in Switzerland (Thur 

MAVT Hostmann et 

al., 2006 
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River) 

Decision-support system for multi-criteria 

analysis of waste recycling in Brazil 

AHP Simoes et al., 

2006 

Selection of intervention strategies for the 

restoration of radionuclide contaminated 

freshwater ecosystems 

MAUT Rios-Insua et 

al., 2006 

Analysis of the influence of retail centers on 

the structure of a city 

Multiplicative 

Summarised 

Optimal 

Criterion 

Method 

(Variant of 

MAUT) 

Rios-Insua et 

al., 2006 

Dispute resolution selection model prototype 

for international construction 

MAUT Chan et al., 

2006 

Creation of a multi-objective modelling 

system to emulate the behaviour of an 

environmental model that was originally 

intended for the purpose of analysing non-

point source pollution 

Bayesian 

probability 

Dorner et al., 

2007 

Decision-support system for  multi-criteria 

analysis of motorway company facilities 

MAUT Montmain et 

al., 2009 

Decision-support framework for selecting 

ICT-based construction logistics systems 

MAUT Fadiya et al., 

2010 

Sustainability criteria for decision-support in 

the UK construction industry 

AHP Akadiri and 

Olomolaiye, 

2009 

Decision-support system for multi-criteria 

analysis for evaluating management 

alternative for urban water supply system 

AHP Okeola and 

Sule, 2011 
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4.6 Adopted multi-criteria decision technique 

The in-depth review of existing applications of MCDA in various industries including the 

water industry revealed few reports on the application of the technique for the selection of 

RWH-based systems. Therefore, one of the reviewed techniques was adopted for the 

implementation of the research framework. After the review of MCA methods presented in 

Section 4.4.2, additive MAUT was chosen for this research as it allows compensation 

between criteria i.e. the gain on one criterion can compensate for the loss on another (Fulop, 

2005). In addition, the additive multi-attribute utility model allows for imprecision 

concerning input data (Keeney and Raiffa, 1993). This makes the process of assessing 

individual utility functions and constant scales less demanding for DMs.   

 

The specific strengths of MAUT that influenced the decision for its adoption in this research 

were: 

 The aggregation technique in MAUT can be adapted to other parameters in other 

aggregation procedures (Bouyssou et al., 2006). The flexibility of adapting the 

MAUT model to any other MCA technique in any future modification of the model is 

demonstrated. 

 MAUT derives the utilities of alternatives with respect to the attributes by both 

objective (quantitative) and subjective (qualitative) assessment (Fulop, 2005), unlike 

AHP which measures both attributes and alternatives by only subjective pair-wise 

assessment. 

 Simple additive expressions are provided by MAUT in order to allow simpler and 

more transparent decision-support that can be applied by a wide range of users 

(Herwijnen, 2011). 

Despite the strengths of MAUT described above, it has limitations: 

 MAUT assumes full compensability of attributes (i.e. the attributes are expressed in 

a single unit through the utility function). This characteristic is shared by both 

MAUT and AHP. They both compare alternatives using numerical scores and their 

aggregation of scores on a single scale makes them compensatory optimisation 

approaches (Kiker et al., 2005). 
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Although the strengths of MAUT highlighted above outweigh the weaknesses, the 

independent variable of the utility function can be a quantified value rather than subjective 

assessment obtained in AHP (equation 4.3 and 4.4). This capability of MAUT complies an 

objective of this research, which allows the costs of materials, quantities of materials and 

mother parameters to be entered into the model by the end-user in other to generate the 

expected costs of alternatives with respect to the selection of attributes. In addition, the 

principles of outranking methods do not comply with the objectives of this research. In 

outranking methods, the dominant alternatives are derived by aggregating the weights of 

selection attributes where an alternative dominates the other in a pair-wise comparison 

(Bouyssou and Vincke, 1997, Cho, 2003). In this research, both the weights of selection 

attributes and utilities (scores) of alternatives with respect to selection attributes are important 

in determining the overall utilities of alternatives.  

 

4.7 Integrated Decision analysis framework 

The proposed integrated decision framework (IDAF) intends to provide a systematic platform 

for knowledge-based decision-making in the selection of RWH-based systems. The 

framework is a quantification tool of the cost and benefits of implementing each of the 

identified RWH-based storage systems described in Chapter 2. 

 

Questionnaires will be required to measure the importance of functions of alternative RWHS 

to water supply and the scores of alternatives with respect to qualitative attributes. The 

implementation of the framework, like many other decision analysis methods (Bouyssou and 

Vincke, 1997; Hinloopen et al., 2004), consists of the following stages: 

1. Definition stage. 

2. Evaluation stage.  

3. Selection stage. 

The process flowchart of the stages involved in the implementation of the framework is 

shown in Figure 4.2.   
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4.8 Definition stage 

In order to select the right system to address the identified water supply problems, a clear 

definition of the selection attributes of alternative RWHS is required. It is necessary to define 

discriminating attributes as objective measures which will measure how well each alternative 

achieves the implementation goals (Fulop, 2005). In addition, Baker et al. (2002) stated that 

attributes should be: 

 Able to discriminate among the alternatives and to support the comparison of the 

performance of alternatives. 

 Operational and few in number. 

 

Hence, 18 selection attributes have been defined and three alternatives have been identified in 

this research through the literature review presented in Chapter 2. The 18 selection attributes 

represent mitigation of 18 significant effects of the lack of adequate water supply facilities in 

the current practise of water management which any of the identified alternative RWHS can 

provide. The selection attributes along with the function that can satisfy them and the RWH-

based storage systems that can provide the functions are shown in Table 4.4. 

 

4.8.1 Alternative RWH-based water supply systems 

Rainwater collection has received insufficient attention until recently (Liaw and Tsai, 2004), 

while other alternatives such as desalination have been promoted to support water supply in 

urban developments (Tsiourists, 2001). Nevertheless, in recent years, interest in use of water 

resources generated within the urban boundary for drinking water substitution as a means of 

augmenting current supply has increased (Mitchell et al., 2005). Hence, the use of 

decentralised alternative water sources, such as rainwater, is increasingly promoted 

worldwide (Domenech and Sauri, 2010). This interest has grown rapidly in semi-arid areas 

such as the Mediterranean-climate areas (namely Mediterranean Sea basin; California; Cape 

Province, South Africa; central Chile and Southern Australia) due to water scarcity and 

vulnerability (Zhang et al., 2009; Tam et al., 2010). RWH as a decentralised solution to water 

quality problems provides water at the point-of-use, point-of-entry and small scale systems. 
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In principle, all decentralised technologies can be applied in the same way as the centralised 

treatment of drinking water. Some specific technologies and systems have been developed for 

the point of use systems and evaluated for household use on the basis of several performance 

criteria. Apart from the efficiency of RWHS in improving the microbiological quality of 

water and the system costs, these performance criteria includes the ease of use of the system 

or technology, its environmental sustainability, socio-cultural acceptability and potential for 

dissemination (which include availability of skilled personnel able to provide repairs, 

availability of spare parts, and required maintenance). Several studies have shown that the 

introduction of any point-of-use water treatment technology without consideration of these 

criteria is unlikely to be successful or sustainable (Sobsey, 2002). 

The first step in the financial assessment of infrastructure for RWH and use in urban areas is 

to consider the water saving efficiency of the system. A major shortcoming of the CBA is 

that, by definition, it ignores non-monetised impacts. The analysis of financial benefits in 

terms of potable water savings provides an incomplete picture, because externalities are 

excluded (Coombes et al., 2002), due to the difficulties in their quantification (Fletcher et al., 

2008). However, the inclusion of environmental and social aspects in financial analysis 

would be more realistic (Ouessar et al., 2004).  

The cost analysis of RWHS was based on one criterion for the selection of technological 

options, besides the aforementioned social, technical and institutional aspects (Sturm et al., 

2009). They recommended a financial assessment of RWH technologies be carried out with 

methods of multi-criteria decision analysis, like the utility analysis or decision-matrix 

method, respectively, or the analytical hierarchy process (AHP). The different options should 

be assessed in terms of other relevant criteria, including operability and acceptance. These 

methods allow technological alternatives to be put in preferential order, to identify the best 

alternative solution for RWH.  

 

4.8.2 Storage estimate 

This deals with the reliability of rainwater tank to provide all required water (for toilet 

flushing, laundry, hot water and outdoor use). Reliability gives an indication of how 

dependable a rainwater tank is to meet overall water demand. Investigations concerning the 

analysis of water uses in urban households for water saving objectives has shown significant 
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amounts (≤30%) of domestic water in houses is typically used for toilet flushing 

(Mukhopadhyay et al., 2001; Lazarova et al., 2003; Campisano and Modica, 2010). This 

value suggests potential high water saving benefits are derived from the use of harvested 

rainwater for toilet flushing (Glist, 2005; Jones et al., 2009). For such use, only basic water 

treatment (filtration) need be accomplished and storage tanks with limited size would be 

required, since the daily toilet water demand is relatively constant during the year. The most 

important design decision concerns the evaluation of storage capacity according to the 

desired level of system performance (Donati, 1995; Aylward et al., 2006). Results concerning 

estimating the performance and sizing of RWHS indicate that the storage capacity cannot be 

standardised, being markedly influenced by site-specific variables, such as local rainfall, roof 

area, potable water demand and number of people in the household (Kahinda et al., 2007; 

Aladenola and Adeboye, 2010; Eroksuz and Rahman, 2010).   
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Figure 4.2 Process flowchart of framework implementation. 
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Table 4.4 Selection attributes and functions of RWH-based storage systems 

Selection attributes Functions Citation 

Storage estimate Determination of 

optimum storage 

volume (tank 

sizing). 

Liaw and Tsai (2004) 

Water assurance Confidence level 

by which the user 

can use the stored 

water. 

Phillips et al. (2006) 

Storage capacity Determination of 

minimum storage 

required to meet 

annual demand. 

SUD Solutions (2005); 

Liaw and Tsai (2004) 

Site location Assessment of the 

physical 

conditions, linking 

topology and 

subsurface 

structure. 

Mbilinyi et al. (2005) 

Area utilisation Determination of 

area of storage 

structure in use 

after construction. 

Tam et al. (2010) 

Risk of catastrophic 

structural failure 

Risk of structural 

failure due to 

pressure change, or 

design failure. 

Cornell and Baker, 

(2002) 

Impact of 

catastrophic 

structural failure 

Impact of structural 

failure due to 

pressure change, or 

Cornell and Baker, 

(2002) 
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design failure. 

Ground area required Determination of 

the total area above 

surface for water 

storage. 

Kahinda et al. (2007) 

Loss of water due to 

evaporation 

Assessment of 

evaporation effect 

on stored water. 

Li et al. (2001b) 

Loss of water due to 

seepage 

Assessment of 

seepage effect on 

stored water.  

Kihara (2002) 

Feasibility of 

inspection and repair 

Feasibility to 

inspect and repair 

in case of damage. 

Abdulla and Al-Shareef 

(2009) 

Water quality Level of 

contamination 

stored water is 

prone to. 

Sazakli et al. (2007)  

Zhu et al. (2004) 

 

Construction cost Life cycle cost. Roebuck(2008)  

Rahman et al. (2010) 

Pumping cost Life cycle cost. Sharma et al. (2009) 

Swamee and Sharma 

(2008) 

Maintenance cost Life cycle cost. Roebuck and Ashley 

(2006) 

Unit cost Determination of 

cost of storing a 

unit volume of 

water.  

Tam et al. (2010) 

Payback period Determination of 

time taken to 

recover cost of 

Ghisi and Ferreira 

(2007), Domenech and 

Sauri (2010) 
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investment. 

System stabilisation Time for system to 

give consistent 

result. 

Ghis and Ferreira (2007) 

 

4.8.3 Water assurance 

Water plays a major role in laying the foundation for economic growth, by increasing the 

assurance of supply as well as by improving water quality and therefore human health 

(Phillips et al., 2006). This deals with the social acceptability and satisfaction of the end-user 

on harvested rooftop water for household use. This is the confidence that the water is 

microbiologically safe, according to WHO Standards, if appropriate treatment is applied.  

 

4.8.4 Storage capacity 

Storage capacities depend on annual rainfall patterns, water demand and the size and runoff 

coefficient of the catchment surface. Rainwater is the most directly accessible water source. 

Rainwater storage is typically needed to regulate the non-uniformly distributed spatio-

temporal characteristics of rainfall. Thus, for efficient use of rainwater, scientific planning 

and management are needed. In the past, rainwater management systems involve linear 

management concentrating on streams and wastewater treatment plants. Current practises of 

rainwater involve supplementary water sources for household and office uses, such as toilet 

flushing, lawn watering, ecological pools and cooling for air conditioning (Handia et al., 

2003). 

 

The efficiency of RWHS is largely affected by water demand and precipitation distribution 

patterns (Seo et al., 2011). Climate change caused by the greenhouse effect and carbon 

dioxide emissions must be considered to determine reasonable storage capacities for RWHS, 

as precipitation trends will be affected. It has been shown that global annual mean 

precipitation is likely to increase by 15% between 2007-2100 (IPCC, 2007b).  
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4.8.5 Site location 

Site location is the location feasibility, including physical conditions (i.e. topology, 

subsurface structures). Potential sites for RWH predicted by DSS include: 

 Suitable areas for locating stone terraces are mainly with moderately undulating to 

steep slopes (5-30
0
) with loamy sand soil. Stone terrace technologies are usually 

practiced on sloping areas with unstable soils (Hudson, 1981).  

 Areas suitable for locating bench terraces are located on moderately undulating slopes 

(5-10
0
) with clay, silty clay and sandy clay soils (Hudson, 1981). Fine soils like clay 

and silt have high water storage capacity and a large surface area which allows a soil 

to hold more water (Ball, 2001). Furthermore, soils with high water storage capacity 

also have relatively high nutrient holding capacity (Ball, 2001). 

 Areas suitable for locating borders are on undulating slopes (2-5
0
) with clay, silty clay 

and sandy clay soils (Mbilinyi et al., 2005). 

 

4.8.6 Area utilisation 

A factor that can limit the appropriateness of rainwater catchment system is the shortage of 

space and high land cost, which is generally the case for dense urban areas (Tam et al., 2010).  

Area utilisation after construction is possible near the storage structure after construction. The 

area above the tank may be brought under utilisation, if the design and construction of the 

tank is addressed.  However, the area of a surface storage structure cannot be brought under 

any other use. Ground-water recharge structures are small and do not hinder day-to-day 

activities. 

 

4.8.7 Risk of catastrophic structural failure 

Catastrophic failures of above-ground storage tanks can occur when explosions or flaws 

cause the shell-to-bottom or side seam to fail. Tank failures and ripped tanks can release their 

entire contents and in some cases tanks are thrown upwards into the air (Cornell and Baker, 

2002). Open structures, such as surface storages and tanks, are more prone to catastrophic 

structural failure than ground-water recharge. Although due care is taken in the design and 
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construction of water tank and surface storage structure, there is a risk of catastrophic 

structural failure (EPA, 2002) due to factors including: 

 Failure by design: A tank design must be compatible with materials stored. 

Introduction of a material into a tank that is not designed for that material or lacks 

appropriate safety equipment may result in explosion or unintended release. This 

scenario can easily occur when facilities are retrofitted. 

 Tank supporting structure: Wooden timbers should not be used to support a tank 

unless the tank is placed within 0.3 m of the ground surface at the tanks lowest point. 

Although wood is often treated to prevent rotting, the wood can eventually rot and 

cause the tank to collapse. Wooden timbers can easily catch fire. Steel structures used 

to support a tank should be treated with retardant material and corrosion protection to 

prevent structural failure from adjacent fires. Reinforced concrete structures are 

among the best support for tanks and should be inspected regularly for cracks or other 

signs of structural failure. 

 Special coatings: Concrete surfaces are vulnerable to spills. For tanks storing 

corrosive materials, the support structure and the secondary containment area should 

be coated with a chemically resistant coating. To ensure that corrosive salts do not 

damage structural supports and containment areas, winter deicing procedures should 

be reviewed. 

 Pressure changes: Tanks are designed to hold liquids or gases at given temperature 

and pressure conditions. Changes in the internal or external tank pressure can result in 

catastrophic tank failure. Sunlight on a tank can increase internal tank pressure, which 

must be released to prevent tank failure. 

 Flood protection: Tanks should not be located in a 100-year floodplain (there is a one 

in one-hundred or 1% chance of such a flood occurring within a given year) unless 

absolutely necessary. When tanks are located in a floodplain the following 

precautions must be taken: 

(i) Tank tie-downs are necessary to prevent tanks from floating off support structures 

during floods. 

(ii) Dikes should be placed around tanks located in or near 100-year floodplains. 
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4.8.8 Impact of catastrophic structural failure 

Open structures, such as surface reservoirs and tanks, are more prone to this impact than 

ground-water recharge pits. Although precautions are taken in the design and construction of 

water tanks and surface reservoirs, there are still impacts of catastrophic failure due to 

pressure changes and floods. However, ground-water recharge pits are prone to large scale 

earthquakes or heavy underground blasting, which may cause failure.  

 

4.8.9 Ground area  

Ground area required is the total area required above surface for water storage. The ground 

area required for tank and surface storage is calculated by assuming an average water depth. 

This will change depending on the designed storage depth. However, the area once used for 

RWH cannot be used for any other usage except ground-water recharge. A technical 

constraint to the implementation of RWH is the limitation of space and labour and obstacles, 

such as rocks. Factors to be considered in constructing an underground/above-ground tank for 

RWH include: 

 Soil type: An above-ground tank should not be built on expansive clay or sandy soils. 

 Roof type and height: Rural households usually have thatched roofs with lower runoff 

coefficients (~0.2) than corrugated iron sheets. 

 Stand dimensions: In most peri-urban areas (informal settlements) of developing 

countries, there is no space for a storage tank (Kahinda et al., 2007).  

 

4.8.10 Loss of water due to evaporation 

In order to maximise utilisation of precipitation by collecting rainwater and reducing 

unproductive evaporation, more effective practises are necessary (Li et al., 2001b). 

Evaporation losses are prevalent in open structures, such as surface storages, and negligible 

in tanks. 

   

4.8.11 Loss of water due to seepage 

In semi-arid regions, underground water tank surfaces can be sealed with polythene lining, 

mortar, rubble stones or clay to reduce seepage losses, while covering the tanks, with either 
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local material (thatch or iron sheet) to minimise evaporation. In the Kitui District (Kenya), 

similar initiatives were discouraging, as most of the mortar-sealed underground tanks cracked 

and hence were abandoned (Ngure, 2002). Loss of water through seepage has been identified 

as a major drawback to RWH in Laikipia (Kenya) (Kihara, 2002). Thus, despite the positive 

impact realised by this technology, its widespread adoption could be hampered if simple 

seepage control measures are not implemented. Concrete sealing worked well in the Ng’arua 

division of Laikipia District (Kenya) and proved cost effective. 

 

4.8.12 Feasibility of inspection and repair 

This is the feasibility to inspect the structure and to repair in case of damage. The part of the 

tank above-ground level is very easy to inspect and repair if necessary, while the part below-

ground level can be inspected only when empty. 

Storage tanks can be separated in two categories, depending on where they are placed (Sturm 

et al., 2009): 

 Above-ground tanks: It allows the easy detection of cracks and leaks and can be 

extracted via gravity, especially when the tank is purposely raised off the ground. The 

above-ground cost is less than underground tanks (Abdulla and Al-Shareef, 2009) and 

water can be easily drained completely for cleaning. However, the tank takes up space 

and requires anchoring to the ground in windy areas. 

 Underground tanks: It prevents penetration of light, thereby keeping stored water 

constantly cool and it saves space. However, the disadvantages are: difficulty of 

detecting cracks or problems, difficulty of extracting stored water (a pump is 

required), possibility of contamination from ground-water and flood-water and 

excavation costs. 

 

4.8.13 Water quality 

The main pre-condition for the application of RWH to improve water quality is active 

concern by households, community leaders and local NGOs. When the connection between 

water and disease is understood, the choice of solutions depends on local customs, the 

availability of information and resources, cost and the required scale. Some studies report that 
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rainwater from rooftops generally meets international guidelines of drinking water quality 

(Zhu et al., 2004; Sazakli et al., 2007). Other studies report that chemical and/or microbial 

contaminants are often present at levels exceeding international guidelines (Vasudevan and 

Pathak, 2000; Abbott et al., 2006). The quality of harvested and stored rainwater depends on 

the characteristics of the area, including weather conditions, proximity to pollution sources, 

topography, catchment area characteristics, and the type of water tank and water management 

(Zhu et al., 2004; Sazakli et al., 2007). The sources of contamination of rooftop RWH tanks 

include: leaves from trees, dust, insects, chemical decomposition and bird droppings while 

underground tanks have contamination paths similar to those of other water bodies. Thus, the 

roof should be cleaned regularly to remove dust and debris. The first few millimetres of rain 

should be diverted away from the tank to avoid contamination; the rainwater is only 

harvested after the roof has been washed off (Sazakli et al., 2007). Hence, harvested water 

must be treated to improve quality. 

 

4.8.14 Construction costs 

Construction costs are mainly costs of the material (reinforced cement concrete tank, surface 

reservoir and ground-water recharge pits), based on the prevailing local cost of materials 

(Roebuck and Ashley, 2006). Bill of quantities for a Reinforced Cement Concrete (RCC) 

tank, surface reservoir and ground-water recharge pit is presented in Appendix 1. Information 

from a local RWHS supplier has been used to complement it. While capital costs can be 

predicted with a reasonable degree of accuracy, long-term costs (operating and maintenance 

costs) are harder to forecast (Roebuck and Ashley, 2006).  

 

4.8.15 Pumping costs 

Pumping costs influence the operation cost of the given alternative. Pump capacity is 

estimated based on the suction head, and then the pumping cost is estimated based on the 

market price of pumps with the specified suction head. However, wells and pumps are 

required in ground-water recharge pits.  
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4.8.16 Maintenance costs 

RWH provides water at the point of use and family members have full control of their own 

systems, thus greatly reducing operation and maintenance problems. Maintenance expenses 

may be compensated by benefits (water savings and environmental improvements) generated 

by the installation of the RWHS. Economic analysis can be performed using the net present 

value (NPV) and it is often believed that a project is viable if the net present balance received 

after several years of system operation is positive (Pasqual, 2003).  

 

The maintenance of domestic RWHS consists mainly of the periodical cleaning of the 

catchment area and the interior of the water storage tank (Sazakli et al., 2007) as well as the 

diversion of the first mm of rain. Since it is impracticable to clean the roof surface, pollutants 

and contaminants can be prevented from entering into the storage tank by diverting/flushing 

the first mm of rain. The amount of rain to be flushed by any roof can be estimated using the 

methodology developed by Martinson and Thomas (2005). The main maintenance activities 

for surface storage are de-silting and arresting plankton growth. For recharging structures, the 

main activity is sediment removal. 

 

4.8.17 Unit cost  

Unit cost is the cost per cubic meter of water stored (Appendix 1). The dominant 

consideration in the decision to install a RWHS is the financial costs and benefits, along with 

other issues, including public acceptability and water quality (Tam et al., 2010). For this 

reason, the determination of economic feasibility of a RWHS is particularly important.  

 

4.8.18 Payback period 

The payback period is the time a project is expected to take in order to earn net revenue equal 

to the capital cost of the project. It is measured as the ratio between total capital costs and the 

difference between annual revenue and annual expenditures, taking into account the discount 

rate. Data on existing water charges by the water industry are used to compare the payback 

period. Domenech and Sauri (2010) investigated the financial variability of domestic RWHS 

in single and multi-family buildings in Barcelona, Spain. Pay-back periods were varied 

between 30-60 years. Zhang et al. (2010) examined the financial variability of domestic 
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RWHS in high rise buildings in four cities in Australia and found Sidney had the shortest 

pay-back period (~10 years). 

 

In CBA, the savings of mains water are considered as the only benefit of RWHS. However, 

there are many other benefits of RWH in urban areas (environmental, social and financial). If 

all the multiple benefits of RWHS (MJA, 2007; Tam et al., 2010) are taken into accounts, the 

financial benefits increase and consequently, the payback period decreases). 

 

4.8.19 System stabilisation 

This is the time required for the system to stabilise. Construction of surface reservoirs and 

ground-water recharge pits is directly related to local hydrogeology. Hence, the system takes 

some time to give consistent results. The RCC tank, on the other hand, has no such 

conditions; it takes the first cycle of rainy and dry periods to show the results. 

 

4.9 Evaluation stage 

The evaluation stage involves quantifying the consequence of each alternative RWHS with 

respect to each selection attribute; derive the marginal utility from the consequence and 

aggregate the overall multi-attribute utilities of alternatives. The marginal utilities of the 

alternatives with respect to the attributes are finally aggregated into overall multi-attribute 

utilities of the alternatives, after combining with the weightings of the attributes according to 

the MAUT function in equation 4.6. This is shown as the marginal utility quantifier in Figure 

4.3. The expected cost is then converted to marginal utility of each alternative with respect to 

attribute using marginal utility function in equation 4.6.  

 

4.9.1 Attribute and RWH storage cost quantification 

The attribute and RWH costs are user–defined input data and can be derived based on the 

materials, labour and equipment information available from the Bill of Engineering 

Measurement and Evaluation (BEME), such as quantity take-off and pricing sheets. The 

computation processes of the costs of attributes and alternatives are described in Chapter 7. 

The costs that can be quantified with the software RainCycle (SUD Solutions, 2005) include: 
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 An estimate of construction cost of the surface reservoir and recharge pits are carried 

out based on the prevailing cost of materials in the study area. The RCC tank was 

designed and BEME was produced (which is the cost for building the tank from 

excavation to full construction). The drawings and BEME are presented in Appendix 

1. 

 Pumping cost influences the operation cost of the given alternatives. Pump capacity is 

estimated based on the suction head, the pump power rating is derived and an estimate 

cost of the pump is carried out based on the prevailing costs of materials in the study 

area. 

 Maintenance cost of the tank includes cleaning the filters/replacing filter media and 

the tank, repair/replace pump and clean the catchment surface.  

 Unit cost is the cost per cubic meter of water stored. It gives an insight of how much 

the charges are to store a unit volume of water.  

 

4.9.2 Whole life costing 

Whole life costing (WLC) is about identifying future costs and referring them back to present 

day costs using standard accounting technologies, such as present value (PV). Different 

methodologies exist for discounting future costs, but PV is the simplest and most commonly 

used discounting method available and is appropriate for application to RWHS, which may 

have different time patterns of expenditure (e.g. irregular maintenance items). It is worth 

noting that discounting cost to a PV has limitations and is sensitive to discounting rates and 

assumptions of future costs and timing of these costs. 

 

Present value is defined as “the value of a stream of benefits or costs when discounted back 

to the present time” (MAFF, 1999). It is the sum of money that needs to be spent today in 

order to meet all future costs as and when they arise throughout a system’s lifetime. The net 

present value is calculated using (Rocabert et al., 2005): 

 

NPV = ∑    (  
 

   
         ...........................................................................(4.9) 

where: 

NPV = Net present value. 
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N = time horizon in years. 

Ct = total monetary costs in year t. 

r = discounting rate in %. 

 

The higher the discounting rate, the less impact future costs will have on NPV. WLC details 

include: 

1. Capital costs. 

2. Operating costs in the RainCycle model consists of the following items: 

 Discount rate. 

 Electricity cost. 

 Mains water cost. 

 Disposal cost. 

 Decommissioning cost. 

 

4.9.2.1 Capital cost/installation costs 

Capital cost is the estimation of both material/equipment and installation costs (labour) for 

the construction of the alternative storage system (RCC tank, surface reservoir, ground-water 

recharge pits) based on the prevailing cost of materials in the industry. In estimating this, a 

detail engineering design of the RCC tank was conducted (Appendix 1). 

 

4.9.2.2 Discount rate 

NPV analysis requires a rate at which costs and benefits are reduced over time, known as the 

discount rate (MJA, 2007). Discount rate (DR) is a financial accounting technology 

commonly used by businesses to discount money with time in order to help make financial 

decisions that span several years (Boardman et al., 2010). Many businesses often use 

different discount rates depending on their aim and objectives, perceived investment risk, 

project timescale, current and predicted future financial criteria (e.g. interest rates) and 

sometimes the personal opinions and experiences of key decision-makers. To some extent the 

selection of an appropriate DR is arbitrary; there is no scientific method for selecting the 

‘right’ value. 
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The DR is frequently fixed as equivalent to the interest rate. However, provided that RWH 

generates positive environmental and social benefits (Coombes et al., 2002; Coombes and 

Kuczera, 2003a; Goonetilleke et al., 2005), the application of the rate is questioned by 

ecological economists, as it underestimates benefits (Martinez-Alier and Roca, 2000). 

Furthermore, water is likely to become more valuable in the long-term and therefore, it is 

unwise to underestimate its value. Thus, projects that generate benefits society are allocated 

social discount rates.  In this analysis, a social DR of 3.5% has been selected. Hence, all DR 

fields can be set to 3.5%, resulting in all future costs being reported back at their equivalent 

current prices (i.e. what those items would cost now). 

 

4.9.2.3 Electricity cost 

Electricity prices can be obtained by contacting the local utility or from a recent electricity 

bill. The average price of electricity in Nigeria is currently ~15 Naira per kilowatt hour ($0.1/ 

kwhr). 

 

4.9.2.4 Mains water cost 

Main water costs can be obtained by contacting the local water utility or from a recent water 

bill. It is the cost of main supply and sewerage cost. The average price of water supply in 

Nigeria is currently ~125 Naira per cubic meter ($0.83 /m
3
). 

 

4.9.2.5 Disposal cost 

Most water utilities do not charge to dispose off used rainwater to their sewer system, 

although this may change in the future if RWHS become widespread. In most cases there will 

be no water disposal charge and so a value of zero can be entered for the water disposal cost 

parameter. 

 

4.9.2.6 Decommissioning cost 

Decommissioning of RWHS consists of removing/excavating the component parts and 

disposing of them, probably to a landfill site. The decommissioning is assumed to occur at 

the end of the analysis runtime period. Decommissioning is unlikely to be an issue for 
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domestic systems since the major components (e.g. tank, pipework) are likely to last as long 

as the building itself. Commercial/industrial systems may need decommissioning if the site 

undergoes a change of usage and the building needs to be demolished. In this case, the system 

is likely to be removed as part of a larger contract to clear the site and this should be taken 

into account when estimating decommissioning costs. The cost of removal may be negligible 

compared to the overall cost of site clearance. In this case, it may be acceptable to assume a 

zero decommissioning cost.  

 

4.9.3 Multi-criteria analysis 

In the context of this research, MAUT was applied to derive the utilities of the alternatives 

with respect to the selection attributes and the overall ranking utilities of the alternative 

RWHS. The overall ranking utility   j of alternative j is obtained simply as the algebraic sum 

of the product of utilities and weights of the attributes, as shown in equation 4.10 (Fulop, 

2005). 

    j = ∑                 
     

.................................................................(4.10) 

where: 

m is the number of attributes and n is the number of alternatives. 

  j is the overall multi-attribute utility value of alternative j. 

wi is the importance weight of attribute i which sums up to 1. 

Uij is the marginal utility value of alternative j with respect to attribute i. 

 

The utilities of alternatives with respect to selection attributes will be derived using the 

proportional scoring utility function shown in equations 4.11 and 4.12 (Levin and McEwan, 

2001). 

   

  Uij (Eij) =  Ey – Lowest Value          x 100 .....................................(4.11) 

         Highest Value – Lowest Value  

where: 

Eij is the expected benefit of the alternative for the attribute under consideration, which is also 

called consequence. 
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Uij is the utility score of the alternative for the attribute. 

Equation 4.11 will be applied to unquantifiable attributes (i.e. the expected costs of 

alternatives with respect to such attributes cannot be quantified). The benefit will be 

measured through questionnaire analysis. Equation 4.12 represents the utility function of 

quantifiable attributes (i.e. the dependent variables of the function are the expected costs of 

alternatives with respect to attributes, which will be calculated using the RainCycle model 

described in Sections 4.10.1 and 4.10.2). 

 

  uij (Eij) =  HighestValue – Ey           x 100 ......................................(4.12) 

         Highest Value – Lowest Value  

where: 

Eij is the expected cost of alternative j with respect to attribute i. 

The highest and lowest values in equation 4.12 are threshold values that will be determined 

from the expected costs of the alternatives with respect to the attributes. The highest among 

the expected costs of all attributes will be the highest value, while the least among the 

expected costs will be the lowest value. This method of selecting threshold values is also 

applied in cost utility analysis (Levin and McEwan, 2001). Although the alternative with the 

least expected costs with respect to an attribute will have 100 utility according to equation 

4.12, this does not guarantee the highest overall utility for such alternatives because the 

attribute may have the least weighting, which will reduce the overall utility of the alternative 

when combined in equation 4.10. According to Fullop (2005), this is the principle of 

compensating among criteria. 

 

4.10 Selection stage 

Selection stage is the stage of comparing the overall multi-attribute utilities and choosing the 

best alternative. The alternative with the highest overall utility will be most preferable for 

implementation in the typical project whose data are entered into the model. The model input, 

process and output are shown in the conceptual framework presented in Figures 4.3 and 4.4.  

The input data will be entered into the model by end-users.  
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The sensitivity analysis will be carried out on the model output by varying key parameters, 

such as importance weightings, to prove the reliability of the model under varied preferences 

(Butler et al., 1997, Jimenez et al., 2006). This is because different decision-makers may 

have different preferences for MCA attributes (Figure 4.2). If further analysis is needed, the 

framework process will return to definition stage. If no further analysis is needed, the best 

alternative will be chosen. 

 

4.11 Summary 

This chapter presented the principles and practise of decision analysis (DA). The intensive 

DA methodologies of cost-benefit analysis (CBA) and multi-criteria decision analysis 

(MCDA) were explored. CBA is unsuitable for unquantifiable decision criteria because of the 

limitation of its only unit of measurement being money. However, MCDA compensates for 

the short-comings of CBA by accommodating both unquantifiable and quantifiable entities. 

 

The various techniques of MCDA and their procedures were explored. The procedures of 

MCDA demonstrate similarities and differences. All methodologies have similar steps of 

implementation, which are classified as problem structuring, evaluation model construction 

and final recommendation construction. Multi-attribute utility theory and analytic hierarchy 

processes employ numerical scores to compare alternatives on single scales and their scores 

are aggregated using the same weighted average formula. ELECTRE, PROMETHE and 

TACTIC are all outranking methods. In outranking methods, two alternatives are compared at 

a time with the principle that one alternative dominates the other. Their pair-wise comparison 

continues until all dominated alternatives have been eliminated, leaving only the dominant 

alternative. 

The application of multi-criteria decision analysis techniques to a wide variety of decision 

problems was reviewed.  The various applications explored include climate change, life-cycle 

assessment, policy/strategy selection, design selection, software selection and selection of 

conflict resolution strategies. From the reviewed MCDA techniques, MAUT was adopted for 

the implementation of this research, because of its strengths described in Section 4.6. MAUT 

aligns with the problem structuring method called value focused thinking (Section 4.3.1.1). 

This research focuses on the objective of mitigating water supply problems and how the 



 

155 
 
 

 

alternative RWH solutions could be established. The mitigation of the water supply problems 

formed the point of views on which alternatives will be assessed.  

The parameters for the development of an integrated decision analysis model have been 

presented. The problems of the current practise of water supply in the water supply sector 

have been identified through review of previous studies, as described in Chapters 1 and 2. 

The mitigation of problems will be classified in this research, as the attributes to be 

considered for the selection of appropriate RWHS for mitigating such problems. The 

adoption of the selection attributes has been justified through the findings of previous studies 

presented in Section 4.9. The stages of implementation of the research framework, including 

definition, evaluation and selection, have been presented. The definition stage is for the 

definition of alternatives and attributes. The evaluation stage is for the quantification of the 

utilities of alternatives with respect to attributes and the overall multi-attribute utilities of 

alternatives. The selection stage is for ranking, final comparison of alternatives and selection 

of the best alternative. 

 

Chapters 5, 6 and 7 focus on parameter assessment and model development. Having studied 

available information on water management and the application of RWH to improve water 

supply, statistics on most attributes and impacts of RWH are accessible. Hence, 

questionnaires are required to measure the importance of operational benefits and functions 

of the RWH-based water supply systems, so as to derive importance weightings of the 

selection attributes.  
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Figure 4.3 Architecture of integrated decision analysis model. 
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     Figure 4.4 Architecture of integrated decision analysis model. 
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CHAPTER 5 

RESEARCH METHODOLOGY 

5.1 Introduction 

On completion of the design of the decision framework presented in Chapter 4, it was 

deduced that major input parameters into the framework must be obtained from water supply 

practitioners through a research method only due to non-availability of database for these 

parameters. Hence, this chapter presents the research method adopted in deriving the relevant 

data required as part of the input into the integrated decision analysis framework. A multi-

methods approach has been adopted; in this case a quantitative methodology, which 

incorporates some aspects of the qualitative approach. An outline of the research 

methodology is presented in Figure 5.1. The Chapter concludes with discussion of the 

number of responses and the classification of respondents obtained through the questionnaire 

survey (Appendix 3). 
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Figure 5.1 An outline of research methodology 
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5.2 Research Approach 

In undertaking an interdisciplinary project, it was necessary to under-pin the research 

approach and consequently the selection of the methods with a combination of grounded 

theory (from sociology) and scientific methods (from engineering/geography). These 

approaches contrast in that grounded theory advocates the construction of a theory through 

data exploration (Robson, 2002), whereas the scientific method advocates the construction of 

a hypothesis which is then rejected or accepted through data collection (Robson, 2002). In 

this thesis, a grounded theory approach was applied to construct an understanding of the 

experiences and needs of multiple stakeholders. The scientific method was then used to test 

the hypothesis regarding RWHS performance and harvested rainwater quality. 

 

A combination of these approaches in forming a research design led to the selection of 

methods that would complement socio-technical viewpoints and therefore provide a 

comprehensive evidence base on which recommendations would be developed. In selecting 

the most appropriate method, further consideration was given to the characteristics of the 

phenomenon under investigation. Hence, a case studies approach, utilised by various 

disciplines for explaining complex phenomena (Yin, 2003) was used. The adoption of 

interdisciplinary socio-technical perspective in this research resulted in exposure to a wide 

range of methods for collecting data. This was beneficial due to the diverse range of 

objectives and research questions designed to achieve the project aim. Deductive thinking 

undertaken in relation to the literature review (Chapter 2) facilitated the selection of areas on 

which to focus data collection. Within the multiple-case study structure, the full range of 

methods utilised and the chapters in which they are fully described is: 

Stakeholder Evidence Base: 

 Focus group discussion with stakeholders (Chapter 6). 

 A small and medium sized enterprise (SME) survey (Chapter 6). 

Socio-cultural base: 

 A survey with householders and tenants (Chapter 6). 

 

Technical Evidence Base: 

 Evaluation of design tools and their application (Chapter 2). 
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 Evaluation of hydraulic and financial performance of: (Chapter 7). 

Case study 1: A residential building of 12 occupants. 

Case study 2: An office block of 100 staff. 

Case study 3: A hospital block of 203 patients and nurses. 

These case studies were chosen because the residential sector is a substantial consumer of 

water in every country and therefore focus of water consumption efforts. 

 

Each of these methods required a different type of analysis, which included thematic/template 

analysis of focus group transcripts, numerical/statistical analysis of survey data and 

modelling of hydrological and financial performance of rainwater harvesting systems 

(RWHS). The type of analysis undertaken is described in the relevant chapter. 

   

The research approach employed in this research has two dimensions, which include multi-

criteria decision analysis (MCDA) methodology and quantitative research methods. Multi-

attribute utility theory (MAUT), which is one of the existing MCDA techniques, is the core 

component of the decision-support model presented in Chapter 4.  

The basic procedure of MAUT executed in this research is stated as follows: 

 Definition of alternatives and attributes against which attributes will be assessed. 

 Assessment of the consequences of alternatives and importance weights of attributes. 

 Conversion of the consequences of alternatives to utilities using marginal utility 

functions. 

 Aggregation of utilities and importance weights to derive overall utilities of 

alternatives using multi-attribute utility functions. 

 The quantitative research method was used to generate data for some of the input 

parameters of the decision-support model. Such parameters include importance 

weights of selection attributes and scores (utilities) of alternatives with respect to 

attributes. Questionnaires were administered in person to 100 construction and 

consulting firms across the City of Ibadan. Some 92 fully completed questionnaires 

were returned and subsequent statistical analyses were conducted. 
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5.3 Review of research methods 

A research design connects the generated empirical data to the initial research objectives of 

the study in a logical sequence and ultimately to its conclusions (Yin, 1994). Amaratunga et 

al. (2002) stated that, although research is important in both business and academic activities, 

there is no consensus in the literature on how it should be defined. Research relies on facts, 

experience and data, concepts and constructs, hypothesis and conjecture, and principles and 

laws. Hence, it is constructed in the spirit of enquiry. In addition, they enable precision in the 

use of words and communication among those concerned thus constituting the language of 

research (Amaratunga et al., 2002). Table 5.1 illustrates how these research concepts form a 

symbolic and rational system of inquiry. 

 

A wide range of research methods exist, which can be used to elicit a specific type of 

information or combined to support and complement one another (Kane, 1977; Frankfort-

Nachmias, 1996). Review of research methodology revealed that a range of five to seven 

research methods exist. The following five: archival analysis, case study, experiment, history 

and survey were suggested by Yin (1994). The inclusion of two more methods: action 

research and process modelling were argued by Steele (2000). These varieties of research 

methods fall into two classical and distinctive epistemological positions: qualitative and 

quantitative research methods. The combination of both approaches is termed triangulation. 

In the next section a brief description of these research methods is presented. 

    Table 5.1 Basic elements of scientific research methodology 

Laws Verified hypothesis; for asserting predictable association among 

variables; can be empirical or theoretical. 

Principles Are laws or general truth which provides a thought guide or action. 

Hypotheses Formal propositions usually expressed in casual terms, though untested, are 

amendable to testing. 

Conjectures Informal propositions, not stated in a testable form, nor are a casual 

relationship known or even necessarily implied.  

Concepts 

and 

constructs 

Concepts are inventions of human minds aimed at providing a means for 

organising and understanding observations. They perform several functions 

designed to form logical and systematic relationships among data. 



 

162 
 
 

 

Constructs are theoretical creations based on observations which cannot be 

seen directly or indirectly (e.g. IQ, Leisure Satisfaction). 

Facts A phenomenon that is true or generally held to be true, do sometimes exist.  

Data Collection of facts achieved through direct observations or garnering from 

records. Observation is the process through which facts become data. 

     (Sources: adapted from Buckley et al., 1975; cited in Then, 1996). 

 

5.3.1 Quantitative research 

Quantitative research is defined as “an inquiry into a social or human problem, based on 

testing a hypothesis or theory composed of variables, measured with numbers, and analysed 

with statistical procedure to determine whether the hypothesis or theory hold true” 

(Creswell, 2003). Brannen (1992) stated that quantitative research is concerned with attitudes 

and large scale surveys, rather than simply behaviour and small-scale surveys. 

 

According to SJI (1999), the three types of quantitative research are experiments, quasi-

experiments and surveys. The nature of the research determines the effectiveness of the 

selected types. The most widely use method in social science is survey technique and is the 

most relevant to this study.  It involves the use of questionnaires or interviews to collect large 

amounts of data. The most common forms of this technique are mail, personal and telephone 

survey (Rubin and Babbie, 2009). The advantages and disadvantages of these three data 

collection methods are presented in Table 5.2. 

     Table 5.2 Advantages and disadvantages of survey methods 

Types of Survey Advantages Disadvantages 

Mail survey (i) (i) Low cost compared to other 

methods. 

(ii) High degree of respondents’ 

anonymity. 

(iii) Wide geographical 

coverage. 

(iv) Relatively low processing 

cost. 

(i) (i) Low response rate. 

(ii) Easily understood 

questions and instructions are 

required. 

(iii) Lack chances of probing 

for further or clarity of 

answers. 

(iv) Greater bias of 
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respondents. 

(v) High rate of uncompleted 

questions. 

Personal survey (i) Allows high flexibility in the 

questioning process. 

(ii) High response rate. 

(iii) Interviewers have control of 

interviewing situation. 

(iv) Possibility of collecting 

supplementary information. 

(i) Higher cost than mail 

survey. 

(ii) Lack of anonymity; 

hesitant to disclose personal 

data. 

(iii) Biasness of potential 

interviewers, due to high 

flexibility. 

(iv) Time consuming. 

Telephone survey (i) Moderate cost. 

(ii) High response rate. 

(iii) Increased speed and time of 

data collection. 

(i) (i) Hesitancy to discuss 

sensitive data.  

(i) (i) Respondents high chance of 

terminating interview earlier. 

(iii) Less chance to supplement 

information. 

     (Adapted from Rubin and Babbie, 2010) 

 

5.3.2 Qualitative research  

Qualitative analysis is described as a continuous, iterative process that consists of the 

following concurrent flows of activity (Miles and Huberman, 1994):  

 Data reduction: This refers to the process of selecting, focusing, simplifying, 

abstracting and transforming data. 

 Data display: This is an organised, compressed assembly of information that permits 

conclusions to be drawn and action.  

 Conclusion-drawing and verification: This refers to the decision about what things 

mean and how the meanings emerging from the data can be tested for their validity. 

Qualitative research gives a detailed description of events, people, interactions and observed 

behaviours (Patton, 1992) and general opinion. It gives a description and explanation of both 

perspectives and behaviour of the people studied (Brannen, 1992). 
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In qualitative research, information gathered can be classified under two categories: 

exploratory and attitudinal research (Naoum, 1998). 

 Explanatory research: This research is used when the researcher has a limited amount 

of knowledge about the research topic. The purpose is closely linked with the need for 

a clear and precise statement of the recognised problem. 

 Attitudinal research: Is used to subjectively evaluate the opinion of a person or a 

group of people towards a particular attribute, variable, factor or a question. The main 

examples of qualitative data are individual interview, focus groups, direct observation 

and case studies (Hancock, 1998). 

 

Qualitative research has several advantages, amongst which are: it facilitates in-depth study, 

produces detailed information with a smaller number of people and provides greater 

understanding of the topic under study (Amaratunga et al., 2002). Few disadvantages of this 

research are: greater time is required for data collection and the analysis requires some degree 

of interpretation, which may be subject to bias and subjectivity (Flick, 2009). The comparison 

of both qualitative and quantitative research epistemology is presented in Table 5.3. 

 

    Table 5.3 Comparison of qualitative and quantitative research 

Points of comparisons Qualitative research Quantitative research 

Alternative labels Constructivist, naturalistic-

ethnographic or interpretative. 

Positivist, rationalistic or 

functionalist. 

Scientific explanation Inductive in nature. Deductive. 

Data classification Subjective. Objective. 

Objective/purpose To understand underlying 

reasons and motivations. 

To provide insight into the 

settings of a problem, 

generating ideas and/or 

hypothesis for later quantitative 

research. 

To uncover prevalent trends in 

thought and opinion. 

To quantify data and 

generalise results from a 

sample population of interest. 

To measure the incident of 

various views and options in a 

chosen sample. 

 

Sample A small number of non- A large number of cases 
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representative cases. 

Respondents selected to fulfil a 

given quota or requirement. 

representing the population of 

interest. 

Randomly-selected 

respondents. 

Data collection Participant observation, semi-

and unstructured interview, 

focus groups, conversation and 

discourse analysis. 

Structured interview, self 

administered questionnaires, 

experiments, structure 

observation, content analysis/ 

statistical analysis. 

Outcome Exploratory and/or 

investigative. 

Findings are not totally 

conclusive and cannot be used 

to make generalisations. 

Used to recommend a final 

course of action. 

     (Source: Amaratunga et al., 2002). 

 

5.3.3 Triangulation 

A combination of both qualitative and quantitative research methods has proven to be more 

powerful than a single approach (Moffatt et al., 2006) and very effective (Lee, 1991). 

Triangulation is a process of using more than one form of research method to test a 

hypothesis (Brannen, 1992). Researchers are offered a great deal of flexibility through this 

approach, as theories can be developed qualitatively and tested quantitatively or vice versa. 

The triangulation method is used mainly for improving the reliability and validity of research 

outcomes. Triangulation means more than just one method of data collection, but includes 

investigators and theories (Brannen, 1992). Four different types of triangulation were 

outlined by Denzin (1970): 

1. Multiple theories: used in a single research question. 

2. Multiple methods: a triangulation between methods and within methods. 

3. Multiple data sets: the gathering of different sets of data through the use of the same 

method, but at different times or with different sources. 

4. Multiple investigators: research undertaken through partnership or by teams instead of 

a single individual. 
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5.4 Adopted research methodology 

In selecting research methods, there is neither a fast rule nor best research methods; the use of 

each research method depends on the form of research question, the research objectives and 

contextual situation (Yin, 1994). The intention of the research objectives and the type of data 

needed for the research determines the most suitable research method. To aid the selection 

process, several research strategies were mapped against various possible situations (Yin, 

1994) (Table 5.4). In this subsection, the overall research methods used for the study have 

been discussed and the reasons for using them were justified.  

 

5.4.1 Mixed method approach 

A mixed method approach is a sequential exploratory strategy, which involves a first phase of 

quantitative data collection and analysis, followed by a second phase of qualitative data 

collection (Creswell, 2009). Creswell (2003) provided an example of a scenario in which this 

approach can be situated viz, where, a researcher wants to both generalise the findings to a 

population and develop a detailed view of the meaning of a phenomenon or concept for 

individuals. The researcher may first explore, generally, in a qualitative manner, to learn what 

variables to study, and then study those variables with a large sample of individuals 

quantitatively. Again, the sequential exploratory strategy enables the researcher to develop an 

instrument (which in the case of this research is a questionnaire) to be subsequently 

administered to a sample population (Creswell, 2009). These scenarios reflect in this research 

and demonstrate the suitability of this approach to be adopted. 

 

The research paradigm for the study is largely positivist (quantitative), which implies that the 

reasoning of the research is largely deductive; involving the development of a conceptual 

(theoretical) structure prior to its testing through empirical observation (Loose, 1993). Within 

this general positivist framework, elements of interpretivism (qualitative) analysis will be 

incorporated to provide deeper insights into the environmental engineering and socio-

economic barriers to RWH in Ibadan. The research methods to be applied include (in order of 

their application): literature review, focus group discussion (FGD) and questionnaire survey. 

The sequential application of the FGD and questionnaire survey constitutes a robust research 

approach which will allow the knowledge gap to be initially explored in-depth in a qualitative 

manner, followed by a quantitative investigation with a large pool of professionals: civil 
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engineers, architects and stakeholders.  The research methodology is highlighted in Figure 

5.2. 

 

    Table 5.4 Different situations for research strategies  

Strategy Form of research 

Question 

Required 

control over 

behaviour 

events 

Focus on 

contemporary 

events 

Action 

research 

Who, what, why, 

how many, how 

much? 

Yes/No Yes 

Case study How, why? No Yes 

Survey Who, what, where, 

how, many, how 

much? 

No Yes 

Archival 

analysis 

Who, what, where, 

how many, how 

much? 

No Yes/No 

Modelling Who, what, how 

many, how much? 

No Yes/No 

History How, why No No 

Experiments How, why Yes Yes 

     (Source: Yin, 1994) 
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Figure 5.2 Flow chart of research methodology 
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5.4.2 Survey  

Survey is one of the most widely used methods in social sciences to provide representative 

samples of the study area and serves as an efficient and effective means of studying far 

greater number of variables than possible with experimental approaches (Galiers, 1992; Czaja 

and Bliar, 1996). This method builds on previous work which has already developed 

principles, laws and theories which help in deciding the required data of the particular 

research project (Fellows and Liu, 1997). In the survey research, information is elicited from 

respondents through questionnaires or structured interviews for data collection, with the aim 

of generalising from a sample to a population (Babbie, 1990; Creswell, 2003). This strategy 

offers the opportunity to explore a broad range of issues such as those envisaged in this 

research, although there are limitations of low response rates (for questionnaire surveys) and 

the risk of bias. 

 

The survey research method was adopted to provide a quantitative description of trends, 

attitudes, or opinions of the population by studying a sample of that population (Creswell, 

2003). Specifically, a cross-sectional questionnaire survey of households, architects and civil 

engineers was adopted. 

At households level (Questionnaire I) was designed to: 

 Assess information on RWH technology. 

 Investigate the benefits of RWH. 

 Investigate the barriers affecting the implementation of RWH. 

 Assess water usage and management strategy. 

 Assess factors affecting water supply management. 

 Investigate water supply issues and environmental health.  

At stakeholders level (Questionnaire II) was designed to: 

 Assess the importance weightings of the selection attributes of RWH-based storage 

systems based on the preferences of construction practitioners who are the end users 

(decision-makers) of the integrated decision analysis framework.  

 Assess the scores of the alternatives with respect to the selection attributes (utilities).  
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5.4.2.1 Questionnaire development 

A questionnaire is designed to generate data and consist of closed-ended questions 

(respondents choose from a given set of answers) and/or open-ended questions (respondents 

record their views and opinions in full). It is one of the most cost effective ways of involving 

many people in the process in order to achieve better results (McQueen and Knussen, 2002). 

To achieve success in questionnaire survey, the content, structure and the response format 

should be carefully designed. Hence the following precautions must be taken (Hoinville and 

Jowell, 1978): 

 The questions should be administered easily by the interviewer. 

 The questions must be clear and easily understood by respondents. 

 The flow, length and structure must motivate respondents to complete the 

questionnaire. 

 The recorded answers should be easily edited, coded and transferred onto a computer 

file for statistical analysis. 

Although the traditional form of survey is the postal questionnaire, the use of electronic 

mailed questionnaires is gaining momentum over posted questionnaires due to increased 

speed and lower cost. The literature review in Chapter 2 guided the formulation of a 

questionnaire, which was used in the survey. 

The study employed two separate questionnaire surveys: households, architects and civil 

engineers. Appendix 3A presents a blank copy of the household questionnaire, while the 

questionnaire administered to stakeholders were presented in Appendix 3B.  A questionnaire 

was used because it is efficient and effective in sampling a large audience scattered over a 

wide geographical area. In addition, it is a relatively inexpensive data collection and 

processing method. Once developed, the questionnaire is ready for testing. 

 

5.4.2.2 Pilot survey 

A pilot study was conducted to evaluate the clarity and comprehensiveness of the 

questionnaire, as well as the feasibility of the survey as a whole. The pilot study was also 

used to test the suitability of proposed sustainability criteria and respondents were invited to 

add new criteria, if necessary. Several researchers argued that such test run surveys are 
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necessary to demonstrate the methodological rigour of a survey (Munn and Drever, 1990). 

The samples used in this survey were drawn from several groups of stakeholders. 

 Questionnaire I: Postgraduate students, academic and non-academic staff of the 

Faculty of Technology, University of Ibadan. The questionnaire was administered to 

140 people, a mean of 20 questionnaires each was sent to the seven Departments in 

the Faculty. Of the 140 pilot questionnaires sent out to the selected sample, 70 were 

returned representing a response rate of 50%. This compares favourably with the 20% 

response rate achieved in the pilot survey reported in Xiao (2002).  

 Questionnaire II: This sample was drawn primarily from the Nigerian Society of 

Engineers (Ibadan Chapter) database of Civil Engineers in Ibadan. A total of 30 

organisations were sent questionnaires to complete, taking into consideration the size, 

project type, annual turnover and age of organisation. Out of the 30 pilot 

questionnaires sent, 20 were returned, representing a response rate of 67%.  

   As a result of the analysis of the pilot survey, the questionnaire was revised to make it more 

suitable for the main questionnaire survey. From the feedback provided by respondents, 

 Questionnaire I: The average time taken to complete the questionnaire was ~30 

minutes. It was therefore necessary to reduce the overall number of questions in the 

questionnaire, to make it shorter. Some of the questions were also re-worded as 

feedback from the respondents seemed to suggest that they found some ambiguous.  

 Questionnaire II: The average completion time was ~20 minutes. It was therefore 

considered an appropriate length. Some questions were re-worded, as the feedback from 

the respondents suggested they found some ambiguous.  

Having satisfied the requirement to pre-test the questionnaire (Babbie, 1990; Munn and 

Drever, 1990; Czaja and Blair, 1996) and having completed the revision of the questionnaire, 

it was ready for deployment in the main survey. Figure 5.3 is an outline methodology of the 

pilot study. 
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5.4.2.3 Sampling size for the main survey 

The survey for Questionnaire I was selected to achieve a representation of the population of 

Ibadan, while Questionnaire II was selected to achieve a representation of architects and civil 

engineers in Ibadan. Following the examples of Soetanto et al. (2001); Xiao (2002) and 

Ankrah (2007), the sampling frame adopted for the selection of the sample include the list of 

Civil Engineers registered with the Council of Registered Engineers in Nigeria (COREN) and 

the architects registered with the Nigerian Architects Registration Board (NARB) in Ibadan. 

Contacts were retrieved from the COREN database, which were 117 large and medium 

construction and consulting companies and 30 architects. This gives a total of ~147 for 

Ibadan alone. In order to determine a suitable sample size, a sample size calculator provided 

by Research Information (2008) was utilised. By using a City population of 2,555,853 
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Figure 5.3 Flow chart of pilot study methodology (adapted from Oloke et al., 2002b) 
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(National Population Commission 2006), and a confidence level of (p <0.05) (after Munn and 

Drever, 1990), a sample size of 1067 was calculated for household respondents. Similarly, by 

using populations of 117 and 30 for civil engineers and architects, respectively, sample sizes 

were calculated. Thus giving a sample size of 1196 for the entire survey (two sets of 

questionnaires) (Table 5.5). Household questionnaires were to be completed by the household 

head or a responsible adult in their absence. 

 

    Table 5.5 Sample size calculation 

 Confidence 

level (p) 

Confidence 

interval 

Population 

size 

Sample size 

Household 

survey 

<0.05 3 2,555,853 1067 

Civil 

engineers 

<0.05 3 117 106 

Architects <0.05 3 30 29 

Total    1202 

 

5.4.2.4 The main survey 

The sample used in the survey was drawn from a database of architects and civil engineers in 

the NARB register and the COREN in Ibadan. In the two surveys, 1067 questionnaires were 

administered in person at the household level while 135 questionnaires were administered to 

stakeholders (architects and engineers). The questionnaire was accompanied by the statement 

of the objective of the study to guide respondents on the potential contribution they could 

make to good water management practise. For questions in Questionnaire I, respondents were 

required to indicate the extent to which they agreed with a given statement, on a three point 

scale: ‘yes’, ‘no’, and ‘unsure’. The questionnaire was divided into five sections: Section A 

sought nominal data such as background of the respondent, Section B sought information on 

experience with RWH technology, Section C sought information on benefits of RWH, 

Section D sought information on water policy and strategy, specifically barriers affecting the 

implementation of RWHS in the study area, Section E sought information on water supply 

and environmental health. 
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Questionnaire II was used to derive factors relating to water management problems and 

weightings for the selection attributes. A Likert scale was adopted in a structured 

questionnaire (Appendix 3B) to measure the opinions of architects and civil engineers on the 

importance weightings in measuring the performance of RWHS and the scores of the 

alternatives with respect to selection attributes. Likert scale is an acceptable way of eliciting 

the strength of opinions using numbers to represent implicit meanings (Jennings and Holt, 

1998; Assaf and Al-Hejji, 2006; Carmichael et al., 2007). Respondents were invited to score 

their perceptions on the factors and statements presented to them on a 5-point scale. For 

importance measurement, the Likert scale was: 1 (Not Important), 2 (Little Importance), 3 

(Moderate Importance), 4 (High Importance) and 5 (Extremely Important). For scores 

measurement, the scale was: 1 (None), 2 (Little), 3 (Moderate), 4 (Great), 5 (Extreme).  

The questionnaire was divided into three sections; Section A sought nominal data such as 

background of respondent, company size and project catchment area, Section B sought to 

measure the importance of functions required of an improved RWHS, Section C sought to 

measure the scores of alternative RWHS with respect to the selection attributes. 

 

5.4.3 Ethical considerations 

Ethical approval was sought and obtained from the Ethics Committee of the University of 

Wolverhampton. The covering letter and questionnaire addressed the issue of confidentiality. 

The purpose of the questionnaire and the benefits to the respondents and the water industry at 

large were explained in the questionnaire. To protect the identity of individual respondents, 

the questionnaires were anonymous (Appendices 3A and 3B). 

 

5.4.4 Responses and classification of respondents 

The key issues affecting postal questionnaire surveys and response rates were exhaustively 

discussed by Babbie (1990) and Creswell (2003). They propose that for most studies, a 

response rate of 20-30% is normal, even in the context of developed countries, with good 

postal facilities. At the time of this survey, the postal facilities in Nigeria are not as reliable as 

in developed countries. Thus, a decision was made to use the direct door stepping 

questionnaire administration approach (Phillips et al., 2002, Read et al., 2009). This strategy 
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has an advantage of enhanced rate of return, as the questionnaires were delivered by hand to 

the respondents and taken back immediately on completion. In their study, a return rate of 

98% was recorded (Phillip et al., 2002). The drawback of this approach is that it is laborious, 

time-consuming and expensive. Using this method, the researcher employed two people to 

assist in the administration of the questionnaires to randomly selected households between 

July-September, 2012. At the end of the exercise, a total of 1042 questionnaires were 

returned, a 86.7% return rate. Table 5.6 is an outline of respondents’ groups in the survey. 

Tables 5.7 and 5.8 show the profile of respondents, while Table 5.9 shows the classification 

of the companies on whose behalf they responded.  

 

    Table 5.6 Respondent’s groups 

 

 

     Table 5.71 Roles of respondents for Questionnaire II 

 

 

 

 

Type of 

respondent 

Frequency % Cumulative 

% 

Households 950 91.2 91.2 

Civil 

Engineers 

80 7.7 98.9 

Architects 12 1.2 100.0 

Total 1042 100.0 100.0 

Roles Number of 

responses 

 % of 

responses 

Director/Senior 

management 

24 26.1 

Managers 47 51.1 

Others 21 22.8 
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    Table 5.8 Years of experience of respondents in Questionnaire II 

Years of 

experience 

Number of responses % of 

responses 

0-10 13 14.1 

11-20 47 51.1 

21-25 24 26.1 

>25 8 8.7 

 

    Table 5.9 Classification of respondent’s companies for Questionnaire  II 

Work catchment 

areas 

 Number of  

responses 

% of responses 

         Regional      38 41.3 

         National      34 37.0 

         International      20 21.7 

         Total      92 100% 

Size by annual 

turnover  (Million 

Naira) 

 Number of 

responses 

% of responses 

         < 5M       5 5.4 

         >5M ≤50M      26 28.3 

         >50M≤100M      12 13.0 

         >100M      49 53.3 

   Total      92 100% 

Size by headcount   

           ≤10      11 12.0 

           >10 ≤50      24 26.1 

           >50 ≤250       2 2.2 

           >250      55 59.9 

Total      92 100% 
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5.5 Focus group development 

Focus Group Discussion (FGD) is defined as a collective conversation or group interview 

(Denzin and Lincoln, 1994). The group size varies from small (6 persons) to large (12 

persons) and may or may not be guided by a facilitator. FGD is used to obtain in-depth 

information relating to concepts, perceptions and practises from group members (Morgan, 

1998). This is not a question and answer time, but rather an opportunity to gain insight on the 

subject from the perspective of experts, practitioners and stakeholders in a purely interactive 

session. 

 

Several researchers have used FGD successfully for the formulation of research questions, 

gaining greater insight on the subject and resolving unexpected issues encountered by 

questionnaire and interview methodologies (Balch and Mertens, 1999; Mbeng, 2009; 

Refsgaard and Magnussen, 2009). 

For the purpose of this discussion, two FGD sessions of 12 participants and 20 participants 

were held at stakeholders and community based level, respectively with the researcher acting 

as the facilitator. Appendix 4A is a copy of an invitation for participation in the FGD, while 

Appendix 4B lists all participants with their contacts.  

(i) Stakeholders 

FGD was held at the conference room of the Ministry of Works and Housing, Ibadan, on 16 

August 2012 from 11.00-13.00. The following stakeholders participated in the discussion: 

 Director of Public Building, Ministry of Works and Housing. 

 Director of Water Resources, Ministry of Water Resources. 

 General Manager, Ministry of Rural Water and Sanitation. 

 Director of Dams and Hydrology. 

 Director of Water Supply, Ministry of Water Resources. 

 Director of Works, Maintenance Department, University of Ibadan. 

 Director of Water Resources, Water Corporation of Oyo State. 

 Nigerian Society of Engineers, Ibadan Chapter. 

 Nigeria Network For Awareness and Action For Environmental Health 

(NINAAFEH). 

 Department of Civil Engineering, University of Ibadan. 
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 Department of Health Promotion and Education, University of Ibadan. 

 Department of Environmental Health Science, University of Ibadan. 

(ii) Community based level (Kube Atenda Village) 

Another FGD was held with 32 people at a Community Primary School in Kube Atenda 

village in September from 08.30-10.30. Pictures were taken (Figures 5.4 and 5.5), along with 

videos and audios of the discussion. Participants at community based level were: 

 Chairman Kube Atenda Village. 

 Community Treasurer. 

 Community Mid-wife. 

 Community Secretary. 

 Retired Civil Servants. 

 

         

Figure 5.4 Participants at focus group discussion with stakeholders.  

           

5.5.1 Data collection: focus group discussion 

The earlier quantitative methods: modelling hydraulic and financial performance of RWHS 

and questionnaire survey provided critical ingredients for the proper understanding of present 

SWM practises in the City. The purpose of the FGD was therefore to strengthen and 

corroborate evidence and findings from literature reviews (Chapter 2). Participants in the 

group discussions were randomly drawn from a short-list of stakeholders in the City. The 

main factors considered while selecting participants were: 
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(i) Knowledge of the subject. 

(ii) Participation in the questionnaire survey. 

(iii) Spread, both in terms of geographical and sectoral representation. 

The process for the recruitment of participants involved sending a formal invitation letter and 

subsequently a telephone confirmation of attendance when requested by the participant. 

Initial recruitment started in August 2012. The total number of invitations sent to participants 

was 14, while 12 eventually attended the discussion. 

 

         

Figure 5.5 Focus group discussion at community level 

          

5.5.2 Focus group design 

The objectives of the FGD were: 

 To provide a platform for stakeholders to discuss the barriers and success factors 

affecting sustainable municipal water supply management in Ibadan. 

 To strengthen evidence and findings from the literature review (Chapter 2). 

 To prescribe policy options for achieving sustainable management of water supply in 

the City on available evidence. 
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The FGD provided a relaxed atmosphere that encouraged participants to freely air their views 

on the subject. A full group discussion was adopted. Following a general introduction, a full 

group discussion was conducted with the facilitator. The discussions were recorded by audio 

and video means for subsequent transcription. The FGD was facilitated by the researcher. 

The information gathered from the transcript during the full group sessions were then 

synthesised to provide an overall position of the entire FG on current water supply 

management practise in Ibadan. This was with a view to prescribing strategies and policy 

options for adapting global best practises that will suit local conditions.  

 

5.6 Summary 

This chapter has presented the various types of research method and the features that 

determine the choice of any particular method are presented. Quantitative and qualitative 

research methods were explored in order to establish the relevance of each of them to this 

research. Quantitative research methods was adopted given the features of the data that were 

required as part of the input into the decision-support model being developed in this research. 

Sample survey was adopted instead of experimental research, because there was no need to 

control any variables measured in the research. Furthermore, Focus Group Discussion was 

adopted to strengthen evidence and findings from the literature review.  

 

The questionnaire development, sampling frame and responses to the questionnaire survey 

have been discussed. The response rate of 86.7% is above the range of response rates for 

questionnaires that have been reported in UK construction industry research. Moreover, the 

profiles of the respondents suggest that 77.2% of respondents were directors and/or 

managers. These are expected to be decision-makers that can be described as stakeholders 

who will implement the output of the decision-support model when applied to decision-

making on the selection of RWH-based water supply systems. Research proceeded to the 

statistical analysis of the responses, which is presented in Chapter 6.   
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CHAPTER 6 

RESULTS FROM QUESTIONNAIRE SURVEY AND FOCUS GROUP 

ANALYSIS 

 

6.1 Introduction 

Chapter 6 reports the analytical processes carried out on data collected through questionnaire 

survey and focus group discussion (FGD), which was described in Chapter 5.This chapter, 

presents results from the focus group (FG) analysis carried out in August 2012. This chapter 

concludes with discussion of the results obtained in the analysis of questionnaires on socio-

economic and environmental engineering barriers of rainwater harvesting (RWH). 

 

6.2 Descriptive statistics 

The nature of the variables administered in the questionnaire is univariate, which implies that 

frequency distribution is required (De Vaus, 2002). Frequency distribution is a measure of 

how each scale level is distributed among the respondents and how the data are distributed. In 

addition, it is extremely useful in identifying the typical scorers known as measures of central 

tendency (Kerr et al., 2002).The measures of central tendency are mean, median and mode. 

 

For a scale to be an ordinal scale of measurement, the categories comprising the scale are 

mutually exclusive and ordered (e.g. in Likert scales). The response categories have a rank 

order, while the intervals between values cannot be presumed equal (Jamieson, 2004). A 

scale consisting of: never, seldom, frequently and always are mutually exclusive and ordered 

in the sequence is provided. Assigning the numerals 1, 2, 3 and 4 to the four categories are 

reasonable and most researchers agreed that such a scale is ordinal (Knapp, 1990). It is 

contended that it is “illegitimate to infer that the intensity of feeling between ‘strongly 

disagree’ and ‘disagree’ is equivalent to the intensity of feeling between consecutive 

categories on the Likert scale” (Cohen et al., 2000). The most common measure of central 

tendency is the mean which can be distorted by extreme cases in the distribution (De Vaus, 

2002; Kerr et al., 2002). However, median or mode is recommended as the measure of 

central tendency for ordinal data, because the arithmetic manipulations required to calculate 

mean (and standard deviation) are inappropriate for ordinal data where the number represents 

the verbal statement (Clegg, 1998).  
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6.3 Inferential statistics: Significance level testing 

This is used to estimate how likely the sample pattern will hold in the population. In carrying 

out the test, a particular pattern in the population called a null hypothesis is assumed. A 

significance level is typically set at 0.05, it can be adjusted to as much as 0.1 or as little as 

0.01. According to Mirabella (2006), the adjustment is based on the tolerance for the two 

types of error (i.e rejecting the null hypothesis that is true or not rejecting the hypothesis that 

is false). Type I is rejecting the null hypothesis when it is true, while Type II error is 

accepting the hypothesis that it is false.  Adopting a significance level of 0.5 implies that 

there is a higher probability of rejecting a true hypothesis while adopting a significance level 

of 0.01 implies a lower probability of rejecting a true hypothesis but, a higher probability of 

accepting a false hypothesis (Kerr et al., 2002 and De Vaus, 2002). The probability of 

committing either of these two types of error is difficult to assess but 0.05 is a compromise 

that attempts to minimise the probability of committing either of the two types of error (Kerr 

et al., 2002). For ordinal data, the appropriate inferential statistics are those employing non-

parametric tests including Chi-square, Spearman’s Rho, or Mann-Whitney U-test, because 

parametric tests require data of interval or ratio level (Jameison, 2004). 

 

6.3.1 One sample Chi-square test 

In this test, a variable with three or more categories can be tested to check if the differences 

between the percentages across the categories are due to sampling error or is likely to reflect 

real percentage differences in the population (De Vaus, 2002). A description of the null 

hypothesis is given below: 

H0: The percentages of all categories of each variable are equal in the underlying population. 

 

6.4 Results from Questionnaire I: Chi-Square test  

This questionnaire investigates the socio-economic barriers of RWH (Appendix 3A). This 

information is needed to assess alternative water sources and develop a framework to 

improve the RWH regime. 
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6.4.1 Respondents distribution by Local Government areas 

Table 6.1 represents the distribution of total respondents to the main questionnaire according 

to local government areas. Table 6.2 presents household size (number of occupants) 

distribution by local Government areas. Egbeda has the highest proportion of six person 

households (19%), which might be indicative of greater proportion of low income earners in 

this local government area.  Lagelu, Ibadan North and Akinyele had the highest proportion of 

three, four and five person households (41, 40 and 40%, respectively). The three areas are 

where most high income households reside. Culturally, due to prevalence of the extended 

family system in Nigeria, such households support larger populations (Litwak, 1960; Cox et 

al., 2007). A chi-square test was carried out to determine the degree of association between 

Local Government areas and household size (Table 6.3). There is a strong significant 

relationship between the two variables (p <0.05). 

 
    Table 6.1 Respondents distribution by local government areas 

Local government 

areas 

Frequency Percent Cumulative 

Percent 

Egbeda 108 11.4 11.4 

Ona-ara 104 10.9 22.3 

Oluyole 74 7.8 30.1 

Akinyele 147 15.5 45.6 

Ido 36 3.8 49.4 

Lagelu 121 12.7 62.1 

Ibadan North 199 20.9 83.1 

Ibadan South-West 27 2.8 85.9 

Ibadan North-West 50 5.3 91.2 

Ibadan South-East 37 3.9 95.1 

Ibadan North-East 47 4.9 100.0 

Total  950 100.0  
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Table 6.2 Respondents local government areas cross tabulation with respondent population 

distribution 

 

             

 
    Table 6.3 Chi-Square test results for relationship between household size and local government areas 

 Value  Df Asymp. Sig. 

(2-sided) (P)  

Pearson Chi-Square 145.951
a
 60 <0.001 

Likelihood Ratio 152.591 60 <0.001 

Linear-by-Linear 

Association 

14.437 1 <0.001 

a. 17 cells (22.1%) have expected count <5. The minimum expected count is 1.31. 

 

6.4.2 Respondents household income distribution 

Table 6.4 shows the distribution of household income by local government areas. Egbeda has 

the highest proportion of households earning <10000 Nigerian Naira monthly, at 44%. Ibadan 

South-East and Ibadan South-West, on the other hand have the least numbers of low income 

households at 10% and 11%, respectively. The highest concentrations of mid-income 

(30,000-100,000 N per month) households are in Ibadan North and Lagelu. Ibadan North has 

the highest concentration of high income households in the City. A chi-square test determined 

Respondent local  

government area 

Respondent population distribution 

1 2 3 4 5 6 > 6 Total 

Egbeda 5 5 15 27 19 19 18 108 

Ona-ara 0 12 12 28 19 16 17 104 

Oluyole 0 4 7 21 28 9 5 74 

Akinyele 4 17 15 31 40 13 27 147 

Ido 1 6 6 5 14 4 0 36 

Lagelu 5 13 22 41 19 11 10 121 

Ibadan North 25 30 40 38 33 13 20 199 

Ibadan South-

West 

1 5 4 3 7 3 4 27 

Ibadan North-

West 

3 5 15 7 9 4 7 50 

Ibadan South-

East 

2 4 4 11 8 2 6 37 

Ibadan North-

East 

0 2 2 18 17 4 4 47 

Total 46 103 142 230 213 98 118 950 
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the degree of association between local government areas and household income (Table 6.5). 

There is a significant relationship between the two variables, (p <0.05). 

 

Table 6.4 Respondents Local Government Area cross tabulation with respondent monthly income 

range 

Respondent 

Local 

Government 

Area 

Respondent Monthly Income Range  

(Naira, 000) 

 <10 10-30 31- 100 101-150 151-200 >200 

 

Total 

Egbeda 44 31 18 9 5 1 108 

Ona-ara 25 25 30 11 9 4 104 

Oluyole 34 21 13 5 1 0 74 

Akinyele 40 63 26 5 8 5 147 

Ido 12 10 11 1 1 1 36 

Lagelu 19 24 52 17 4 5 121 

Ibadan North 51 50 52 20 15 11 199 

Ibadan South 

West 

11 7 9 0 0 0 27 

Ibadan North 

West 

21 12 16 1 0 0 50 

Ibadan South 

East 

10 17 10 0 0 0 37 

Ibadan North 

East 

23 20 4 0 0 0 47 

Total 290 280 241 69 43 27 950 

 
 

Table 6.5 Chi-square test results for relationship between household income and Local Government          

areas 

 Value Df Asym. Sig. 

(2-sided) 

(P) 

Pearson Chi-

Square 

140.788
a
 50 <0.001 

Likelihood 

Ratio 

159.781 50 <0.001 

Linear-by- 1.372 1 0.241 
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Linear 

Association 

N of Valid 

cases 

950   

a. 23 cells (34.8%) have expected <5. The minimum expected count is 0.77. 

 

6.4.3 Respondents experience with water saving devices 

Table 6.6 presents respondents level of understanding of water saving devices. Overall, 

48.2% of the survey population stated they had little or no understanding of water saving 

devices. Table 6.7 presents respondents awareness of RWH technologies and Table 6.8 

present respondents’ interest in property with RWHS. 

 

    Table 6.6 Respondents experience with water saving devices 

 Value Df Asymp. Sig. (2-

sided) (P) 

Pearson Chi-Square 140.788
a
 50 <0.001 

Likelihood Ratio 159.781 50 <0.001 

Linear-by-Linear 

Association 

1.372 1 0.241 

N of Valid Cases 950   

a. 23 cells (34.8%) have expected count <5. The minimum expected count is 0.77. 

 

    Table 6.7 Respondents awareness of RWH technologies 

Valid Frequency Percent Cumulative Percent 

In a home 246 25.9 25.9 

In a place of 

work 

25 2.6 28.5 

Both 70 7.4 35.9 

School hostel 10 1.1 36.9 

None 599 63.1 100.0 

Total 950 100.0  
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    Table 6.8 Respondents interest in buying/renting property with RWH technologies 

Valid Frequency Percent Cumulative Percent 

Yes 544 57.3 57.3 

No 241 25.4 82.6 

Unsure 165 17.4 100.0 

Total 950 100.0  

 

6.4.4 Respondents catchment/collection surface for RWH 

This section ascertained information on the type of roofing material and the purposes 

harvested water can be used for. In some instances, improving the quality of the roofing 

material will be required for harvested water to be potable. Therefore, it is particularly 

important to understand the type of roofing material and the uses that will be acceptable. In 

addition, it is essential to understand their income range to ascertain the affordability of 

improving roof quality. Table 6.9 presents type of accommodation. 

 

    Table 6.9 Respondents type of accommodation 

Valid Frequency Percent Cumulative 

Percent 

Single room 144 15.2 15.2 

Room and parlour 275 28.9 44.1 

Two/three bedroom 

flat 

419 44.1 88.2 

Semi-detached 51 5.4 93.6 

Duplex/detached 58 6.1 99.7 

One bedroom flat 3 0.3 100.0 

Total 950 100.0  

 

Table 6.10 presents respondents type of roofing materials. As the roofs are prone to 

corrosion, the harvested water needs filtration and purification with chlorine to make it 

potable. Table 6.11 represents a cross tabulation of the type of roofing materials with 

household income range. Some 32 and 33% of low income earners use roofing tiles and 

cement concrete materials, respectively, for their roofs. Some 38% of mid-income earners 

used roofing tiles and 11% of high income earners used cement concrete. This indicates that 
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people with low income used high quality materials for their roofs, which is expected as 

people usually take loans from banks and co-operative societies to build larger houses. A chi-

square test was carried out to determine the degree of association between type of roofing 

material and household income (Table 6.12). This result shows a strong, statistically 

significant, relationship between the two variables (p <0.05). 

 

    Table 6.10 Respondents type of roofing material 

Valid Frequency Percent Cumulative 

percent 

Corrugated iron 

sheet 

658 69.3 69.3 

Roofing tiles 138 14.5 83.8 

Brick 17 1.8 85.6 

Grass 6 0.6 86.2 

Wood bamboo 9 0.9 87.2 

Cement/concrete 121 12.7 99.9 

Asbestos cement 1 0.1 100.0 

Total 950 100.0  
 

    Table 6.11 Type of roofing material cross tabulation with monthly income range 

Respondent 

Type of 

Roofing 

Material 

                         Respondent Monthly Income Range (Nairas, 000) 

  

<10 

 

10-30 

 

 

31-100 

  

101-150 

 

151-200 

 

>200 

 

Total 

Corrugated 

iron sheet 

216 190 172 50 20 10 658 

Roofing tiles 33 46 38 8 9 4 138 

Brick 5 4 3 3 2 0 17 

Grass 1 0 3 3 2 0 6 

Wood 

bamboo 

3 1 2 0 2 1 9 

Cement 

concrete 

32 39 23 7 9 11 121 

Asbestos 

cement 

0 0 0 0 0 1 1 
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Total 290 280 241 69 43 27 950 

 
    Table 6.12 Chi-Square Tests for relationship between roofing material and monthly income range 

 

 Value Df Asymp. Sig. (2-

sided) (P) 

  Pearson Chi-Square 91.788
a
 30 <0.001 

Likelihood Ratio 56.567 30 0.002 

Linear-by-Linear 

Association 

15.269 1 <0.001 

N of Valid Cases 950   
 

a. 24 cells (57.1%) have expected count <5. The minimum expected count is 0.03. 

 

6.4.5 Acceptability of sources for use and associated risk 

This section is concerned with ascertaining information on the sources of water and the types 

of reuse that would be acceptable to respondents. Table 6.13 presents sources respondents 

considered for toilet flushing. 

 

    Table 6.13 Respondents water sources to be considered for toilet flushing 

Valid Frequency Percent Cumulative 

Percent 

Rainwater (collected from rooftop) 883 92.9 92.9 

Rainwater (collected from 

surrounding roads/car parks) 

36 3.8 96.7 

Grey water collected from your 

house 

31 3.3 100.0 

Total 950 100.0  

 

6.4.5.1 Respondents perceived use of rainwater 

In terms of the use that people would be willing to consider RWH for, Table 6.14 illustrates 

that the most widely accepted would be (in order of popularity) drinking, cooking, toilet 

flushing, washing clothes. Few would be willing to use it for bathing animals, car washing, 

personal washing, garden watering and general outdoor use, respectively.  
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Table 6.15 represents a cross tabulation of household perceived use of rainwater and the type 

of roofing material. Some 54% of  those with roofing tiles use it for drinking, 7 and 6% with 

brick and wood bamboo, respectively, use it for drinking, while 45 and 43% of those with 

cement roofs use it for cooking and drinking, respectively.   A chi-square test was performed 

to determine the degree of association between household perceived use of rainwater and 

type of roofing material (Table 6.16). The result shows a strong statistically significant 

relationship between the two variables (p <0.05). 

 
    Table 6.14 Respondents perceived use of rainwater 

Valid Frequency Percent Cumulative Percent 

Drinking 455 47.9 47.9 

Cooking 258 27.2 75.1 

Toilet flushing 180 18.9 94.0 

Washing 

clothes 

18 1.9 95.9 

Bathing of 

animals 

7 0.7 96.6 

Car washing 8 0.8 97.5 

Personal 

washing 

8 0.8 98.3 

Garden 

watering 

7 0.7 99.1 

General 

outdoor use 

9 0.9 100.0 

 

    Table 6.15 Respondents perceived use of rainwater cross tabulation with type of roofing material 

Respondent 

Perceived Use 

of Rainwater 

Respondent Type of Roofing Material 

 Corrugated 

iron sheet 

Roofing 

tiles 

Brick Grass Wood 

bamboo 

Cement 

concrete 

Total 

Drinking 343 54 7 2 6 43 455 

Cooking 170 36 3 2 2 45 258 

Toilet 

flushing 

117 31 5 1 0 25 180 
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Clothes 

washing 

13 5 0 0 0 0 18 

Bathing of 

animals 

3 1 1 0 0 2 7 

Car washing 3 4 0 0 0 1 8 

Personal 

washing 

3 3 0 0 1 1 8 

Garden 

watering 

1 2 0 0 0 4 7 

General 

outdoor use 

5 2 1 1 0 0 9 

Total 658 138 17 6 9 121 950 

 
Table 6.16 Chi-Square Tests for relationship between perceived use of rainwater and type of roofing    

material 

 Value Df Asymp. Sig. (2-

sided) (P) 

Pearson Chi-Square 98.102
a
 48 <0.001 

Likelihood Ratio 70.138 48 0.020 

Linear-by-Linear Association 9.768 1 0.002 

N of Valid Cases 950   

a. 49 cells (77.8%) have expected count < 5. The minimum expected count is 0.01. 

 

6.4.6 Water supply and environmental health 

Table 6.17 reveals that 70% of the respondents chose unsatisfactory with the level of main 

water supply from Water Corporation of Oyo State (WCOS), while 29.9% of respondents 

were satisfied. This implies that the WCOS is not providing adequate water supply for the 

community. To really confirm this, the respondents were further asked “how often they 

receive water from the Water Corporation in the City?” 
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     Table 6.17 Respondents level of satisfaction with Water Corporation of Oyo State 

Valid Frequency Percent Cumulative Percent 

Very 

satisfactory 

63 6.6 6.6 

Good 119 12.5 19.2 

Satisfactory 103 10.8 30.0 

Neutral 125 13.2 43.2 

Unsatisfactory 288 30.3 73.5 

Very 

unsatisfactory 

252 26.5 100.0 

Total 950 100.0  

 

6.4.6.1 Respondents consistency of main water supply 

Table 6.18 shows that 732 of respondents (77.1%) did not receive water at all from WCOS, 

while few of respondents did receive water supply. This indicates the inadequacy of water 

supply in the City and the need to have alternative sources to meet increasing demands. To 

further justify the need for alternative sources of water supply, the participants were asked 

“the common method of water supply in their area”. 

Table 6.19 represents a cross tabulation of local government areas with consistency of main 

water supply. Egbeda and Ibadan North residents reported the highest rate of daily water 

supply. Lagelu reported the highest rate of monthly water supply, while 99% of Ona-ara 

reported no supply at all. This might imply that variations in consistency of water supply 

arising occurred both within and between districts. 

  

A chi-square test was performed to determine the degree of association between local 

government areas and consistency of water supply (Table 6.20). The result shows a strong 

statistically significant relationship between the two variables (p <0.05). 
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    Table 6.18 Respondents frequency of main water supply from WCOS 

Valid Frequency Percent Cumulative Percent 

Daily 43 4.5 4.5 

Weekly 42 4.4 8.9 

Fortnightly 37 3.9 12.8 

Monthly 70 7.4 20.2 

Quarterly 4 0.4 20.6 

Yearly 22 2.3 22.9 

None at all 732 77.1 100.0 

Total 950 100.0  
 

Table 6.19 Respondents Local Government area cross tabulation with consistency of main water supply 

LG.A Respondent Consistency of Main Water Supply 

 Daily Weekly Fort-

nightly 

Month 

ly 

Quarter 

ly 

Year 

ly 

None  

at all 

Total 

Egbeda 9 2 0 11 0 5 81 108 

Ona-ara 2 1 0 2 0 0 99 104 

Oluyole 3 4 0 8 1 0 58 74 

Akinyele 9 7 2 7 0 1 121 147 

Ido 2 3 0 3 1 0 27 36 

Lagelu 2 9 26 19 1 4 60 121 

Ibadan 

North 

8 10 5 13 1 10 152 199 

Ibadan 

South-

West 

5 0 1 5 0 1 15 27 

Ibadan 

North-

West 

2 6 1 1 0 1 39 50 

Ibadan 

South-

East 

1 0 0 0 0 0 36 37 

Ibadan 

North-

East 

0 0 2 1 0 0 44 47 

Total 43 42 37 70 4 22 732 950 
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Table 6.20 Chi-Square tests for relationship between local government areas and consistency of water 

supply 

 Value df Asymp. Sig. (2-sided) 

Pearson Chi-Square 236.181
a
 60 <0.001 

Likelihood Ratio 209.795 60 <0.001 

Linear-by-Linear 

Association 

0.249 1 0.618 

N of Valid Cases 950   

a. 52 cells (67.5%) have expected count < 5. The minimum expected count is 0.11. 

 

6.4.6.2 Respondents sources of water supply 

Table 6.21 shows a low proportion of respondents chose main supply confirming inadequate 

supply of main water supply in the study area. Few respondents chose stream/river; 

tank/truck vendors and rainwater. This also confirms that RWH technology is yet to be 

tapped as an alternative source of supply in the area. Some 579 (60.9%) of respondents 

depend on well water and 22.9% of respondents depend on boreholes. This indicates that 

83.8% of respondents depend on ground-water as their main source of supply. This implies 

that a large proportion of households possibly have water supply from unhealthy and 

untreated sources. Table 6.22 presents respondents expense on water supply. 

 

    Table 6.21 Respondents sources of water supply 

Sources of 

supply 

Frequency Percent Cumulative 

Percent 

Main supply 41 4.3 4.3 

Well water 579 60.9 65.3 

Stream/river 22 2.3 67.6 

Rainwater 63 6.6 74.2 

Tank/truck 

vendors 

27 2.8 77.1 

Borehole 218 22.9 100.0 

Total 950 100.0  
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    Table 6.22 Respondents monthly expense on water supply 

Expense 

(Naira) 

Frequency Percent Cumulative 

Percent 

<1,500 608 64.0 64.0 

1,500-3,000 207 21.8 85.8 

3,100-5,000 78 8.2 94.0 

5,100-10,000 28 2.9 96.9 

>10,000 29 3.1 100.0 

Total 950 100.0  

 

Table 6.23 represents a cross tabulation of household monthly income with source of water 

supply. A chi-square test was performed to determine the degree of association between 

household income and sources of water supply (Table 6.24). This result indicates a strong 

statistically significant relationship between the two variables (p <0.05). Table 6.25 presents 

respondents perception of wells yield during the dry season.  

 

    Table 6.23 Respondents monthly income range cross tabulation with sources of water supply 

Respondent 

Monthly 

Income 

Range 

(Naira) 

Respondent  Sources of Water Supply 

 

 Main 

supply 

 

Well 

water 

Stream/ 

River 

Rainwater Tank/ 

Truck 

vendors 

Bore-

hole 

Total 

<10,000 16 187 9 21 5 52 290 

10,000-

30,000 

9 178 5 24 6 58 280 

31,000-

100,000 

10 146 3 17 7 58 241 

101,000-

150,000 

5 34 2 1 6 21 69 

151,000-

200,000 

1 23 3 0 2 14 43 

>200,000 0 11 0 0 1 15 27 

Total 41 579 22 63 27 218 950 
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Table 6.24 Chi-Square tests results for relationship between household income and sources of water 

supply 

 Value df Asymp. Sig. (2-

sided) (P) 

Pearson Chi-Square 56.181
a
 25 <0.001 

Likelihood Ratio 56.266 25 <0.001 

Linear-by-Linear 

Association 

20.263 1 <0.001 

N of Valid Cases 950   

a. 12 cells (33.3%) have expected count <5. The minimum expected count is 0.637. 

     

    Table 6.25 Respondents perception of well yields in the dry season 

Valid Frequency Percent Cumulative Percent 

Yes 482 50.7 50.7 

No 371 39.1 89.8 

Unsure 97 10.2 100.0 

Total 950 100.0  

 

Table 6.26 represents a cross tabulation of local government areas with perception of well 

yield in the dry season. Several wells dried up in Ona-ara, while some wells in Oluyole and 

Lagelu have low yield in the dry season. This implies that the variation in the well yields 

occurred due to topography and geographical location of the wells. A chi-square test was 

performed to determine the degree of association between local government areas and yields 

of well in dry season. There is a strong significant relationship between the two variables X
2
 

(20, N= 950) =267.77, p<0.05) (Table 6.27). 

 

6.4.6.3 Respondents major health hazards associated with drinking contaminated water 

Table 6.28 shows a larger proportion (581), of respondents, chose prevalence of typhoid 

fever; some have a prevalence of diarrhoea, while few of respondents water source is free 

from water-borne disease.  This indicates that there is a prevalence of 97.8% of water-borne 

disease in the study area. This is quite alarming; hence, an alternative source of potable water 

is urgently needed. 
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Table 6.26 Respondents Local Government areas cross tabulation with perception of well yields in the 

dry season 

Respondent 

Local 

Government 

Area 

Respondent Perception of Well Drying up 

in Dry Season 

Total 

Yes No Unsure 

Egbeda 62 38 8 108 

Ona-ara 87 15 2 104 

Oluyole 8 64 2 74 

Akinyele 120 14 13 147 

Ido 20 8 8 36 

Lagelu 48 65 8 121 

Ibadan North 68 97 34 199 

Ibadan South-

West 

13 7 7 27 

Ibadan North-

West 

23 14 13 50 

Ibadan South-

East 

20 15 2 37 

Ibadan North-

East 

13 34 0 47 

Total 482 371 97 950 

 

 

Table 6.27 Chi-Square tests for relationship between Local government areas and yields of well in the 

dry season 

 Value Df Asymp. Sig. (2-sided) 

(P) 

Pearson Chi-Square 26.771
a
 20 <0.001 

Likelihood Ratio 281.169 20 <0.001 

Linear-by-Linear 

Association 

35.696 1 <0.001 

N of Valid Cases 950   
a. 4 cells (12.1%) have expected count <5. The minimum expected count is 2.76. 
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    Table 6.28 Respondents major health hazard associated with drinking contaminated water 

Valid Frequency Percent Cumulative 

Percent 

Cholera 163 17.2 17.2 

Diarrhoea 184 19.4 36.5 

Typhoid 

fever 

581 61.2 97.7 

None 22 2.3 100.0 

Total 950 100.0  

 

Table 6.29 represent a cross tabulation of water source with health hazard associated with 

drinking contaminated water. Some respondents with borehole as a source of supply have 

cholera and diarrhoea.  Many respondents with well water as source of supply have typhoid 

fever, while few respondents with rainwater as source of supply have typhoid fever. A chi-

square test determined the degree of association between sources of water supply and 

associated health hazard. Table 6.30 shows a strong significant relationship between the two 

variables (p <0.05). 

 

Table 6.29 Respondents sources of water supply cross tabulation with major health hazards associated 

with drinking contaminated water 

Respondents 

Sources of 

Water Supply 

Respondents Major Health Hazard Associated 

with taken Contaminated Water 

 

Cholera Diarrhoea Typhoid fever None Total 

Main supply 8 11 21 1 41 

Well water 100 126 339 14 579 

Stream/river 6 9 7 0 22 

Rainwater 13 2 48 0 63 

Tank/truck 

vendors 

3 3 19 2 27 

Borehole 33 33 147 5 218 

Total 163 184 581 22 950 
 

6.4.6.4 Respondents cost availability for yearly routine maintenance of RWH system  

Table 6.31 reveals a lower proportion of respondents can afford N10,100 -N12,500 per year, 

while several of respondents can afford N2500-5000. Some respondents can afford N5000-

7,500, while a few can afford N7600 -10,000 per year. Ability to pay is an important factor in 

implementing a RWHS. The whole life cost, maintenance cost and detailed breakdown of 
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long-term costs of systems need to be investigated to know the payback period and arrive at 

conclusions on cost effectiveness.   

 

Table 6.32 represents a cross tabulation of households monthly income range with yearly 

routine maintenance cost affordability. Some respondents earning <10,000N can afford 

2,500-5,000N for routine maintenance of RWHS. Some respondents in the mid-income range 

(31,000-100,000 N) can afford 5,100-7,500 N, while few respondents in the high income 

range can afford >12,500 for routine maintenance. A chi-square test was performed to 

determine the degree of association between respondents cost affordability for yearly routine 

maintenance and monthly income range. Table 6.33 shows a strong significant relationship 

between the two variables, (p <0.05). 

 

Table 6.30 Chi-Square tests results for relationship between water supply sources and related health 

hazards 

 Value Df Asymp.Sig. (2-sided) 

(P) 

Pearson Chi-Square 36.171
a
 15 0.002 

Likelihood Ratio 40.865 15 <0.001 

Linear-by-Linear 

Association 

5.083 1 0.024 

N of Valid Cases 950   

a. 7 cells (29.2%) have expected count <5. The minimum expected count is 0.51. 

 
     Table 6.31 Respondents available cost for yearly routine maintenance 

Respondent 

Cost 

Availability 

(Naira) 

Frequency Percent Cumulative Percent 

2,500-5,000 670 70.5 70.5 

5,100-7,500 156 16.4 86.9 

7,600-10,000 81 8.5 95.5 

10,100-12,500 24 2.5 98.0 
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>12,500 19 2.0 100.0 

Total 950 100.0  

 
Table 6.32 Respondents cost affordability for yearly routine maintenance cross tabulation with 

monthly income range 

Respondent 

Cost 

Availability  

(Naira) 

Respondent Monthly Income Range (Naira, 000) 

 

<10 

 

10-30 

 

 

31-100 

 

101-150 

 

 

151-200 

 

 

>200 

Total 

2,500-5,000 240 215 155 32 15 13 670 

5,100-7,500 31 44 52 17 9 3 156 

7,600-10,000 13 13 24 17 10 4 81 

10,100-12,500 4 6 5 2 3 4 24 

>12,500 2 2 5 1 6 3 19 

Total 290 280 241 69 43 27 950 

 

Table 6.33 Chi-Square tests for relationship between cost affordability for yearly routine maintenance 

cost and monthly income range 

 Value Df Asymp. Sig. (2-sided) 

(P) 

Pearson Chi-Square 150.567
a
 20 <0.001 

Likelihood Ratio 113.069 20 <0.001 

Linear-by-Linear 

Association 

97.317 1 <0.001 

N of Valid cases 950   
10 cells (33.3%) have expected count <5. The minimum expected count is 0.54. 

 

6.5 Analysis of Variance (ANOVA) 

6.5.1 General linear model 

Statistically, the general linear model (GLM) is represented by the linear model: 

 Y = XB +U 

where:  

Y is a matrix with series of multivariate measurements.  

X is a design matrix.  

B is a matrix containing parameters that are usually to be estimated.   

U is a matrix containing errors.  
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Several statistical models are incorporated in the general model, such as ANOVA, ordinary 

regression, F-test and t-test. The model can also be referred to as multiple regression models 

(Mardia et al., 1979), where there is only one column in Y (i.e. one dependent variable). 

Hypotheses can be tested using the general linear model in two ways: multivariate and mass-

univariate. The data generated from the questionnaire survey were mostly ordinal in nature 

(responses were rating measured variables on Likert scale). A test of normality was initially 

carried out on this group of data, which showed that the data were normally distributed. 

Analysis of such rating data was carried out using Analysis of Variance (ANOVA) (Tonglet 

et al., 2004).   

 

6.5.2 Analysis of responses: barriers to sustainable rainwater harvesting Regime 

Multivariate analysis was used to conduct a between subjects analysis of barriers to 

sustainable RWH in Ibadan. A breakdown of responses received on the question is as 

outlined in Table 6.34. N represents the number of responses per factor. Table 6.35 is an 

SPSS analysis output showing three key descriptive parameters: mean, standard deviation and 

number of responses (N) for the listed barriers affecting sustainable RWH regime in the City.  

 

     Table 6.34 Between-subject factors 

Valid Value label N 

1 Owner-occupier 165 

2 Shared-owner 73 

3 Private-tenant 323 

 

In Table 6.35 column 1 lists the 12 identified barriers affecting sustainable RWH regime in 

the City, while column 2 and 3 are lists of corresponding respondents and mean values, 

respectively. On barrier no. 1, “water policies lack strategies for action” is weak. Owner-

occupier ranked this barrier at 4.28, while shared-owners ranked the same barrier much higher 

at 4.32. Private tenants, on the other hand, ranked this barrier much lower than both groups at 

4.13. Calculated mean rank for this barrier is 4.20. Standard deviations (SD) are generally 

homogeneous at ~1.9.  
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On barrier no. 2, “lack of framework for alternative water supply in the City”, owner-

occupiers ranked this barrier at 4.38. Shared-owner on the other hand ranked it much higher 

at 4.74. Private tenants ranked it slightly lower at 4.37. Calculated mean rank of the barrier is 

4.42. SD from the mean is generally homogeneous at ~1.9. 

 

On barrier no. 3 “Lack of laws to regulate water management”, owner-occupiers ranked this 

barrier at 4.21, shared-owners 4.19, while private tenants ranked it slightly higher at 4.50. 

Calculated mean rank of the barrier is 4.38. SD is ~2.0. 

 

On barrier no. 4 “Topography of the City makes water supply distribution difficult”, Owner-

occupiers ranked this barrier as 4.39 and shared-owners ranked it at 4.08. Private-tenants 

however ranked it slightly higher at 4.55. Calculated mean rank of the barrier is 4.44. SD is 

~2.0. 

 

On barrier no. 5, “Large catchment area/storage facilities make RWH difficult to implement”. 

Owner-occupiers ranked this barrier at 4.25, while shared-owner ranked it at level 3.99. 

Private tenants, however, ranked it slightly higher at 4.36. Calculated mean rank of the barrier 

is 4.28 and SD is ~2.1. 

 

On barrier no. 6, “Availability of water from other sources during the wet season discourages 

expensive investment in alternative water supply methods”. Owner-occupiers ranked this 

barrier at 4.52, shared-owners, 3.92, while private tenants ranked it slightly higher at 4.55. 

Calculated mean rank of the barrier is 4.46. SD is generally homogeneous, at ~2.0. 

 

On barrier no. 7, “Relative cheapness of water from other sources compared to pipe-borne 

water” is weak. Owner-occupiers ranked this barrier at 4.48, while shared-owners ranked it 

slightly lower at 4.05. Owner-occupiers, however, ranked it at 3.98. Calculated mean rank of 

the barrier is 4.14. SD is ~2.0. 

 

On barrier no. 8, “Limited funds available” are weak. Owner-occupiers ranked the barrier at 

4.55, while shared-owners ranked this barrier slightly lower at 4.53. Private tenants ranked it 

at 4.39. Calculated mean rank of the barrier is 4.45. SD is ~2.0. 
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On barrier no. 9 “Misuse of available funds”. Owner-occupiers ranked this barrier at 4.48, 

shared-owners ranked it at 5.00, while private tenants ranked it at 4.76. Calculated mean rank 

of the barrier is 4.71. SD is ~1.8. 

 

On barrier no. 10 “Public education on water management” is strong. Owner-occupiers 

ranked this barrier at level 4.55, while shared-owners ranked the barrier at 4.66. Private 

tenants ranked it at 4.77. Calculated mean rank of the barrier is 4.69. SD is ~1.9. 

  

On barrier no. 11 ”Poor remuneration of Water Corporation staff” is strong. Owner-occupiers 

ranked this barrier as 4.80, shared-owners, ranked it at 5.10. Private tenants ranked it at 4.66. 

Calculated mean rank of the barrier is 4.76. SD is ~1.9. 

 

On barrier no. 12 “Operational equipment is obsolete and insufficient”. Owner-occupiers 

ranked this barrier at 4.90, shared-owners, however, ranked it at 5.15. Private tenants ranked 

it at 4.78. Calculated mean rank of the barrier is 4.86. SD is ~1.7. 

 

Appendix 5 is an Analysis of Variance between the three groups. Each item in the model is 

tested for its ability to account for variation in the dependent variables. The sample size is 

represented by N, degree of freedom; df is (N-1), while the ratio of mean square deviation is 

given as the F statistic. The significance level (P), for each term is P <0.05. 

  

     Table 6.35 Descriptive statistical analysis of barriers affecting sustainable RWH regime 

Barriers Type of respondent N Mean Std. Deviation 

Water Policies are 

weak 

Owner-occupier 

Shared_Owner 

Private tenant 

Total 

165 

73 

323 

561 

4.285 

4.315 

4.133 

4.201 

2.012 

2.081 

1.868 

1.938 

Lack of Framework Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.382 

4.740 

4.368 

4.421 

2.032 

2.021 

1.889 

1.950 
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Lack of Water 

Management Laws 

Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.206 

4.192 

4.505 

4.376 

2.108 

2.113 

1.918 

2.003 

City Topography Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.388 

4.082 

4.554 

4.444 

2.094 

2.216 

1.951 

2.032 

Large Catchment 

Area 

Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.255 

3.986 

4.356 

4.278 

2.071 

2.252 

2.005 

2.057 

Water Availability of  

Other Sources 

Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.521 

3.918 

4.551 

4.460 

1.956 

2.197 

2.005 

2.057 

Cheapness of other 

Water Sources 

Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.485 

4.055 

3.981 

4.139 

2.002 

2.074 

2.017 

2.029 

Limited Funds Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.546 

4.534 

4.387 

4.453 

1.955 

2.128 

1.913 

1.953 

Misuse of Funds Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.485 

5.000 

4.765 

4.713 

1.937 

1.740 

1.766 

1.819 
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Low Public Education 

on Water 

Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.552 

4.658 

4.774 

4.693 

1.949 

1.945 

1.844 

1.888 

Poor Renumeration of  

Corporation Staff 

Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.800 

5.096 

4.656 

4.756 

1.926 

1.879 

1.859 

1.884 

Obsolete and 

Insufficient 

Equipment 

Owner-occupier 

Shared-owner 

Private tenant 

Total 

165 

73 

323 

561 

4.897 

5.151 

4.783 

4.865 

1.769 

1.506 

1.740 

1.722 

 

Table 6.36 displays the model-estimated marginal means and standard errors at 95% 

confidence interval. The table explores the interaction effect between the dependent variables 

(barriers) and respondent groups. The upper and lower values for each variable have been 

estimated and the mean calculated. Table 6.37 is an outline of grand means for each 

dependent variable (barrier) at 95% confidence level, while Figure 6.1 is a graphical plot of 

calculated grand mean values against dependent variables. Table 6.38 ranks these barriers by 

order of importance (i.e. magnitude of grand mean values). From Figure 6.1 and Table 6.38, 

the most important barrier constraining sustainable RWH regime in Ibadan (No. 1) is that 

operational equipment is obsolete and insufficient. Equally, the least important barrier (No. 

12) constraining sustainable RWH is the cheapness of water from other sources compared to 

pipe-borne water. 

A Tukey HSD post-hoc test was carried out (Appendix 5) to ascertain at what points the 

variances discussed in the test of between subjects (Table 6.34) occurred. Appendix 5 

outlines results of this post-hoc test. Column 2 and 3 represent the pairs of factors tested. 

Where P <0.05, variation is statistically significant. 

From Appendix 5, it can be seen that on the variable there were significant variation in the 

entire three respondent groups was “water availability from other sources” (Shared-owners, 

Private tenants, and Owner-occupiers). On the variable “Cheapness of water from other 
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sources” statistically significant variations in responses were found between private tenants 

and owner-occupiers. Variations between owner-occupiers and shared-owners were 

insignificant.  

Post-hoc tests found no significant variation between the respondent groups for the variables 

“water policies lack strategies for action“, or “lack of framework for alternative water 

supply”. Responses to the variable “large catchment/storage facility makes RWH difficult to 

implement”, showed no significant variation between owner-occupiers and shared-owners. 

 

     Table 6.36 Model estimated marginal means and standard error 

Dependent Variable Type of 

respondent 

Mean Std. 

Error 

95% Confidence 

Interval for Mean 

Lower 

bound 

Upper 

bound 

Water Policies Owner-occupier 

Shared-owner 

Private tenant 

4.285 

4.315 

4.133 

0.157 

0.244 

0.104 

3.976 

3.830 

3.929 

4.594 

4.801 

4.338 

Lack of Framework Owner-occupier 

Shared-owner 

Private tenant 

4.382 

4.740 

4.368 

0.158 

0.237 

0.105 

4.070 

4.268 

4.162 

4.694 

5.211 

4.575 

Lack of Water Management 

Laws 

Owner-occupier 

Shared-owner 

Private tenant 

4.206 

4.192 

4.505 

0.164 

0.247 

0.107 

3.882 

3.699 

4.295 

4.530 

4.685 

4.715 

City Topography Owner-occupier 

Shared-owner 

Private tenant 

4.388 

4.082 

4.554 

0.163 

0.259 

0.109 

4.066 

3.565 

4.341 

4.710 

4.599 

4.768 

Large Catchment Area Owner-occupier 

Shared-owner 

Private tenant 

4.255 

3.986 

4.356 

0.161 

0.264 

0.112 

3.936 

3.461 

4.137 

4.573 

4.512 

4.576 

Water Availability of Other 

Sources 

Owner-occupier 

Shared-owner 

Private tenant 

4.521 

3.918 

4.551 

0.152 

0.257 

0.109 

4.221 

3.405 

4.339 

4.822 

4.430 

4.763 

Cheapness of Water from 

Other Sources 

Owner-occupier 

Shared-owner 

Private tenant 

4.485 

4.055 

3.981 

0.156 

0.243 

0.112 

4.177 

3.571 

3.761 

4.793 

4.539 

4.202 

Limited Funds Owner-occupier 

Shared-owner 

Private tenant 

4.546 

4.534 

4.387 

0.152 

0.249 

0.106 

4.245 

4.038 

4.178 

4.846 

5.031 

4.596 

Misuse of Funds Owner-occupier 

Shared-owner 

Private tenant 

4.485 

5.000 

4.765 

0.151 

0.204 

0.098 

4.187 

4.594 

4.571 

4.783 

5.406 

4.958 

Low Public Education on Owner-occupier 4.552 0.152 4.252 4.851 
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Water Shared-owner 

Private tenant 
4.658 

4.774 

0.228 

0.103 

4.204 

4.572 

5.111 

4.976 

Poor Renumeration of  

Corporation Staff 

Owner-occupier 

Shared-owner 

Private tenant 

4.800 

5.096 

4.656 

0.150 

0.220 

0.103 

4.504 

4.657 

4.453 

5.096 

5.534 

4.860 

Obsolete and Insufficient 

Equipment 

Owner-occupier 

Shared-owner 

Private tenant 

4.897 

5.151 

4.783 

0.137 

0.176 

0.097 

4.625 

4.799 

4.593 

5.169 

5.502 

4.974 

 

     Table 6.37 Outline of grand mean for each dependent variable (barrier) 

Dependent variable  95% Confidence 

Interval 

Mean Std. Error Lower 

bound 

Upper 

bound 

Water Policies 4.201 0.082 4.041 4.362 

Lack of Framework 4.421 0.082 4.259 4.582 

Lack of Water Management 

Laws 

4.376 0.085 4.210 4.542 

City Topography 4.444 0.086 4.275 4.612 

Large Catchment Area 4.278 0.087 4.107 4.449 

Water Availability of Other 

Sources 

4.460 0.839 4.295 4.625 

Cheapness of Water from 

Other Sources 

4.139 0.0857 3.971 4.307 

Limited Funds 4.453 0.082 4.291 4.615 

Misuse of Funds 4.713 0.077 4.562 4.864 

Low Public Education on 

Water 

4.693 0.080 4.537 4.850 

Poor Renumeration of 

Corporation Staff 

4.756 0.080 4.600 4.912 

Obsolete and Insufficient 

Equipment 

4.865 0.073 4.722 5.007 
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Figure 6.1 Graphical plot of barriers affecting sustainable RWH 

 

    Table 6.38 Ranking of barriers by order of importance 

 Barriers Mean (rank) 

1. Obsolete and insufficient equipment  

4.865 

2. Poor renumeration of Corporation staff  

4.756 

3. Misuse of available funds 4.713 

4. Public education on water management  

is low 

 

4.693 

5. 

 

Availability of water from other sources 

discourages expensive investment 

 

4.460 

6. Limited funds available 4.453 

7. 

 

City topography makes water supply  

distribution difficult 

 

4.444 

3.6
3.8

4
4.2
4.4
4.6
4.8

5

Obsolete
equipment

Poor renumeration
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Low public
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City topographyLack of framework

Lack of water
management laws
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Water policies

Cheapness of water
from other sources

Mean rank 
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8. 

 

Lack of framework for alternative water 

Supply 

 

4.421 

9. Lack of water management laws 4.376 

10.  

 

Large catchment area/storage makes RWH 

difficult. 

 

          4.278 

11. Water policies lack strategies for action 4.201 

12.  Cheapness of water from other sources compared 

to pipe-borne water 

 

4.139 

 

6.6 Questionnaire II 

Questionnaire II investigates the environmental engineering barriers of RWH. This 

information is needed to develop a decision support system for evaluating RWH methods 

using Multi-attribute utility theory. 

 

6.6.1 Measuring the importance weightings of the selection attributes of alternatives RWH-

based water supply systems 

The first quantitative data set of the questionnaire generated data on the ordinal rating for the 

selection attributes of RWH-based water supply system (Appendix 3B). This is converted to 

importance rating (IR) which is the median value of the indexes derived using equation 6.1. 

The response of architects and civil engineers were analysed using SPSS. 

IR = j     

        5 ...................................................................................(6.1) 

where: 

j is the likert scale integer j. 

3 is the number of integers on the Likert scale. 

 

6.6.1.1 Descriptive statistics: Median index values 

In order to maintain the ordering of categories in the summary figures and in line with the 

consideration of Likert data as ordinal, median values are employed as the measure of central 
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tendency. The median values for both importance rating and importance ranking for the 

selection attributes are shown in Table 6.39. Although cost was rated among the selection 

attributes in the questionnaire (Appendix 3B), it was excluded from further analysis because 

the measures of the consequences of alternative RWHS that would be going into multi-

attribute utility function (Chapter 4) are expected costs. Hence, the importance weight of cost 

would not be considered in the multi-attribute utility theory, since the expected costs of all 

the alternatives are compared with respect to other selection attributes, namely storage 

estimate, water assurance, storage capacity, site location, area utilisation, risk of catastrophic 

structural failure, impact of catastrophic structural failure, ground area, evaporation loss, 

seepage loss, inspection and repair, water quality, construction cost, pumping cost, 

maintenance cost, unit cost, payback period and system stabilisation. 

 

    Table 6.39 Importance ratings (IR) of selection attributes (n=92 observation) 

Selection attributes Median 

Storage estimate 4.0 

Water assurance 4.0 

Storage capacity 4.5 

Site location 4.0 

Area utilisation 4.0 

Risk of structural failure 4.0 

Impact of structure failure 4.0 

Ground area 4.0 

Evaporation loss 3.0 

Seepage loss 3.0 

Inspection and repair 4.0 

Water quality 4.0 

Construction cost 4.0 

Pumping cost 4.0 

Maintenance cost 4.0 

Unit cost 4.0 

Payback period 4.0 

System stabilisation  3.0 

 

6.6.1.2 Importance weightings 

The importance weightings of the selection attributes were calculated by averaging IR, as 

shown in equation 6.2. Researchers in construction management surveys (Jennings and Holt, 

1998, Carmichael et al., 2007) have used this method of combining weightings of two input 
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perception measures. The importance weightings of the selection attributes were then 

normalised by adding them together and dividing each weighting by the total. The normalised 

weightings which sum up to 1 form part of the input data of the integrated decision analysis 

framework model. 

    Wi = 0.5(IR) + 0.5(RR)..................................................(6.2) 

The IR which is a relative measure of perception ranges from 0.2 (the least rating index i.e. 

1/5) to 1.0 (the highest rating index i.e. 5/5).  The RR which is also a relative measure of 

perception ranges from 0.125 (the least ranking index i.e. 1/8) to 1.0 (the highest ranking 

index i.e. 8/8). Table 5.40 shows the weightings Wi and the rankings according to the values 

of Wi  for all the selection attributes, which range from a minimum value of ([IR = 0.2 + RR 

= 0.125]/2) to the highest level of importance index of 1. The table shows that storage 

capacity is the most important attribute (Wi = 0.06), while evaporation, seepage and system 

stabilisation tie as the least important attributes (Wi = 0.04). 

 

    Table 6.40 Importance weightings of selection attribute 

Selection attribute Weightings Normalised 

weightings 

Rank 

Storage estimate 4 0.0576 2 

Water assurance 4 0.0576 2 

Storage capacity 4.5 0.0647 1 

Site location 4 0.0576 2 

Area utilisation 4 0.0576 2 

Risk structural 

failure 

4 0.0576 2 

Impact structural 

failure 

4 0.0576 2 

Ground area 4 0.0576 2 

Evaporation loss 3 0.0432 3 

Seepage loss 3 0.0432 3 

Feasibility of 

inspection and 

repair 

4 0.0576 2 

Water quality 4 0.0576 2 

Construction cost 4 0.0576 2 

Pumping cost 4 0.0576 2 

Maintenance cost 4 0.0576 2 

Unit cost 4 0.0576 2 

Payback period 4 0.0576 2 
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System 

stabilisation 

3 0.0432 3 

 

6.6.1.3 Inferential statistics of the selection attributes 

Chi-Square test was conducted on the selection attributes of the alternative RWH-based water 

supply systems to analyse the pattern of responses on the attributes in the population, starting 

with the hypothesis which states that percentages for the categories are equally distributed for 

each attribute in the population. Table 6.41 shows that there are differences between expected 

(null hypothesis) and the observed. Table 6.42 shows that the differences between the 

observed and expected are significant. This implied that there was sufficient evidence that the 

null hypothesis should be rejected.   

 

    Table 6.41 Frequencies of the importance ratings (IR) of selection attributes 

Attributes IR Observed Expected 

Storage estimate 1 2 18.4 

 2 1 18.4 

 3 7 18.4 

 4 41 18.4 

 5 41 18.4 

Water assurance 1 1 18.4 

 2 3 18.4 

 3 7 18.4 

 4 37 18.4 

 5 44 18.4 

Storage capacity 3 7 30.7 

 4 39 30.7 

 5 46 30.7 

Site location 1 1 18.4 

 2 9 18.4 

 3 25 18.4 

 4 33 18.4 

 5 24 18.4 

Area utilisation 1 2 18.4 

 2 6 18.4 

 3 22 18.4 

 4 35 18.4 

 5 27 18.4 

Risk of structural failure 1 3 18.4 

 2 12 18.4 
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 3 16 18.4 

 4 33 18.4 

 5 28 18.4 

Impact of structural 

failure 

1 5 18.4 

 2 5 18.4 

 3 19 18.4 

 4 35 18.4 

 5 28 18.4 

Ground area 1 2 18.4 

 2 13 18.4 

 3 17 18.4 

 4 43 18.4 

 5 17 18.4 

Evaporation loss 1 7 18.4 

 2 27 18.4 

 3 30 18.4 

 4 20 18.4 

 5 8 18.4 

Seepage loss 1 8 18.4 

 2 16 18.4 

 3 33 18.4 

 4 23 18.4 

 5 12 18.4 

Feasibility of inspection 

and repair 

1 2 18.4 

 2 3 18.4 

 3 20 18.4 

 4 50 18.4 

 5 17 18.4 

Water quality 1 1 18.4 

 2 3 18.4 

 3 10 18.4 

 4 36 18.4 

 5 42 18.4 

Construction cost 3 21 30.7 

 4 49 30.7 

 5 22 30.7 

Pumping cost 2 7 23.0 

 3 30 23.0 

 4 43 23.0 

 5 12 23.0 

Maintenance cost 2 6 23.0 

 3 30 23.0 

 4 37 23.0 

 5 19 23.0 
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Unit cost 1 1 18.4 

 2 6 18.4 

 3 36 18.4 

 4 35 18.4 

 5 14 18.4 

Payback period 1 1 18.4 

 2 11 18.4 

 3 30 18.4 

 4 31 18.4 

 5 19 18.4 

System stabilisation 1 1 18.4 

 2 18 18.4 

 3 33 18.4 

 4 27 18.4 

 5 13 18.4 

 

    Table 6.42 Chi-square test statistics for importance ratings of selection attributes 

Attributes Ratings 

 Chi-Square Asymp. Sig. (p) 

Storage estimate 93.652 <0.001 

Water assurance 90.826 <0.001 

Storage capacity 28.196 <0.001 

Site location 36.913 <0.001 

Area utilisation 42.674 <0.001 

Risk structural failure 32.022 <0.001 

Impact structural failure 39.522 <0.001 

Ground area 49.304 <0.001 

Evaporation loss 24.413 <0.001 

Seepage loss 21.152 <0.001 

Feasibility of inspection  82.022 <0.001 

Water quality 80.283 <0.001 

Construction cost 16.457 <0.001 

Pumping cost 35.913 <0.001 

Maintenance cost 23.913 <0.001 

Unit cost 57.674 <0.001 

Payback period 35.391 <0.001 

System stabilisation 33.652 <0.001 

 

6.6.2 Measuring the scores of alternatives with respect to attributes 

The second quantitative set of the questionnaire generated data on scores of alternatives with 

respect to qualitative attributes, such as storage estimate, location of site/physical condition, 

inspection and repair feasibility, water assurance, area utilisation, water quality, risk/impact 
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structural failure, evaporation/seepage loss and system stabilisation.  Questionnaire responses 

were analysed using SPSS. Table 6.43 shows the rating index of factors contributing to the 

problems of RWHS in the water sector. The frequency table shows that the factor with the 

highest score is not necessary the most frequent.  

 

6.6.2.1 Inferential statistics of the scores of alternatives with respect to attributes 

Chi-Square test was conducted on the scores of the alternative RWH-based water supply 

systems to analyse the pattern of responses of the attributes in the population, starting with 

the hypothesis which states that percentages for the categories are equally distributed for each 

attribute in the population. Table 6.44 shows that there is difference between expected (null 

hypothesis) and observed. Table 6.45 shows that the differences between observed and 

expected are significant with the only significance above p <0.05 being p <0.1 for importance 

weightings of ‘system stabilisation’ attribute. This implied that there was sufficient evidence 

that the null hypothesis should be rejected. 

   

6.6.3 Validity and reliability of findings 

In the questionnaire survey, the higher the reliability of the scale, the easier it is to obtain 

significant findings (DeCoster and Claypool, 2004). The consistent rejection of the null 

hypotheses in the inferential tests showed the significance of the findings and demonstrated 

the reliability of the sample. For almost all the variables measured in the questionnaire 

survey, the Chi-Square test showed that the sample is significant at p<0.05. The few 

exceptions in the Chi-Square tests include ‘area utilisation rate’ (p = 0.306); However, this is 

1 out of 36 Chi-square tests carried out on the surveyed data. Hence, it can be inferred that 

the sample applied in this research is representative of the population. Furthermore, the 

findings agree with existing studies (Jothiprakash and Sathe, 2009). This demonstrates the 

criterion validity of the findings (Section 6.8). The criterion validity is how related a new 

measure of a concept is to the existing measures of the concept (Black et al., 2000; De Vaus, 

2002).  
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6.6.4 Discussion of findings 

The data have been analysed and the statistical interpretation of the findings is presented in 

Sections 6.6. This section presents the discussion of the findings as they relate to existing 

information in water sector research. 

 

         Table 6.43 Ratings of selection attributes (n=92 valid observations) 

Selection attributes Median 

Certain rate of storage estimate 

RCC 

Surface 

Ground 

 

4 

3 

3 

Impact rate of site location 

RCC 

Surface 

Ground 

 

3 

4 

4 

Feasibility rate of inspection and repair 

RCC 

Surface 

Ground 

 

4 

4 

3 

Assurance rate of stored water 

RCC 

Surface 

Ground 

 

4 

3 

3 

Area utilisation rate after construction 

RCC 

Surface 

Ground 

 

2 

3 

2 

Contamination rate of water 

RCC 

Surface 

Ground 

 

2.5 

4 

3 

Risk rate of structural failure 

RCC 

Surface 

Ground 

 

3 

4 

3 

Impact rate of structural failure 

RCC 

Surface 

Ground 

 

3 

3.5 

3 

Rate of loss due to evaporation 

RCC 

Surface 

Ground 

 

1 

5 

1 
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           Table 6.44 Frequency of ratings of scores of alternatives with respect to attributes 

Attributes IR Observed Expected 

Certainty storage estimate _RCC  1 2 18.4 

(RCC = reinforced concrete cement) 2 7 18.4 

 3 21 18.4 

 4 41 18.4 

 5 21 18.4 

Certainty storage estimate _Surface 2 15 23.0 

 3 39 23.0 

 4 24 23.0 

 5 14 23.0 

Certainty storage estimate _Ground 1 5 18.4 

 2 18 18.4 

 3 36 18.4 

 4 22 18.4 

 5 11 18.4 

Impact rate of site location _RCC 1 11 18.4 

 2 17 18.4 

 3 33 18.4 

 4 22 18.4 

 5 9 18.4 

Impact rate of site location _Surface 1 2 18.4 

 2 12 18.4 

 3 19 18.4 

 4 39 18.4 

 5 20 18.4 

Impact rate of site location _Ground 1 4 18.4 

 2 12 18.4 

 3 25 18.4 

 4 28 18.4 

 5 23 18.4 

Feasibility rate of inspection and repair 

_RCC  

1 3 18.4 

 2 11 18.4 

 3 27 18.4 

Rate of loss due to seepage 

RCC 

Surface 

Ground 

 

1 

1 

5 

Rate of stabilisation of the system 

RCC 

Surface 

Ground 

 

2 

3 

5 
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 4 37 18.4 

 5 14 18.4 

Feasibility rate of inspection and repair 

_Surface 

1 2 18.4 

 2 15 18.4 

 3 28 18.4 

 4 26 18.4 

 5 21 18.4 

Feasibility rate of inspection and repair 

_Ground 

1 4 18.4 

 2 17 18.4 

 3 33 18.4 

 4 29 18.4 

 5 9 18.4 

Assurance rate _RCC 1 2 18.4 

 2 9 18.4 

 3 18 18.4 

 4 45 18.4 

 5 18 18.4 

Assurance rate _Surface 2 15 23.0 

 3 42 23.0 

 4 27 23.0 

 5 8 23.0 

Assurance rate _Ground 2 11 23.0 

 3 39 23.0 

 4 31 23.0 

 5 11 23.0 

Area utilisation rate _RCC 1 24 23.0 

 2 34 23.0 

 3 33 23.0 

 4 1 23.0 

Area utilisation rate _ Surface 1 8 30.7 

 2 37 30.7 

 3 47 30.7 

Area utilisation rate _Ground 1 30 30.7 

 2 37 30.7 

 3 25 30.7 

Contamination rate _RCC 1 5 18.4 

 2 41 18.4 

 3 32 18.4 

 4 10 18.4 

 5 4 18.4 

Contamination rate _Surface 2 2 23.0 

 3 17 23.0 

 4 38 23.0 

 5 35 23.0 
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Contamination rate _Ground 1 2 18.4 

 2 21 18.4 

 3 30 18.4 

 4 22 18.4 

 5 17 18.4 

Risk rate _Structural failure _RCC 1 11 18.4 

 2 18 18.4 

 3 32 18.4 

 4 25 18.4 

 5 6 18.4 

Risk rate _ Structural failure _Surface 1 1 18.4 

 2 20 18.4 

 3 22 18.4 

 4 31 18.4 

 5 18 18.4 

Risk rate _ Structural failure _Ground 1 9 18.4 

 2 23 18.4 

 3 26 18.4 

 4 23 18.4 

 5 11 18.4 

Impact rate _ Structural failure _RCC 1 11 18.4 

 2 26 18.4 

 3 21 18.4 

 4 30 18.4 

 5 4 18.4 

Impact rate _ Structural failure _ Surface 1 1 18.4 

 2 11 18.4 

 3 34 18.4 

 4 32 18.4 

 5 14 18.4 

Impact rate _ Structural failure _ Ground 1 2 18.4 

 2 28 18.4 

 3 30 18.4 

 4 22 18.4 

 5 10 18.4 

Loss rate _Evaporation _ RCC 1 68 30.7 

 2 18 30.7 

 3 6 30.7 

Loss rate _ Evaporation _ Surface 3 7 30.7 

 4 17 30.7 

 5 68 30.7 

Loss rate _ Evaporation _ Ground 1 68 30.7 

 2 17 30.7 

 3 7 30.7 

Loss rate _ Seepage _RCC 1 68 30.7 
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 2 17 30.7 

 3 7 30.7 

Loss rate _ Seepage _ Surface 1 68 30.7 

 2 17 30.7 

 3 7 30.7 

Loss rate _ Seepage _ Ground 3 7 30.7 

 4 17 30.7 

 5 68 30.7 

Stabilisation rate _ RCC 1 23 30.7 

 2 62 30.7 

 3 7 30.7 

Stabilisation rate _ Surface 1 23 30.7 

 2 62 30.7 

 3 7 30.7 

Stabilisation rate _ Ground 1 7 30.7 

 2 23 30.7 

 3 62 30.7 

 

     Table 6.45 Chi-square test statistics of scores of alternatives with respect to attributes 

Attributes Rating 

 Chi-

Square 

Asymp. Sig. (p) 

Certainty of storage estimate _RCC 50.174 <0.001 

Certainty of storage estimate _Surface 17.478 <0.001 

Certainty of storage estimate _ Ground 30.283 <0.001 

Impact rate _ site location _ RCC 20.174 <0.001 

Impact rate _ site location _ Surface 40.065 <0.001 

Impact rate _ site location _ Ground 22.022 <0.001 

Feasibility rate _inspection and repair 

_RCC  

39.739 <0.001 

Feasibility rate _inspection and repair _ 

Surface 

23.761 <0.001 

Feasibility rate _inspection and repair _ 

Ground 

33.870 <0.001 

Assurance rate _ stored water _ RCC 57.891 <0.001 

Assurance rate _ stored water _ Surface 28.957 <0.001 

Assurance rate _ stored water _ Ground 26.435 <0.001 

Area utilisation rate _ RCC 30.696 <0.001 

Area utilisation rate _ Surface 26.761 <0.001 

Area utilisation rate _ Ground 2.370 <0.306 

Contamination rate _ RCC 62.674 <0.001 

Contamination rate _ Surface 36.783 <0.001 

Contamination rate _ Ground 23.109 <0.001 

Risk rate _ structural failure _RCC 23.761 <0.001 
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Risk rate _ structural failure _ Surface 25.935 <0.001 

Risk rate _ structural failure _ Ground 13.217 <0.001 

Impact rate _ structural failure _ RCC 25.065 <0.001 

Impact rate _ structural failure _ Surface 43.761 <0.001 

Impact rate _ structural failure _ Ground 31.478 <0.001 

Loss rate _ evaporation _ RCC 70.522 <0.001 

Loss rate _ evaporation _ Surface 69.804 <0.001 

Loss rate _ evaporation _ Ground 69.804 <0.001 

Loss rate _ seepage _ RCC 69.804 <0.001 

Loss rate _ seepage _ Surface 69.804 <0.001 

Loss rate _ seepage _ Ground 69.804 <0.001 

Stabilisation rate _ RCC 52.196 <0.001 

Stabilisation rate _ Surface 52.196 <0.001 

Stabilisation rate _ Ground 52.196 <0.001 

 

6.6.4.1 Importance of selection attributes of RWH-based water supply system 

The principal outcomes of the rating of selection attributes are the importance matrix in Table 

6.46 and the normalised weightings in Figure 6.2. Table 6.46 presents importance definition 

‘bandwidths’ that were calculated by equally dividing the range of Wi (4.5–0.163 = 4.337) by 

the five levels of importance categories to yield a width of 0.867 unit. For example, the ‘No 

Importance’ bandwidth in Table 6.46 includes Wi scores of 0.163-1.03 (0.163 + 0.867). In 

Table 6.46, none of the selection attributes of RWH-based water supply systems is 

unimportant based on the opinions of architects and civil engineers. The table shows that 

most attributes were extremely important (storage estimate, water assurance, storage 

capacity, site location, area utilisation, risk of structural failure, impact of structural failure, 

ground area, feasibility of inspection, water quality, construction cost, pumping cost, 

maintenance cost, unit cost and payback period). The other attributes (evaporation loss, 

seepage loss and system stabilisation) are less important.  

 

The measure of importance of storage capacity (highest score of 4.5) reflects the general 

inadequacy of storage, which is a major barrier to the adoption of RWH as a sustainable 

water management method. RWH studies in Nigeria have identified that most people empty 

their tanks mid-way into the dry season, suggesting that the current volume of tanks is 

inadequate for sustenance through the dry season (Oni et al., 2008; Onoja et al., 2010). The 

normalised weightings shown in Figure 6.2 were applied in the multi-attribute decision 
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analysis model to calculate overall multi-attribute utility values of the alternative RWH-based 

water supply systems. 

 

    Table 6.46 Importance matrix of selection attributes for RWH-based water supply systems 

No 

Importance 

(0.163-1.03) 

Little 

Importance 

(1.03-1.897) 

Moderate 

Importance 

(1.897- 2.764) 

Much 

Importance 

(2.764- 3.631) 

Extreme 

Importance 

(4.498) 

   Evaporation loss 

(3.00) 

Storage estimate 

(4.00) 

   Seepage loss 

(3.00) 

Water assurance 

(4.00) 

   System 

stabilisation 

(3.00) 

Storage capacity 

(4.50) 

    Site location 

(4.00 

    Area utilisation 

(4.00) 

    Risk of structural 

failure 

(4.00) 

    Impact of 

structural failure  

(4.00) 

    Ground area 

(4.00) 

    Feasibility of 

inspection and 

repair 

(4.00) 

    Water quality 

(4.00) 

    Construction cost 

(4.00) 

    Pumping cost 

(4.00) 

    Maintenance cost 

(4.00) 

    Unit cost  

(4.00) 

    Payback period 

(4.00) 
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Figure 6.2 Normalised weightings of selection attribute 

 

6.7 Focus group sessions 

To facilitate the discussion, focus group were held at both stakeholder and community based 

levels. The group discussions focus on current SWM in Ibadan and the barriers and 

opportunities available to adopt the global best practises to local conditions. 

 

6.8 Overview of barriers affecting sustainable rainwater harvesting in Ibadan 

Figure 6.3 is a diagrammatic representation of the main barriers affecting sustainable RWH in 

the City, as outlined by the FGD. The barriers fall into three main categories: environmental 

barriers, engineering/technical and socio-economic barriers.  

 

6.8.1 Environmental barriers 

Rainfall patterns vary and the intensity of rainfall is higher in the southern than in northern 

Nigeria (Odjugo, 2005). In Nigeria, where drinking water supply is unreliable (Egwari and 

Aboaba, 2002), low-cost alternative drinking water sold in polythene sachets is readily 

available, although there are concerns about their quality (CAMON, 2007). This is an 
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incentive for sachet water companies to develop (Kassenga, 2007) and a barrier against more 

costly, but sustainable, water supply alternatives. Moreover, the poorly planned nature of 

Nigerian households present added operational challenges, such as access constraints to 

ground areas for siting surface tanks by house-owners utilising >90% of their land in building 

houses.  

 

The participants are of the view that certainty of stored rainwater for use is hindered by 

factors such as seepage losses in recharge pits and environmental losses in surface systems. 

Hence, this hinders the possibility of having 100% of stored water available for use. 

Rainwater is prone to contamination from the point of collection, transportation and storage. 

The roof is usually contaminated by bird droppings and leaves. Corrosion of corrugated iron 

sheets is another barrier that was raised by the FGD. Corrosive effects of roofs lead to the 

release of Iron III into harvested rainwater. Even coating of long span roof with metals (such 

as aluminium, chromium and heavy metals) is envisaged to have health impacts, as all these 

metals dissolve in rainwater in the long-term. The view of the FGD was to reduce the level of 

contamination from the point of collection down to the point of storage and adequate water 

analysis should be carried out to investigate the level of contamination in order to arrange 

necessary treatment options. 

 

6.8.2 Engineering/technical barriers 

In the view of FGD, sustainable RWH in the City is still at a very rudimentary stage; as only 

traditional methods of collection are used (jerry cans, clay pots and buckets). A major barrier 

to its adoption is inadequate storage facilities (Onoja et al. 2010). The FGD recommended 

that the design criteria for RWH storage system should include user population and water 

demand. 

 

The occurrence of failures in storage systems was raised as a barrier, which is due to 

inadequate soil investigation (such as bearing capacity of the soil, the weight of water on the 

bearing soil) and soil lateral pressure. The FGD view the fact that not all failures are 

structural, but rather due to the society factor of non-implementation of drawing plans during 
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construction. Hence, most failures are not caused by engineers, but lack of implementation of 

the design on site. 

 

6.8.3 Socio-economic barriers 

Socio-economic issues in Ibadan constitute a major block of barriers affecting sustainable 

RWH. People struggle mostly with economic survival; environmental considerations are 

often dictated by the background of individual priority lists. Funds available to SWM are 

limited and are not always applied judiciously. Politically expedient solutions are sometimes 

adopted at the expense of well articulated programmes aimed at water conservation. The 

FGD are of the view that the cost of storage systems is a barrier to the implementation of 

RWHS. Although underground tanks have higher implementation costs than surface tanks, 

the surface area will be available for other purposes in contrast to surface system. 

 

In the core area of the City, people live more in a traditional setting of extended family 

structure, and individual land ownership is virtually impossible. Hence, it was recommended 

that in such settings storage systems should be designed for several families living together in 

an individual household (i.e. a community based system). 

 

6.9 Overview of success factors affecting sustainable rainwater harvesting 

Figure 6.4 is a diagrammatic representation of the success factors affecting sustainable RWH 

in the City outlined by the FGD. These factors fall into five main categories: (1) ground-

water sources (wells and boreholes) are suitable for potable use, (2) active informal 

household engagement in SWM can be further harnessed, (3) the large City population is a 

potential market for sachet/bottled water, (4) the recent emergence of small and medium scale 

enterprises and (5) the low cost of labour. 
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Figure 6.3 Barriers affecting sustainable rainwater harvesting in Ibadan
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Figure 6.4 Success factors affecting sustainable rainwater harvesting in Ibadan 

 

6.9.1 Public water supply is suitable for drinking 

For most communities, pipe-borne water from municipal water treatment plants is the most 

secure source of safe drinking water. However, most treatment facilities fail to meet the water 

requirements of the served community, due to corruption, poor maintenance, population 

pressure and pollution (Adekunle, 2008). 
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6.9.2 Ground-water sources are suitable for potable use 

Although ground-water source is high in mineral irvon content, the scarcity of piped water 

has led communities to search for alternative sources of water: ground-water to meet water 

requirements or make up the deficit (Adekunle, 2008). However, this source is prone to 

pollution caused by disposal of solid or liquid wastes in pits, abandoned boreholes and stream 

channels (Onunkwo and Uzoije, 2011). Due to the basic source of water in the City, certain 

management options, such as desalination, are less favoured. It is, however, the opinion of 

the FGD that SWM sources from the City were suitable for potable purposes. However, the 

FGD therefore advocated mainstreaming the households in this direction by encouraging 

small scale, low technology water production for urban water supply.  

 

6.9.3 Household sector is already active in SWM production 

The FGD estimated that ~60% of the water source in Ibadan is from ground-water sources. 

Well water is a common ground-water source for household in much of Nigeria and other 

African countries (Adelekan, 2010). In Ibadan, 41.4% of the urban populations are serviced 

with tube well water (SSN, 2008). The provision is carried out at individual (household) 

level, as many homes have wells sited around the house some distance from the septic tank. 

 

6.9.4 Large city population is a potential market for packaged water  

Ibadan City has a large population; it is the opinion of the FGD that this large and rapidly 

growing population is a potential market for bottled water, especially sachet water (Kjellen 

and McGranahan, 2006). Over 127 brands of packaged water are available in the city and the 

number is increasing. They are broadly classified according to the packages and price tag as 

follows (Ajayi et al., 2008):  

(i) Bottled water: This is usually manufactured and marketed by companies, both local 

and multi-national. These waters are from sources, such as natural springs or deep 

boreholes, and treated according to WHO drinking water standards by filtration and 

appropriate disinfection processes.    

(ii) Packaged water (A Type): They are popularly called ‘pure water’ and manufactured 

by small scale industries (either in garages or shaded areas). They are usually tagged 
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with a registered name and supposed to have been prepared under Government 

stipulated hygienic quality regulations. They are packed in plastic film sachets, 

sealed by heat at the production site and transported to various distribution points in 

open pick-up vans.  

(iii) Packaged water (B Type): These are popularly called ‘iced water’ and are prepared 

by individuals who pour any available water into the nylon/plastic film sachets, tie 

them manually and keep them under ice until sold. The common sources of water 

are streams and ponds, shallow wells, unprotected springs and boreholes. The FGD 

saw emergence of SMEs in the production of packaged water as potentially a major 

success affecting sustainable RWH in the City.   

 

6.9.5 Low cost of labour 

The past decade has witnessed high economic migration of people to Ibadan from various 

parts of Nigeria and beyond. A labour surplus has been created by net positive immigration, 

especially amongst youths in the City. Generally, youth unemployment has driven down the 

cost of labour in the City.  This has led to the emergence of water vendors as an alternative 

source of supply.   

 

6.10 Recommended strategy for sustainable rainwater harvesting 

Table 6.47 summarises identified barriers and success factors affecting sustainable RWH in 

Ibadan, as presented in the FGD, as well as prescribed strategies to achieve sustainable 

management. 

 

    Table 6.47 Barriers affecting sustainable RWH in Ibadan and strategies for overcoming barriers 

Barriers to best practise What can be done to overcome barriers 

Inadequate storage system.                               Household size should be considered design 

criteria.  

Structural failure of storage system. Storage system should be designed by 

professionals (engineers).                   

Huge cost of construction. Surface tanks are less cost-effective than 
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underground tanks. 

Contamination effect of rainwater. Allow ~15 minutes first flush before 

rainwater collection. 

Loss due to seepage/evaporation in 

surface system. 

Design criteria should consider losses due to 

seepage and evaporation. 

Lack of access to underground tank 

for repair and maintenance. 

Consideration of surface storage, although 

cost is high. 

Cultural, traditional/religious beliefs 

of users. 

Social factors must be considered for 

effective implementation of the system. 

Lack of adequate land area for 

constructing surface storage 

systems/other purposes after 

construction 

Encourage use of underground tanks, where 

applicable. 

RWH culture is more of traditional 

method. 

Adoption of appropriate RWH technology, as 

complete maintenance is considered 

appropriate. 

Low maintenance culture of end-

users. 

Awareness programme on RWH technology. 

 

6.11 Summary 

This chapter has presented the statistical analysis conducted on the data collected through the 

two questionnaire surveys described in chapter 4. A total of 561 responses were returned by 

the households targeted for questionnaire I (socio-economic barriers to RWH). Of this, 165 

responses (29.4%) were owner-occupiers, 73 responses (13%) were from shared-owners, 

while 323 responses (57.6%) were from private tenants. With the ordinal nature of the data, 

the median was adopted as the representative value. The ratings of variables obtained through 

questionnaire II was converted to the importance weights of selection attributes and the 

scores of the alternatives with respect to attributes. Furthermore, the inferential statistical 

tests, such as Chi-Square, demonstrated the reliability of findings. Also, the criterion validity 

of findings was demonstrated, as there is agreement of some findings with the literature. 
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Thus, the derived weightings form part of the input of the integrated decision analysis model 

in Chapter 8 (Figure 8.2). 

 

To assist in the validation of questionnaire I, a pilot survey was carried out in which 140 

questionnaires were administered to the staff of the Faculty of Technology, University of 

Ibadan, between February-March 2012.  A total of 62 responses were returned, equivalent to 

44.3% response rate. Respondents were requested to identify the main barriers to sustainable 

RWH in the City. Most respondents cited misuse of funds, relative cheapness of water from 

other sources and limited available funds. Other major barriers identified by respondents 

were water corporation workers being poorly paid, operational equipment being obsolete and 

insufficient and the lack of laws to regulate water management.    

 

In the main survey, analysis of distribution of respondents according to local government 

areas shows that Ibadan south-west had the fewest respondents (2.8%). Egbeda, Ona-ara, 

Oluyole, Akinyele and Lagelu Local Government areas had 11.4, 10.9, 7.8, 15.5 and 12.7%, 

respectively. Those residing in Ido, Ibadan North-west, Ibadan South and Ibadan North-East 

make up the lowest percentage with 3.8, 5.3, 3.9 and 4.9%, respectively. Ibadan North 

represents the largest proportion of respondents (20.9%). Some 32% came from Ibadan 

North, thus validating results from the pilot survey, which also showed a similar percentage 

of respondents. 

 

Egbeda, and Akinyele Local Government areas have the highest number of households 

earning <N10,000 per month, at 44 and 40%, respectively. Ibadan South-west and Ibadan 

South-east on the other hand have the least numbers of low income households at 11 and 

10%, respectively. The highest concentration of mid-income (N31,000-100,000 per month) 

households are in Ibadan North at 63% and it also have the highest concentration of high 

income households in the City, at 20%. 

 

An assessment of respondents ‘awareness of rainwater harvesting technologies such as water 

saving devices and perceived use of rainwater’ showed 26% have used it at home,  3% in a 

workplace, 7% in both places and 63% have never used it, while only 1% used it in a school 

hostel. On the other hand, ~4% used it for drinking, 27% for cooking, 19% for toilet flushing, 

1.9% for clothes washing, while only (0.7, 0.8, 0.8, 0.7 and 0.9% used it for bathing animals, 
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car washing, personal washing, garden watering and general outdoor use, respectively). A 

chi-square test of the relationship between households perceived use of rainwater and type of 

roofing material indicates that there is a strong positive statistical relationship between 

household’s perceived use of rainwater and roofing material.  

 

Analysis of respondent’s level of satisfaction with Water Corporation of Oyo State shows 

~7% were very satisfied, 11% were satisfied, while 70% were unsatisfied/very unsatisfied. 

Some 5% received water supply daily, 4% weekly, 4% fortnightly, 7% monthly, while 77% 

received none at all. A chi-square test of the relationship between Local Government areas 

and consistency of main supply indicates a very strong significant association between the 

two variables. 

 

Analysis of respondent’s sources of water supply showed that ~4% received water from the 

main water supply, 61% well water, 2% stream/river, 7% rainwater, 3% from tank/truck 

vendors, while 23% received water from borehole. A chi-square test of relationships between 

household income and source of supply indicates strong significant association between the 

two variables.  

 

Section 6.6.2 outlined a multivariate Analysis of Variance on the main barriers affecting 

sustainable RWH in the City. Interaction effects between these dependent variables (barriers) 

and respondent groups were explored. Categorisation of these barriers by order of importance 

shows the most important barrier that operational equipment is obsolete and insufficient. On 

the other hand, the least important barrier is the relative cheapness of water from other 

sources compared to mains supply. Focus Groups identified 10 barriers to the implementation 

of a RWH regime in Ibadan.  
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CHAPTER 7 

RESULTS FROM MODELLING HYDROLOGICAL PERFORMANCE 

OF THE RAINWATER HARVESTING SYSTEM 

 

7.1 Introduction 

This chapter contains a detailed analysis of the proposed rainwater harvesting system 

(RWHS). Both short-and long-term hydraulic and financial assessments are included. The 

analysis consists of a detailed assessment of the proposed system, taking into account 18 

parameters. Seven of these are fixed parameters, while 11 are variable parameters. 

The fixed parameters are: 

Catchment surface area, first-flush volume, storage tank volume, pump power rating, pump 

capacity, UV unit power rating and UV unit operating time. 

The variable parameters are:  

Rainfall profiles, runoff coefficients, filter coefficients, additional inputs (if any), discount 

rate, electricity cost, mains water cost, water demand, disposal cost, capital cost and 

decommissioning cost.  

For each variable parameter, there are three possible values: above average/high, 

average/expected and below average/low. It is possible to assess the system under study in 

more detail by allowing a range of values to be used in the assessment than would otherwise 

be possible if only one set of values was used. This allows variations in system performance 

(hydraulic and financial) under a range of conditions to be tested, leading to a more robust 

assessment and increased confidence in predicted future performance. For example, by 

allowing a range of scenarios such as best, expected and worst-case to be analysed, 

confidence in the results is higher than would otherwise be if only one set of values was used. 

 

7.1.1 Mean per-year results 

Mean per-year results use one set of parameters (fixed and variable) to assess the mean yearly 

savings that can be expected from the RWHS. All costs are summed and then divided by the 

number of years that the analysis was run to give the mean yearly running cost, as well as the 

savings that can be expected compared to relying solely on mains water. 
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7.1.2 Long-term results 

Long-term results use one set of parameters (fixed and variable) to assess the long-term 

savings that can be expected from the RWHS. The total cost of the RWHS is presented, along 

with the cost of an equivalent mains-only system. These values are used to deduce the long-

term savings of the RWHS. This section consists of three parts: RWHS results, (equivalent) 

mains-only systems results and comparative long-term financial summary (Tables 7.1-7.3). 

 

     Table 7.1 Items for the RWHS results summary 

Item Explanation 

` RWHS-whole life cost (at net present value). 

Total water demand (m
3
) The total water demand from the system over the whole 

analysis period. 

Total water supplied (m
3
) The total water supplied by the system over the whole 

analysis period.  

% demand met by 

harvested water 

The percentage that was met by the RWHS over the 

whole analysis period (given by: water supplied/water 

demand x 100). 

  

    Table 7.2 Items for the mains only system results summary 

Item Explanation 

Mains supply WLC (NPV) Mains-only water supply – whole life cost (at net present 

value). 

Total water demand (m
3
) The total water demand from the system over the whole 

analysis period. 

Total water supplied (m
3
) The total water supplied by the system over the whole 

analysis period. 

% demand met by mains 

water 

The percentage of demand that was met by mains water. 

This will always be 100% for the mains-only system. 
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     Table 7.3 Items for the comparative long-term financial summary 

Items Explanation 

RWHS savings The WLC difference between RWHS and an equivalent 

mains-only system. If the RWHS costs more in net 

present value terms then this region will turn red and 

display a negative number (the net financial loss). 

RWH pay back period 

(years) 

The number of years it takes the RWHS to begin to save 

money (i.e. the cumulative costs of supplying water from 

an equivalent mains-only system exceeds that of the 

RWHS form this point onwards). If no savings are seen 

over the whole analysis period then this section will 

display ‘N/A’. 

 

7.1.3 Sensitivity analysis 

A sensitivity analysis determines how susceptible the performance of a system is to changes 

in parameter values. The dependence of system performance on each variable parameter is 

determined. Systems that show a high variability for changes to a given parameter are 

sensitive to changes in parameters. System that shows a low variability is insensitive to 

changes (robust). 

 

7.1.4 Monte Carlo Simulation 

Monte Carlo (MC) simulation is a well-established technique that involves the use of random 

numbers and probability distributions in order to solve problems. MC simulation is used in 

science and engineering fields for uncertainty analysis, system optimisation and reliability 

based design (Wittwer, 2003). In this instance, it was used to randomly generate new values 

for the variable parameters and then to run a system analysis using the new values. Many 

hundreds or thousands of simulations (iterations) can be run and the results used to assess 

RWHS response under a very wide range of conditions. 
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Three values are required for each parameter: highest most probable value (above 

average/high), most probable value (average/expected) and lowest most probable value 

(below average/low). For this analysis, the three values assigned to each parameter are shown 

in the data input table.  

From these three values and for each iteration the program generates a new set of variable 

parameter values by randomly sampling from set probability distributions (in this case 

triangular probability distributions). As an example, suppose there are 3 catchment surface 

runoff coefficients: high = 0.90, expected = 0.85 and low = 0.75. The most probable value is 

0.85 and so the selected number is most likely to be close to 0.85 (it will not equal 0.85 

exactly) with a diminishing (but never zero) probability that the value will be closer to 0.75 

or 0.90. If sufficient iterations are run (say at least several hundred) and the results plotted, 

then the frequency of values chosen will resemble a triangle. That is, most generated values 

will be clustered around the most likely value of 0.85 with the number of values either side 

diminishing the closer to 0.75 or 0.90. 

If hundreds of such simulations are run then it is possible to use the results to predict the 

probability of the modelled RWHS meeting a given set of conditions (e.g. the probability that 

long-term savings are equal to or greater than a given amount or that system pay-back occurs 

within a given timescale). 

 

7.2 The RainCycle advanced analysis process 

To design and analyse a RWHS, a sequence of logical steps is followed to increase the 

likelihood of creating a successful design. The design and analysis process is divided into 4 

steps (Figures 7.1-7.4): 

 Step 1: Determine range of suitable tank sizes. 

 Step 2: Determine cost savings of tanks from (1) and choose optimum size. 

 Step 3: Assemble data required for detailed analysis. 

 Step 4: Perform detailed analysis and critically examine results. 
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Figure 7.1 Determining range of suitable tank sizes 
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Figure 7.2 Determining cost savings of tanks and choosing optimum size 
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Figure 7.3 Assembling data required for detailed analysis. 
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Figure 7.4 Performing detailed analysis and critically examine results 

 

7.3 System details (Case Study 1): A house of 12 occupants 

Figure 7.5 shows Case Study 1, a detail roof plan is presented in Appendix 6A. Table 7.4 

presents the summary of parameters input into the model. 
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7.3.1 Optimising tank size 

Optimising tank size results (Figure 7.6) reveals that the maximum percentage of demand that 

could be met was 70.6% with a tank size of 4 m
3
. Therefore the limiting factor was the 

amount of water available and so increasing the tank size above 4 m
3
 would have little (if 

any) benefit. 

 

 

Figure 7.5 A semi-detached twin bungalow in Ibadan North. 

 

     Table 7.4 Data input: summary of parameter values (Case Study 1) 

Module Item Value 

Rainfall profiles Above average rainfall 

Average rainfall 

Below average rainfall 

1,639 mm/yr 

1,311 mm/yr 

983 mm/yr 

Catchment surface Surface area 196 m
2 
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High runoff coefficient 

Expected runoff coefficient 

Low runoff coefficient 

0.90 

0.85 

0.75 

Rainwater filter High filter coefficient 

Expected filter coefficient 

Low filter coefficient 

0.92 

0.90 

0.85 

Additional inputs Above average inputs 

Average inputs 

Below average inputs 

0 m
3
/yr 

0 m
3
/yr 

0 m
3
/yr 

Storage tank Tank storage volume 

First-flush volume 

Mains top-up in tank? 

No. of drain-down intervals 

4.000 m
3 

0 litres 

No 

0/yr 

Pump Power rating 

Pump capacity 

0.8KW 

60 litres/min 

UV unit Power rating 

Operating time 

0 W 

0 hrs/day 

Water demand Above average demand 

Average demand 

Below average demand 

258 m
3
/yr 

214 m
3
/yr 

171 m
3
/yr 

Whole life costs High capital cost 

Expected capital cost 

Low capital cost 

High decommissioning cost 

Expected decommissioning 

cost 

Low decommissioning cost 

High discount rate 

Expected discount rate 

Low discount rate 

High electricity cost 

Expected electricity cost 

$546.00 

$496.00 

$446.00 

0.00$ 

 

0.00 $ 

0.00 $ 

6.0 % 

3.5 % 

0.0 % 

0.1 c/KWhr 

0.1 c/KWhr 
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Low electricity cost 

High mains water cost 

Expected mains water cost 

Low mains water cost 

High disposal cost 

Expected disposal cost 

Low disposal cost 

No. of maintenance activities 

Disconnection rebate  

0.1 c/KWhr 

1.00 $/m
3
 

0.83 $/m
3 

0.79 $/m
3
 

0.00 $/ m
3 

0.00 $/ m
3 

0.00 $/ m
3 

3 items 

0.00 $/yr 

 

7.3.2 Optimising saving results 

Optimise saving analysis (Figure 7.7) showed that there were four tank sizes with a potential 

long-term profit. The best was 4 m
3
 tank which was predicted to save $259 over 50 years and 

had a pay back period of 21 years, which is typical for a current domestic system. Percentage 

demand met was also good for a domestic system at 70.6% of predicted demand. 

 

The 4 m
3
 gave acceptable results and so the data for this tank was input into the Storage Tank 

module (tank size) and WLC Details module (capital costs) and then the result in the 

Analysis System module were examined. Figures 7.8 and 7.9 show the cost comparison 

graphs for both the long-term and average per-year analyses for this system. Detail analysis 

of the hydraulic and financial performance of the three case studies is presented in the CD 

(Appendix). 

      

Comparative Average Costs of Water Supplied 

Cost of mains water/ m
3
 $0.40 

Cost of harvested water/m
3
 $0.37 

 

7.4 System details (Case Study 2): An office block 

Figure 7.10 shows Case Study 2. The detailed roof plan is in Appendix 6B.  Table 7.5 

presents the summary of parameters input into the model. 
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Figure 7.6 Results from optimising tank size. 
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Figure 7.7 Results from optimising savings. 
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Average Yearly Cost Comparison Graph (discounted - 3.5%) 

Cumulative Whole Life Cost Comparison Graph (discounted at 3.5%/yr) 
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Figure 7.8 Cumulative long-term analysis cost comparison.  

 

Figure 7.9 Average yearly cost comparison.  
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Figure 7.10 Dr Egbogah Building (Department of Civil Engineering, University of Ibadan) 

 

     Table 7.5 Data input: summary of parameter values (Case Study 2) 

Module Item Value 

Rainfall profiles Above average rainfall 

Average rainfall 

Below average rainfall 

1,639 mm/yr 

1,311 mm/yr 

983 mm/yr 

Catchment surface Surface area 

High runoff coefficient 

Expected runoff coefficient 

Low runoff coefficient 

566 m
2  

0.90 

0.85 

0.75 

Rainwater filter High filter coefficient 

Expected filter coefficient 

0.92 

0.90 
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Low filter coefficient 0.85 

Additional inputs Above average inputs 

Average inputs 

Below average inputs 

0 m
3
/yr 

0 m
3
/yr 

0 m
3
/yr 

Storage tank Tank storage volume 

First-flush volume 

Mains top-up in tank? 

No. of drain-down intervals 

10.000 m
3
 

0 m
3
 

No 

0/yr 

Pump Power rating 

Pump capacity 

1.2 KW 

65 litres/min 

UV unit Power rating 

Operating time 

0 W 

0 hrs/day 

Water demand Above average demand 

Average demand 

Below average demand 

485 m
3
/yr 

441 m
3
/yr 

396 m
3
/yr 

Whole life costs High capital cost 

Expected capital cost 

Low capital cost 

High decommissioning cost 

Expected decommissioning 

cost 

Low decommissioning cost 

High discount rate 

Expected discount rate 

Low discount rate 

High electricity cost 

Expected electricity cost 

Low electricity cost 

High mains water cost 

Expected mains water cost 

Low mains water cost 

High disposal cost 

$1,152.00 

$1,047.00 

$942.00 

$0.00 

$0.00 

 

$0.00 

6.0 % 

3.5 % 

0.00 % 

0.1 c/KWhr 

0.1 c/KWhr 

0.1 c/KWhr 

1.00 $/ m
3 

0.83 $/ m
3
 

0.79 $/ m
3
 

0.00 $/ m
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Expected disposal cost 

Low disposal cost 

No. of maintenance activities 

Disconnection rebate  

0.00 $/ m
3
 

0.00 $/ m
3
 

3 items 

0.00$/ yr 

 

7.4.1 Optimising tank size 

Optimise tank size results (Figure 7.11) reveals that the maximum percentage of demand that 

could be met was 75.0% with a tank size of 10 m
3
. Therefore the limiting factor was the 

amount of water available and so increasing the tank size above 10 m
3
 would have little (if 

any) benefit. 

 

7.4.2 Optimising saving results 

Optimise saving analysis (Figure 7.12) showed that there were six tank sizes with a potential 

long-term profit. The best was the 10 m
3
 tank, which was predicted to save $ 2,564 over 50 

years and had a pay-back period of 8 years, which is typical for a current commercial system. 

Percentage demand met was good for a commercial system, at 75.0 % of predicted demand. 

 

The 10 m
3
 gave acceptable results and so the data for this tank was input into the Storage 

Tank module (tank size) and WLC Details module (capital costs) and then the result in the 

Analysis System module examined. Figures 7.13 and 7.14 show the cost comparison graphs 

for both the long-term and average per-year analyses for this system. 
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Figure 7.11 Results from optimising tank size. 
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Figure 7.12 Results from optimising savings. 

 

 

 



 

252 
 
 

 

 

 

 

Figure 7.13 Cumulative long-term analysis cost comparison.  
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Figure 7.14 Average yearly cost comparison.  

 

Comparative Average Costs of Water Supplied 

Cost of mains water/ m
3
 $0.40 

Cost of harvested water/m
3
 $0.29 

 

7.5 System details (Case Study 3): A hospital block 

Figure 7.15 shows Case Study 3, (a detail roof plan is unavailable). Hence, the roof plan was 

generated through direct measurement of the length and width of the building. Table 7.6 

presents the summary of parameters input into the model. 
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Figure 7.15 Otunba-tunwase Children Outpatient Ward, University College Hospital, Ibadan 

 

     Table 7.6 Data input: summary of parameter values (Case Study 3) 

Module Item Value 

Rainfall profiles Above average rainfall 

Average rainfall 

Below average rainfall 

1,639 mm/yr 

1,311 mm/yr 

983 mm/yr 

Catchment surface Surface area 

High runoff coefficient 

Expected runoff coefficient 

Low runoff coefficient 

8,132 m
2 

0.90 

0.85 

0.75 

Rainwater filter High filter coefficient 

Expected filter coefficient 

Low filter coefficient 

0.92 

0.90 

0.85 

Additional inputs Above average inputs 

Average inputs 

Below average inputs 

0 m
3
/yr 

0 m
3
/yr 

0 m
3
/yr 

Storage tank Tank storage volume 

First-flush volume 

Mains top-up in tank? 

12.000 m
3 

0 litres 

No 
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No. of drain-down intervals 0/yr 

Pump Power rating 

Pump capacity 

1.4 KW 

60 litres/min 

UV unit Power rating 

Operating time 

0 W 

0 hrs/day 

Water demand Above average demand 

Average demand 

Below average demand 

4,704 m
3
/yr 

3,920 m
3
/yr 

3,135 m
3
/yr 

Whole life costs High capital cost 

Expected capital cost 

Low capital cost 

High decommissioning cost 

Expected decommissioning 

cost 

Low decommissioning cost 

High discount rate 

Expected discount rate 

Low discount rate 

High electricity cost 

Expected electricity cost 

Low electricity cost 

High mains water cost 

Expected mains water cost 

Low mains water cost 

High disposal cost 

Expected disposal cost 

Low disposal cost 

No. of maintenance activities 

Disconnection rebate  

$1,405.00 

$1,277.00 

$1,149.00 

0.00$ 

 

0.00 $ 

0.00 $ 

6.0 % 

3.5 % 

0.0 % 

0.1 c/KWhr 

0.1 c/KWhr 

0.1 c/KWhr 

1.00 $/m
3
 

0.83 $/m
3 

0.79 $/m
3
 

0.00 $/ m
3 

0.00 $/ m
3 

0.00 $/ m
3 

3 items 

0.00 $/yr 
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7.5.1 Optimising tank size 

Optimise tank size results (Figure 7.16) reveals that the maximum percentage of demand that 

could be met was 78.1% with a tank size of 12 m
3
. Therefore, the limiting factor was the 

amount of water available and so increasing the tank size above 12 m
3
 would have little (if 

any) benefit. 

 

7.5.2 Optimise saving results 

Optimise saving analysis (Figure 7.17) showed that there were seven tank sizes with a 

potential long term profit. The best was the 12 m
3
 tank, which was predicted to save $51,072 

over 50 years and had a pay-back period of 1 year, which is typical for a current commercial 

system. Percentage demand met was very good for a commercial system, at 78.1% of 

predicted demand. 

 

The 12 m
3
 gave acceptable results and so the data for this tank was input into the Storage 

Tank module (tank size) and WLC Details module (capital costs) and then the result in the 

Analysis System module examined. Figures 7.18 and 7.19 show the cost comparison graphs 

for both the long-term and average per-year analyses for this system.  
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Figure 7.16 Results from optimising tank size. 
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Figure 7.17 Result from optimising savings.  
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     Figure 7.18 Cumulative long-term analysis cost comparison. 

  

    

Figure 7.19 Average yearly cost comparison. 
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Comparative Average Costs of Water Supplied 

Cost of mains water/ m
3
 $0.40 

Cost of harvested water/m
3
 $0.14 

 

7.6 Summary 

This chapter has presented the hydraulic and financial modelling of a RWHS using three case 

studies (a bungalow, an office with two floors and a hospital with five floors). With a RWHS 

being site-specific, a Raincycle model was used to optimise tank size and savings. Sensitivity 

analysis and MonteCarlo simulation were also carried out. 

Analysis of Case Study 1 reveals that the maximum percentage of demand that could be met 

was 70.6% with a tank size of 4 m
3
. A savings of $259 over 50 years and a pay back period 

of 21 years were predicted, which is typical for a current domestic system. 

Analysis of Case Study 2 reveals that the maximum percentage of demand that could be met 

was 75.0% with a tank size of 10 m
3
. A savings of $2,564 over 50 years and a pay back 

period of 8 years were predicted, which is good for a current commercial system. 

Analysis of Case Study 3 reveals that the maximum percentage of demand that could be met 

was 78.1% with a tank size of 12 m
3
. A savings of $51,072 over 50 years and a pay back 

period of 1 year were predicted, which is very good for a current commercial system. 
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CHAPTER 8 

DEVELOPMENT OF AN INTEGRATED DECISION ANALYSIS 

MODEL AND VALIDATION OF THE MODEL 

 

8.1 Introduction 

This chapter presents the development of the integrated decision analysis framework 

(presented in Chapter 4) as a decision-support model. Having identified, analysed and derived 

the functional input data in Chapters 6 and 7, the integrated decision-support model was 

developed using Microsoft Excel 2010 as the implementation environment.  

 

To ease the test of robustness using sensitivity analysis (Belton and Stewart, 2001; 

Herwijnen, 2011), good supporting software is needed for effective implementation of multi-

attribute utility theory. A decision-support system combines data, information and computer-

based tools within a structured framework to improve the process and outcome of decision-

making (Vanier, 2006). A new project-oriented evaluation model was developed for the 

provision of a structure to be used by a multi-disciplinary project team for evaluating the 

implications of ICT investment in a construction project (Delhin and Olofsson, 2008). The 

aforementioned observations were fully considered in the development of this integrated 

decision-support model. For the model to be user-friendly, a spreadsheet was implemented 

which requires little computing knowledge from the end-user. The end-user enters the input 

data, while the model does the computation. The model output are presented in tables and 

charts which can be easily read. 

Having designed the components of the integrated decision analysis framework (Chapter 5) 

and following the implementation of the framework model, the next stage of this research is 

model validation. The evaluation of multi-criteria decision analysis (MDA) models is divided 

into three components, namely verification, validation and sensitivity analysis (Qureshi et al., 

1999). These three components will be considered in this chapter. 

 

8.2 Layout of the model 

Spreadsheet models are usually written for end-users with limited computer experience, 

hence they should be well structured (Robson, 1995). A structured spreadsheet is developed 
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with no overlapping blocks of cells using separate self-contained sections. The self contained 

sections are housed in separate sheets and linked in a multiple sheets model. The functional 

sections in this model are input, process and outputs, which are the sections involved in the 

calculation operations of the model. The functional and non-functional sections of the model 

are housed in separate worksheets. Figure 8.1 shows the layout of the implemented model.  

 

8.3 Input of the model 

The input data into the model are grouped as foundational input and user input. The 

foundational input data include weightings, scores and costs of alternative RWH-based water 

supply systems used for building the model. The foundational input data were derived as 

described in Chapters 4 and 6. The user input data are site-specific data, such as daily rainfall, 

catchment area, runoff coefficient, first-flush volume, rainwater filter coefficient, water 

demand, pump power rating, capital cost, construction cost, maintenance cost and unit cost 

generated using the RainCycle model. The selection attributes in the RainCycle model are 

described in Chapter 2. 

 

8.4 In-process Calculations 

These are the calculation operations carried out by the model on the input data to generate the 

output. Formulae were coded into the spreadsheet to estimate the ground area to be utilised 

by the storage tank and the formula derivations are presented. 
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Modelling hydrological performance of RWHS  

INPUT 1 

Weightings 

INPUT 3 

            INPUT 2 

Figure 8.1 Integrated decision analysis model layout. 

 

OUTPUT 

Cost & weightings 

Expected costs 

Attributes utilities 

Multi-attributes utility 

values 

Model information 

User guide 

INPUT 4 

Typical cost examples for RWH Systems Authors Bill of Engineering Measurement 

Pump power rating  

RCC tank 

Surface reservoir 

Ground-water recharge pit 

Pump capacity 

Construction cost, pumping 

cost, maintenance cost, unit 

cost 

 

 
INPUT IN-PROCESS QTY 

(2R+1)² 

Ground area Recharge 

pit 

Radius (R) 

Ground area RCC 

(R + 1)
2 

 

Capacity of 

tank/Diameter of pit 

Ground area Surface 

reservoir 
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8.4.1 Estimating ground area utilised by the storage system 

Ground area of: 

RCC tank = (2R +1)
2             

Surface reservoir = (R + 1)
2     

Groundwater recharge pit = Capacity of tank (m
3
) 

             Diameter of pit (m) 

Diameter of 1 pit = 0.912 m 

where: 

R is the radius of tank (m). 

 

8.5 Output of the model 

These are the products of the calculations carried out by the model. The in-process 

calculations described in the previous section and other calculations based on the principles 

of multi-attribute utility theory and whole life costing, described in Chapter 4, generated 

expected costs of alternatives with respect to attributes, utilities of alternatives with respect to 

attributes, and multi-attributes utility values. The default output and default graphical 

representation of model output are shown in Figures 8.2 and 8.3, respectively. 

 

8.6 Model Information and User Guide 

A separate model information worksheet was added to the model to give end-users the basic 

information about the model configuration and references for further information on some of 

the key components. This is the basic model documentation extracted from Chapters 2 and 5. 

A separate user guide section was added to help end-users navigate the model and enhance its 

efficient usage. It is a step-by-step guide of how to input data into the model and interpret the 

output. The model information and user guide are presented in Appendix 7. 
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Figure 8.2 Default multi-criteria decision analysis model output. 
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8.7 Model Validation 

Validation is a key part of model development processes which increases the confidence level 

and value of the model (Kennedy et al., 2005). The developed sustainable RWH model was 

presented to building and construction experts in Ibadan for their comments, as a means of 

validating the model and its application. This section presents the validation process and its 

findings. However, the section presents validation, the various techniques for its performance 

and the rationale for adopting this technique. 

 

8.7.1 Validation and its techniques 

There are several perspectives towards the importance of validation in research, its definition, 

and terms of description and techniques for its establishment (Creswell, 2007).  With these 

perspectives, it was argued that ‘validation’ is not a single, fixed or universal concept, but 

rather a contingent construct, inevitably grounded in the process and intentions of particular 

research projects and methodologies (Winter and Johnson, 2000). From modelling 

perspectives, validation is the process of defining whether the model is a meaningful and 

Figure 8.3 Default graphical representation of model output. 



 

267 
 
 

 

accurate representation of the real system in a particular problem domain (Borestein, 1998). 

In contrast to model verification, which is concerned with the development of the right of the 

model, validation is concerned with the development of the right model (Gass, 1983; 

Kennedy et al., 2005). It attempts to establish how the model mirrors the perceived reality of 

the model user/developer team (Gass, 1983). The main purpose of validation is better 

understanding of the model’s capabilities, limitations and appropriateness in addressing the 

problem being modelled (Macal, 2005).  

 

There are various techniques for validating a model, each of which can be used either 

subjectively or objectively, the latter refers to the use of some type of statistical or 

mathematical procedures (Sargent, 1998; Qureshi et al., 1999). The main objectives of these 

techniques are the accumulation of evidence regarding the credibility and applicability of the 

model by an independent/interested party (Gass, 1983). A common practise for model 

validation is the combined use of these techniques. A brief description of these techniques is 

presented: 

Animation 

This is a process of watching a visual or graphical animation of the model’s operational 

behaviour compared with the actual system’s behaviour. 

 

Comparison to other models 

This involves comparison of the output of the model being validated to the results of other 

valid models of the actual system. This is applicable if such valid models are available. 

 

Degenerate tests 

At certain situations, the model behaviour degenerates. The model can be tested for 

degeneration by simulating such situations in the model with appropriate value selection of 

the input and internal parameters. 

 

Extreme condition tests 

This is similar to the degeneracy tests, the model can be tested by running it under extreme 

conditions to analyse model behaviour. 
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Event validity 

This technique involves a comparison of the ‘events’ of occurrences of the model being 

validated to those of the real system to determine their similarity. 

 

Face validity 

This involves consulting people who are knowledgeable about the system about the model’s 

behaviour. This technique is used to determine if the logic of the conceptual model is correct 

and if a model’s input and output relationships are reasonable. 

 

Fixed values 

The use of fixed/constant values for various model input and internal variables and 

parameters can be used to check the results of the model against easily calculated values. 

 

Internal validity 

Several replications of the model are run to determine the amount of internal variability in the 

model. A high amount of variability indicates lack of consistency and this may cause the 

model’s results to be questionable and, if typical of the problem entity, the appropriateness of 

the policy or system being investigated may be questioned. 

 

Sensitivity analysis 

This involves changing the values of the input and internal parameters of a model to 

determine the effect on the model’s behaviour and its output. The same relationship should 

occur in the model as in the real system. The parameters that are sensitive (i.e. cause 

significant changes) in the model’s behaviour or output, should be made sufficiently accurate 

prior to its use. Hence, iterations might be required in model development. 

 

Predictive validation 

The technique involves the use of the model to predict (forecast) system behaviour; the 

system behaviour is likewise compared to the model’s forecast to determine if they are the 

same. The system data can be from operational systems or experiments performed on the 

system.  
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8.7.2 The technique adopted for validating the MDA model 

The appropriate technique for validating a model depends on the real world aspect being 

analysed and the type of model being used (Gass, 1983). The various techniques considered 

suggest expert opinion as the appropriate technique for validating the developed storage 

system selection model, due to the fact that no real-system data are available. In addition, the 

aim of this study to validate the model for industry-wide application makes this approach 

more suitable than others. The objectives of expert opinion validation are to assess the 

feasibility of the model in terms of its adequacy and clarity, in order to ensure that the model 

is robust and will be acceptable to users (Bloor, 1997; Creswell, 2007). 

 

The three options for carrying out the validation process were: (i) focus group, (ii) interviews 

and (iii) postal surveys. The use of focus group or interviews was handicapped due to the 

time and cost constraints of the research, leaving postal survey as the most appropriate 

option. The questionnaires were carefully designed to overcome the problems associated with 

postal surveys, such as the restrictive nature of the questionnaire and lack of opportunity to 

clarify respondent’s doubts. 

 

8.7.3 Development of validation questionnaire  

The questionnaire was designed considering several criteria for validating a model (Gass, 

1983; Macal, 2005) including: 

 Accuracy and precision: to check how accurately and precisely the model can select 

sustainable RWH storage system. 

 Completeness: does the model include all important decision variables required in the 

selection of a storage system? 

 Comprehensibility: is the model simple and easily understand by intended users? 

 Cost effectiveness: does the cost of implementing the model outweigh its potential 

benefits? 

In the questionnaire, provision is made for experts to express their comments on the model in 

general or on specific aspects of it. A copy of the questionnaire is in Appendix 8. 
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8.7.4 Selection of the experts and responses 

It is essential that the validation generates useful and relevant comments from relevant 

experts, for the model to be of acceptable standard to stakeholders. To achieve this, experts 

with the required expertise were chosen to participate in the validation. In view of this, 

experts were selected from the list of practitioners who responded to Questionnaire Survey II 

based on the following criteria: relevant expertise, relevant experience and academic and 

professional qualifications. A sample frame was taken from the previous survey respondents 

list because: 

 Most practitioners in the list were individuals in senior positions from civil 

engineering and architectural firms with relevant expertise and experience in material 

assessment and selection. 

 Their prior involvement in the earlier survey created familiarity with this research, 

which ensured good response rates. 

Prior to sending out the questionnaire, letters were sent to the experts requesting their 

assistance in the validation exercise. Following this, a brief description of the model 

incorporating a building plan was send via e-mail to eight selected experts (each with >10 

years of experience). The validation questionnaire was also attached to the e-mail and a cover 

letter, stating the purpose of the research, the validation process and what was expected of 

them. 

 

8.7.5 Analysis of expert responses 

Of the eight experts contacted, six responded to the survey. Table 8.1 shows the profile of 

these experts in terms of their organisation, job designation, area of expertise, qualifications 

and years of experience in consulting and contracting. From the table, the experts are actively 

involved in water related projects and material selection. They possess relevant qualifications 

and their total combined construction industry experience is 125 years. 

 

The respondents were asked to comment on the model in a structured, semi-closed 

questionnaire. All the responses received were largely positive. A summary of the responses 

to the various questions in the questionnaire is presented in Table 8.2. Table 8.2 shows that 

most experts agreed that the model addresses an important problem in sustainable RWH 
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evaluation and selection. Concerning its capability in performing its intended function 

accurately, all the experts were of the opinion that it is capable. This suggests that the model 

would be regarded as a useful tool for sustainable RWH storage system selection. 

In terms of the model’s completeness, the experts are of the opinion that the model is 

comprehensive and detailed, addressing all relevant criteria for selecting a RWH system. 

With regard to comprehensibility, most experts found the model to be clear and simple to 

understand and implement. Most experts are of the opinion that the model would not be too 

costly to implement at current resource levels. Two experts commented that “the benefits of 

using the model justify any resource requirements”. The various approaches for evaluating 

the selection criteria were found suitable. The scale for rating the methods was also found to 

be appropriate. Issues of concern raised relate to the implementation of new cost effective 

materials for building the storage tank and alternative sources of power supply such as solar 

units in the near future. 

In the long-run, the experts were in favour of the model, suggesting that the model would be 

regarded as valuable tool for selecting sustainable RWH storage systems. This represents a 

positive contribution to the body of knowledge and practise of sustainability in the 

construction industry. The model can now be recommended to practitioners, subject to future 

modifications that can improve its acceptability and performance. 

 

8.8 Summary 

Presented in this chapter is the implementation of the integrated decision analysis model in 

the Microsoft Excel operating environment. The model input data are site-specific and most 

of them can be obtained from project documents, such as engineering bill of quantities, 

household plan and reservoir elevation. The formulae coded into the model for quantification 

processes have been explained.  

 

The default output of the model obtained from foundational inputs, is also presented. These 

include the cost of alternatives, irrespective of the costs of attributes and potential benefits of 

alternatives. The user guide and model information have been provided in separate sections in 

the model to enable end-users navigate the model efficiently and understand its application. 
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Having developed the model based on the designed framework presented in Chapter 5, this 

research proceeded to the validation of the model in order to demonstrate the predictive 

ability of the model and the reliability of its output.  

The use of a RWH selection model to rank rainwater storage system alternatives, taking into 

consideration their sustainability, is discussed. The validation of the model is also reported. 

The model was first applied to a hypothetical case study. This example application together 

with a brief description of the model was e-mailed to acknowledged RWH material selection 

experts within Ibadan. They were invited to give their opinion on the significance of the 

model, its adequacy, completeness, comprehensibility and cost effectiveness. Out of eight 

invited experts, only six responded. All were in favour of the model, indicating that the model 

is a positive contribution to sustainability implementation in building RWH storage systems. 
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    Table 8.1 Profile of the validation experts 

Expert Organisation Designation Expertise Qualification Years of 

experience 

1 Engineering 

firm 

Principal Civil/structural B.Sc (Hons), MNSE,  

COREN 

43 

2 Engineering 

firm 

Senior Civil B.Sc (Hons), M.Sc,  

COREN 

13 

3 Architectural/ 

design firm 

Project 

architecture 

Sustainable 

design 

B.Sc (Hons),  Ph.D 15 

4 Engineering 

firm 

Project 

manager 

Civil/structural B.Sc (Hons), MNSE,  

COREN 

14 

5  Engineering 

firm 

Manager Construction 

management 

B.Sc (Hons), MBA 15 

6 Engineering 

firm 

Director Civil/water 

resources 

B.Sc (Hons), Ph.D 25 
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     Table 8.2 Summary of responses from experts 

Validation criteria Expert response 

1 2 3 4 5 6 

Model address important 

problem in sustainable 

RWH evaluation and 

selection? 

Yes, quite 

significant 

Yes, quite 

significant 

Yes, quite 

significant 

Yes, quite 

significant 

Yes, quite 

significant 

Yes, quite 

significant  

Models capability in 

assisting in RWH storage 

system selection 

Yes, highly 

capable 

Yes, capable Yes, highly 

capable 

Yes, highly 

capable 

Yes, highly 

capable 

Yes, highly 

capable 

Comprehensibility of the 

model 

Yes Yes Yes Yes Yes Yes 

Resources needed to 

apply the model 

Would be 

too costly to 

operate  

Would not be 

too costly to 

operate 

Would not be 

too costly to 

operate 

Would not be 

too costly to 

operate 

The benefits 

justifies 

required 

resources 

The benefits 

justifies 

required 

resources 

Completeness of the 

model 

Yes Yes Yes Yes Yes Yes 

Scale for rating material 

alternatives against 

Very 

suitable 

Suitable Very suitable Very suitable Very 

suitable 

Very suitable 
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criteria 

Approaches/methods for 

evaluating the criteria in 

material rating 

Suitable Very suitable Suitable Very suitable Very 

suitable 

Suitable 

Attributes of material 

selection defined 

Suitable Suitable Suitable Very suitable Very 

suitable 

Very suitable 
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

 

9.1 Introduction 

This chapter reviews the aims and objectives of this research described in Chapter 1. The 

objectives are reviewed in order to appraise their level of accomplishment. The contribution 

of the research to both academia and industry, along with recommendations for future work, 

are discussed. 

 

9.2 Accomplishment of research objectives 

As stated in Chapter 1, the aim of this research was to develop a computerised framework for 

the evaluation of alternative rainwater harvesting (RWH)-based water supply system in the 

water sector. To achieve this aim, the following objectives were implemented:  

 Critically review the various RWH technologies available nationally and 

internationally, with the aim of evaluating the potential for their sustainable 

application in Ibadan and the potential of their uptake/adoption. 

 Critically review existing RWH models, with the aim of identifying a model for 

modelling hydrological performance of a rainwater harvesting system (RWHS).  

 Critically investigate the environmental engineering and socio-economic barriers 

associated with the uptake of RWH-based water supply systems in Ibadan 

 Evaluate the potential for application of RWH in Ibadan through pilot survey. 

 Critically review the techniques of multi-criteria decision analysis, with the aim of 

adopting a multi-criteria decision analysis technique suitable for selecting RWH 

structure and develop an integrated decision analysis framework for RWH based on 

literature review. 

 Conduct detailed study on socio-economic and environmental engineering aspects of 

RWH. 

 Develop case studies from current RWH-based water supply solutions adaptable to 

the water sector. 

 Develop a multi-criteria analysis tool that can evaluate the investment justification of 

alternative RWH-based water supply systems. 
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 Validate the technical effectiveness and usefulness of the multi-criteria analysis tool 

from stakeholder’s perspectives through questionnaire survey. 

 

9.2.1 Critically review the available rainwater harvesting technologies nationally and 

internationally 

A thorough literature review established information on the various RWH technologies in the 

water sector (Chapters 1 and 2). The review exposed the short-comings of storage as a result 

of the nature, practise and traditional approach of the water sector to RWH processes. The 

effects of inefficient water management in the water industry were also identified. 

  

9.2.2 Critically review existing rainwater harvesting models 

The literature was reviewed on the various RWH models in the water industry (Chapter 3). 

Requirements for the improvement of water supply, presented in Chapter 1, were identified 

through review of previous studies. In particular, an efficient RWHS is expected to have 

efficient hydraulic and financial performance measurements. Information technologies (IT) 

were identified as potential devices that can provide useful assistance (Chapter 2). Hence, 

existing IT rainwater harvesting systems were reviewed with the aim of identifying a model 

for modelling hydrological performance of a RWHS. Several models, discussed in Chapter 3, 

were critically reviewed in order to select a model for optimising tank size and water savings 

of a RWHS.  

 

9.2.3 Critically investigate the environmental engineering and socio-economic barriers 

associated with the uptake of RWH-based water supply systems in Ibadan. 

Barriers to the implementation of RWHS presented in Chapter 2 were identified through 

review of previous studies. The review exposed the short-comings of social factors as a result 

of the cultural background of the people implementing RWH processes. The existence of 

social issues presented the need to incorporate this factor in the development of a sustainable 

RWHS. 
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9.2.4 Evaluate the potential for RWH in Ibadan 

Having identified the barriers of RWH (Chapter 2), the potential for the uptake/adoption 

required investigation. Hence, a pilot study was conducted to evaluate the potential for its 

uptake.   

 

9.2.5 Critically review the techniques of multi-criteria decision analysis and develop an 

integrated decision analysis framework for RWH 

The review revealed that water supply problems are complex problems with multiple 

decisions-making and multiple criteria. Hence, multi-criteria decision analysis (MCDA) 

methods were critically reviewed to select the most appropriate MCDA method for water 

supply problems (Chapter 4). The existence of water supply problems presented the need to 

develop a theoretical framework for the improvement of water supply in the water industry. 

Requirements for a sustainable RWHS, presented in Chapter 4, were identified through 

literature review. An efficient RWHS is expected to have an efficient storage system. Hence, 

existing RWH storage systems were reviewed with a view to analyse their costs and benefits 

if the technologies were implemented to improve water supply. Several evaluation techniques 

discussed in Chapter 4 were critically reviewed in order to select appropriate techniques for 

evaluating the costs and benefits of identified RWH storage systems. 

 

9.2.6 Conduct detailed study on socio-economic and environmental engineering barriers of 

RWH 

Having identified and analysed some of the existing problems of RWH in the water sector, as 

discussed in Chapter 4, there was a need to analyse the significance of the problems. 

Determining the significance of problems would enhance the development of the appropriate 

mitigation strategies. Hence, the importance of selection attributes were measured using 

structured questionnaire analyses, focus group discussions and modelling (Chapters 6 and 7).  

 

9.2.7 Develop case studies from current RWH-based water supply solutions adaptable to 

the water sector 

The existing RWH-based water supply solutions were able to integrate as alternative systems 

with significantly different costs and benefits. The appropriate evaluation technique for such 
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alternative systems is multi-criteria analysis. In order to implement the evaluation technique, 

there was a need to develop case studies of an implementation strategy of RWHS. Hence, 

three alternative combinations of the RWH storage systems for integrated supply were 

proposed, as discussed in Section 6.6.2. Any of the three alternative systems will fulfil 

another requirement for efficient water management, which is provision of effective and 

adequate water supply (Chapter 1). 

 

9.2.8 Develop a multi-criteria analysis tool that can evaluate the investment justification of 

alternative RWH-based water supply systems 

Having established the implementation of the alternative RWH storage systems, defined the 

selection attributes and measured the importance weights of attributes, the next stage in the 

research was to develop the multi-criteria analysis tool. Whole life costing (using Raincycle 

model) and questionnaire analysis were used for the quantification of expected costs and 

benefits. The multi-criteria tool was implemented in Microsoft Excel 2010 (Chapter 8). 

 

9.2.9 Validate the technical effectiveness and usefulness of the multi-criteria analysis tool  

It was necessary to test the validity of the tool using specific building project data. Quantities 

and costs of materials for three case studies (a residential bungalow, a two-storey office 

building and a five-storey hospital building) and other input data discussed in Section 8.3 

were entered into the tool to generate the overall multi-attribute utilities of the alternative 

RWH-based storage systems. The output of the tool was validated by stakeholders to ensure 

its reliability and demonstrate the robustness of the tool. 

 

9.3 Contributions to knowledge 

Currently, RWH research in the water industry predominantly has a technical focus, rather 

than a social and managerial nature, such as cultural and investment justification. Many 

decision-makers responsible for RWH implementation often advocate optimistic estimates of 

the benefits and cost savings resulting in several years of use before achieving the expected 

financial returns. In addition, there is unwillingness to conduct rigorous analysis required in 

investment evaluation of RWH before implementation. Hence, there is a need for a ready-to-

use tool which can be applied to evaluate RWH-based water supply systems. This is the aim 
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of this research, which has been achieved. Thus, the activities carried out in this research 

have resulted in major contributions to academia and the water industry. The contributions 

are described as follows: 

 This research has established socio-economic, environmental and engineering barriers 

to the implementation of RWH-based storage systems for water supply. 

 This research has established respondents’ perceived use of rainwater and type of 

roofing material. Some 54% of those with roofing tiles use it for drinking, 7 and 6% 

with brick and wood bamboo, respectively used it for drinking, while 45 and 43% of 

those with cement roofs use it for cooking and drinking respectively. Chi-square test 

carried out to determine the degree of association between household perceived use of 

rainwater and type of roofing material shows a strong statistically significant 

relationship between the two variables (P<0.05). 

 This research has established respondents’ major health hazards associated with 

drinking contaminated water. A larger proportion (61.2%) of respondents chose 

prevalence of typhoid fever; some have a prevalence of diarrhea (19.4%), while few 

of respondents’ water sources is free from water-borne diseases (2.3%). This indicates 

that there is a prevalence of 97.8% of water-borne diseases in the study area. Chi-

square test carried out to determine the degree of association between sources of 

water supply and associated health hazard shows a strong significant relationship 

between the two variables (P<0.05). 

 This research established the most important barrier constraining sustainable RWH 

regime in Ibadan (No. 1) is that operational equipment is obsolete and insufficient, 

followed by poor renumeration of water corporation staff and misuse of available 

funds. The least important barrier (No. 12) is the cheapness of water from other 

sources compared to pipe-borne water.  

 This research has established that 77.1% of respondents did not receive water at all 

from WCOS, while few of respondents did receive water supply. This indicates the 

inadequacy of water supply in the City and the need to have alternative sources to 

meet increasing demands. A cross tabulation of local government areas with 

consistency of main water supply shows Egbeda and Ibadan North residents’ reported 

the highest rate of daily water supply. Lagelu reported the highest rate of monthly 

water supply, while 99% of Ona-ara reported no supply at all. This might imply that 

variations in consistency of water supply arising occurred both within and between 
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districts. Chi-square test carried out to determine the degree of association between 

local government areas and consistency of water supply shows a strong statistically 

significant relationship between the two variables (p <0.05). 

 This research has established attributes which are operational benefits of 

implementing RWH-based storage systems for improving water supply. 

 This research has generated importance weightings for the selection attributes of 

RWH-based water supply systems. These are measures of preferences with which 

decision-makers can select appropriate RWH-based storage systems to improve water 

supply. 

 This research has established the most attributes (storage estimate, water assurance, 

storage capacity, site location, area utilization, risk of structural failure, impact of 

structural failure, ground area, feasibility of inspection, water quality, construction 

cost, pumping cost, maintenance cost, unit cost and payback period as extremely 

important based on the perspectives of Civil engineers and Architects in the study 

area. The other attributes (evaporation loss, seepage loss and system stabilization) are 

less important.  

 This research has established that the measure of importance of storage capacity 

(highest score of 4.5) reflects the general inadequacy of storage, which is a major 

barrier to the adoption of RWH as a sustainable water management method. 

 This research has generated 70.6% has maximum percentage of water demand met 

with a tank size of 4m
3 

in hydrological modelling of a bungalow. A savings of $259 

over 50 years and a payback period of 21 years were predicted which is typical for a 

domestic system but the benefits of the system outweighs the savings. 

 This research has generated 75% has maximum percentage of water demand met with 

a tank size of 10m
3 

in hydrological modelling of an office block with two floors. A 

savings of $2,564 over 50 years and a payback period of 8 years were predicted which 

is good for a current commercial system. 

 This research has generated 78.1% has maximum percentage of water demand met 

with a tank size of 12m
3 

in hydrological modeling of an hospital with five floors. A 

savings of $51,072 over 50 years and a payback period of 1 year were predicted 

which is very good for a current commercial system. 

 This research has developed a robust ready-to-use multi-criteria analysis tool which 

can process input data and generate consistent output. The output of the tool will help 
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decision-makers to make knowledge-based decisions on the implementation of an 

appropriate RWH-based water supply system. The selection of an appropriate system 

based on the output of the tool will minimise cost and maximise benefit. 

 This research has specifically matched existing water supply problems with existing 

RWH solutions that can mitigate the problems. 

 

9.4 Limitations of this research 

There are limitations associated with this study. These principally relate to identifying 

significant factors in management of RWHS using a questionnaire and focus group 

discussion with architects and civil engineers in Nigerian industry. Therefore, the research 

results may only be valid for the characteristics of architects and civil engineers in the 

Nigerian water industry. 

 

The case study was undertaken on three RWH storage systems used in both residential and 

commercial buildings in Ibadan City. Even though the methodology will remain appropriate 

for any type of storage system, results may be confined to this City. However, the validation 

exercise indicated that the model was conceptually sound. Thus, in future the model should 

be elaborated to enable diverse design/construction decisions to be made by using it in other 

cities.   

 

9.5 Recommendations 

The multi-criteria analysis tool was developed based on some assumptions, which should be 

investigated in future research and/or modified by end-users, depending on the relevant 

project scenarios. 

 

9.5.1 Recommendations for future work (academia)  

To enhance the quality of the framework and the decision-support model, the following are 

recommendations for future work: 

 A cost benefit analysis should be carried out on other water supply options, such as 

grey water systems, desalination systems and traditional centralised water supply 
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systems. These options should be compared using the same criteria. Implementation 

of a RWH management system is required to cope with increasing water demand and 

to increase the water interdependent ratio of a building or a city.  

 The constraints of limited research time did not allow the application of GIS tools to 

sustainable management of water resources. Hence, a GIS-based decision support 

system for RWH can be developed in the future. This will assist decision-makers 

(DMs) to indicate the suitability of RWH in any selected part of Nigeria and quantify 

the potential impact associated with its adoption at the catchment scale.  

 The expected cost of the storage systems (reinforced concrete tanks, surface reservoirs 

and ground-water recharge pits) utilised in this model is high. Hence, future research 

can investigate the potential of using low-cost materials for constructing water tanks 

so as to reduce the cost of implementing the system. Alternative sources of electricity 

(eg. solar) should be investigated for effective functioning of the RWHS. 

 The utilities of the alternatives with respect to the selection attributes were derived 

using a linearly proportional scoring method. In this method, risk neutrality is 

assumed, while the uncertainty associated with such an assumption is neglected 

(Levin and McEwan, 2001). The tool can be modified in the future by changing the 

utility functions, discussed in Section 4.9, to fit the risk attitudes of DMs. Decision-

makers can be risk-seeking, risk-neutral and risk-averse and there are utility functions 

for all risk attitudes (Clemen, 1991). The risk attitudes of DMs with respect to 

selection attributes can be measured in future research. An approach for the subjective 

assessment of utilities based on uncertainty equivalents is described as follows 

(Clemen, 1991): 

 The highest possible and the lowest possible cost of any alternative with respect to an 

attribute should be quantified. The highest possible cost is the worst case with a utility 

of 0 and the lowest possible cost is the best case with a utility of 1. Either of the worst 

and the best cases will have equal probability of 0.5. 

 The decision-maker will have to state at least two cost values that will make him/her 

indifferent between the investment in an alternative with respect to an attribute and no 

investment at all. 

 The utility for each indifferent cost can be determined using a decision tree of utilities 

of the worst and best cases. 

 The utilities can then be plotted against the costs for each selection attribute. 
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9.5.2 Recommendations for future work (water industry/end-users) 

The model can be modified by end-users in future applications based on the information of 

the building project available to them. The following recommendations are suggested for the 

application of the model in the future: 

 This model was developed based on the assumption that the end-user does not have 

any RWH-based storage system in place prior to the application of the model. The 

model could be modified to reflect the reality of the existence of any alternative 

RWHS previously owned by the end-user. Such modification will reduce the capital 

cost of a RWHS if the end-user has such a system in stock prior to the application of 

the decision-support model. 

 In optimising tank size, catchment area and rainfall patterns of Ibadan were used. As 

RWHS are site-specific, the model could be modified to reflect the catchment area 

and rainfall data of other cities. Likewise, mains water and electricity costs of the 

study area were used.  The model can also be modified to reflect the expected cost of 

electricity and water in the study area. The number of occupants in the building 

project should be taken into consideration in generating water demand, as well as 

building type (commercial or domestic building). 

 A discount rate of 3.5% was used for the calculation of future values. This can be 

modified to conform to the interest rate at the time of application of the multi-criteria 

analysis tool. The inflation rate can be obtained from the Office of National Statistics, 

while the interest rate can be obtained from the banking industry. 

 

9.6 Impact of work on future policy makers 

To overcome the challenges in the water sector policy makers must first understand the 

principles underlying good water governance, especially in the light of climate change and 

water scarcity. A favourable environment to increase both public and private sector 

investments can be enhanced through sound governance. This will also ensure that much 

needed investment is correctly and efficiently used. 

Good practices include the following: 

(i) Fundamentals: Regulation is required to place water agencies at arm’s length from 

government and make them accountable to the public. Ideally, these water agencies and 
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maintenance links with all stakeholders. In addition, for a public utility to function well, a 

corporate approach to water supply but not necessarily private ownership is essential for 

reliable, efficient and equitable operations. Such an approach can help ensure the financial 

sustainability of water systems and protect the long-term value of water resources. 

(ii) Efficient and effective service delivery: Good water governance requires that utilities take 

an integrated, holistic service delivery approach which includes water supply management, 

demand management, waste water management, research and development. A robust ready-

to-use multi-criteria analysis tool developed in this research is needed for sustainable RWH. 

The output of the tool will help decision makers to make knowledge-based decisions on the 

implementation of an appropriate RWH-based water supply system.  

(iii) Financial and human resources management: Improvement of internal governance is 

essential for efficient service delivery. This requires that utilities strive to be financially self 

reliance by operating independently, business-like institutions with emphasis on revenue 

improvement and effective management of their cash flow. In addition, utilities should 

attract, nurture and retain talent, so that capable staff can carry out their responsibility. 

 

9.7 Impact of work on practice and policy for Nigeria 

(i) Coverage: Water corporations in the country pursued the goal of providing a safe piped 

water supply to every individual in their area of responsibility. However, a low level of 

coverage was achieved due to significant increases in areas to be managed and in population 

served. Less than 30% of the population have access to safe drinking water. In 2007, only 

47% of the total population had access to water from improved sources. This research shows 

that expanding water access to 100% of the population and piped water supply to over 90% 

of the area of responsibility are achievable goals through adoption of sustainable RWH as an 

alternative source of supply. 

(ii) Availability: There appears to be a unanimous approach towards provision of piped water 

supply as a mode of service delivery. This transformation was not achieved in the last decade, 

but 24-hour, 7days-a-week water supply is achievable through adoption of sustainable RWH 

regime. Besides being efficient and reliable, it provides water at the point of source/use. It has 

been recognised that continuous water supply has positive impacts on water quality (eg good 

health). Providing pressurised, 24-hour, 7 days-a-week water supply is achievable by utilities 
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in developing countries, but this needs to be backed by tariff reform and comprehensive 

metering to be sustainable. 

Nigeria has more than enough rainfall to supply current demand, but the problem lies in 

where it falls, how it can be collected effectively to meet demand and stored without 

diminishing the water quality. Rainfall is much higher in less densely populated South and 

East. Proper solutions to this geographical uneven distribution of available water takes many 

forms but have tended towards large-scale engineering solution, including reservoir 

construction, pipeline networks to supply water over large distances and RWH (to supply 

water at the point of use). The challenges of inadequate storage to meet water demand were 

addressed in this research through effective modelling of RWHS to optimise tank size. 

(iii) Metering: All utilities covered in the study area do not have universal metering. 

Universal metering goes hand-in-hand with pressurised, continuous water supply and 

facilities demand management. The government should provide universal metering at 

domestic and commercial buildings; this will sensitise the community on efficient water 

conservation thus reducing water wastage. 

(iv) Unaccounted-for-water (UFW) and nonrevenue water management: This is an important 

area for most water utilities in Nigeria. This is an indication that requires continuous 

improvement and monitoring to achieve better results. Reducing UFW should be a 

continuous target and is an area for improvement among stakeholders. 

(v) Cost recovery: Financial sustainability and sustainable service delivery goes hand-in-

hand. Hence, it is vital for utilities to diligently manage their costs and have healthy revenue 

streams. Various measures can be implemented to generate revenue to cover operation and 

maintenance costs with excess for capital expenditure. These include: 

 Reduction of UFW: This ensures the bulk of water stored is not lost and can be sold. 

 Setting water tariffs at a level sufficient to recover costs but keep tariffs affordable. 

 The success of the utilities studied indicates the criteria needed for tariff reforms to 

move forward. This will encourage investment in RWH (as comparison of cost of 

installing a RWHS with piped water) reveals the benefits of the system outweighs the 

cost incurred. The integrated multicriteria analysis tool developed in this research can 

quantify the costs and benefits of implementing several RWH-based storage 

systems.These instances reinforce that: 
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 The poor are often more willing to pay for better water and sanitation services than 

what political leaders are willing to charge. 

 The poor suffer more than the rich when public utilities are unable to fund expansion 

programs as their construction cost are substantially higher, but installing a RWHS is 

cost effective as water is provided at the point of use. 

Financial sustainability need not necessarily conflict with the needs of the urban poor.  RWH 

is an innovative mechanism to address both goals. 

(vi) Staff productivity: Water Corporation need to improve staff productivity over time to 

enhance operational efficiency. Water utilities can outsource activities to the private sector. 

This will enable them to tap the expertise of the private sector, service more connections 

using fewer employees than when all activities are in-house and reduce staff costs (as 

compared with number of outsourcing) thereby contributing to their financial performance. 

(v) Code for sustainable homes: The Nigerian government should make it mandatory for new 

build housing to incorporate instalment of roof gutters into their design before receiving 

building approval. This will sensitize the community on the need for water conservation as 

well as encourage householders to collect runoff for domestic use as they only need to 

address the issue of adequate storage system for collection.  

 Sustainable urban drainage system should incorporate RWH to reduce the risk of 

flooding by increasing the retention and control of surface/storm water. 

 Planning policy statement should be developed which requires flood risk to be 

considered at all stages of the planning process to reduce future loss of life and 

damage to property from flooding. 

 

9.8 Conclusions  

Overall, the research reported in this thesis fully accomplished its aims and objectives. The 

existing problems of water supply in the storage of rainwater in the water industry were 

explored in-depth. The information technologies that are applicable for the mitigation of the 

problems were also explored. The significance of factors contributing to some of the 

problems, such as storage estimate and area utilisation, was measured. The importance of the 

selection attributes of the RWHS was measured based on the opinions of construction 
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professionals, who are expected to be the end-users or decision-makers on the 

implementation of the RWHS. 

 

Finally, the development of an integrated multi-criteria decision analysis framework through 

the research has provided a structured platform required for improving the process and 

outcome of decision-making on IT investment for water management. The model is a site-

specific evaluation tool which can be applied on a site-by-site basis. The model is highly 

robust and user-friendly in the sense that users are not involved in the computation processes 

but only need to enter the input and read the output from tables and charts. 
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APPENDICES 

APPENDIX 1A 

ENGINEERING DRAWING OF A TYPICAL CIRCULAR TANK 
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APPENDIX 1B 

BILL OF ENGINEERING MEASUREMENT AND EVALUATION (BEME) 

COMPUTATION FOR A TYPICAL TANK (150M
3
) 
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APPENDIX 2A 

AVERAGE MONTHLY RAINFALL (1980-1989) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MONTHS 1980 1981 1982 1983 1984 1985 1986 1987  1988 1989 MONTHLY 

MEAN 

JANUARY 0 0 6.2 0 0 0 0 0 0.7 0 0.69 

FEBRUARY 16.7 16.1 34 17.1 9.6 0 87.8 28.1 16.3 9.7 23.54 

MARCH 15.7 32.5 177.5 0 145.3 108 80.1 47.8 92.2 111.1 81.02 

APRIL  92.7 0 145.57 84.9 114.5 194.8 86.7 125.9 172.2 138 115.53 

MAY 127 0 131.8 265.2 208.8 167.2 111.9 51.3 86.3 77.5 122.7 

JUNE 199.7 253.4 96.8 199.6 208.3 147.6 283.1 113.6 281.3 151.4 193.48 

JULY 239.8 89.4 70.1 46.5 87.6 321.5 200.3 171.9 260.7 133.4 162.12 

AUGUST 605 39 30.5 29.8 193.2 244.5 50.7 411.3 97.5 139.9 184.14 

SEPTEMBER 324.4 129.1 71.8 92.7 144.3 201.3 186 221.6 151.8 149.2 167.22 

OCTOBER 292.7 193.6 119.9 70 195.8 169.4 176 135.1 220.5 216.1 178.91 

NOVEMBER 50 13.3 0 17.3 53.6 48.2 35.1 0 27.1 0 24.46 

DECEMBER 0 0 0 41.6 2 4.1 0 0 1.4 0 4.91 

TOTAL 

RAINFALL 

1963.7 766.4 884.17 864.7 1363 1606.6 1297.7 1306.6 140 1126.3  

ANNUAL 

MEAN 

163.64 63.86 73.68 72.06 113.58 133.88 108.14 108.88 117.3 93.86  
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APPENDIX 2B 

AVERAGE MONTHLY RAINFALL (1990-1999) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MONTHS 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 MONTHLY 

MEAN 

JANUARY 3.7 0 0 0 2.1 0 0.1 9.3 0 0.3 1.55 

FEBRUARY 35.83 165.5 0 22.8 30.2 11.4 125.1 0 23.4 75 48.92 

MARCH 79.94 19 28.5 141.7 20.7 106.3 133 200.4 37.6 111 87.81 

APRIL 47.13 174.1 92.9 44 75.4 118.5 167.7 158.1 70.1 74.2 102.21 

MAY 153.24 135.3 103.6 145.9 234.8 256.6 146.7 159.3 133.7 122.7 159.18 

JUNE 188.18 82.3 237.4 187.5 62.9 267.8 187.4 141.5 95.8 321.9 177.27 

JULY 179.01 219.9 202.3 26.2 177.4 188.9 305.7 59.9 115.4 385.8 186.05 

AUGUST 149.17 191.4 107.8 185.7 126.2 204.1 242.9 38.5 51.9 149.6 144.73 

SEPTEMBER 192.64 170.4 127.4 235.5 135.1 159.4 184.9 168.2 248.2 209.5 183.12 

OCTOBER 183.64 182.8 152.5 183.2 112.7 185.1 160.2 182.9 122.2 348 181.32 

NOVEMBER 21.53 2.2 36.2 36.3 17.6 36.6 0 5.8 17.1 16.9 19.02 

DECEMBER 8.3 26.4 0 48.3 0 0 0 71.4 5.2 0 15.96 

TOTAL 

RAINFALL 

1312.3 1369.8 1088.6 1257.1 995.1 1534.7 1653.7 1195.3 920.6 1814.9  

ANNUAL 

MEAN 

109.36 114.15 90.72 104.76 82.93 127.89 137.81 99.61 76.72 151.24  
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APPENDIX 2C 

AVERAGE MONTHLY RAINFALL (2000-2009) 

 

 

 
MONTHS 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 MONTHL

Y MEAN 

JANUARY 30.1 0 0 25.2 13.2 0.0 19.1 0.0 TR 1.0 8.86 

FEBRUARY 0.0 8.4 6.9 81.6 78.7 33.1 1.6 0.5 1.5 138.1 35.04 

MARCH 95.7 121.6 57 3.6 32.5 101.9 109.1 36.2 71.9 80.4 70.99 

APRIL 126.1 142.2 122.8 184.1 92 118.2 79 39.5 158.9 203.7 126.65 

MAY 80.6 231.2 184.3 191.3 232 114.7 197.3 303.8 113.2 129.9 177.83 

JUNE 30.3 114.9 323.8 130.7 183.9 225.2 164.5 173.7 373.4 217.4 193.78 

JULY 220.7 257.1 171.7 227.8 181.2 182.9 65.2 138.3 238.2 205.6 188.87 

AUGUST 232.4 53.2 247.2 40.9 161.2 64.0 128.1 98.1 63.3 98.0 118.64 

SEPTEMBER 127 285.6 114.5 232.7 156.2 234.1 312.5 231.7 253.0 328.5 227.58 

OCTOBER 215.9 72.3 207.4 215.2 196.3 135.9 166.0 254.0 193.4 250.5 190.69 

NOVEMBER 0 2.1 79.7 51.7 0.3 4.0 17.8 6.5 TR 49.1 21.12 

DECEMBER 0 1.1 0 0 0 12.2 0.0 8.3 18.7 0 4.03 

TOTAL 

RAINFALL 

1158.8 1289.7 1515.3 1384.

8 

1327.

5 

1226.

2 

1260.

2 

1290.

6 

1485.

5 

1702.2  

ANNUAL 

MEAN 

96.57 107.48 126.28 115.4 110.6

3 

102.1

8 

105.0

2 

107.5

5 

123.7

9 

141.85  
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APPENDIX 3A 

COPY OF QUESTIONNAIRE I 

  Research Centre in Built Environment 

       School of Technology 

       Wolverhampton, WV1 1LY 

       United Kingdom 

INVITATION TO PARTICIPATE IN A STUDY: ENVIRONMENTAL 

ENGINEERING AND SOCIO-ECONOMIC POTENTIAL OF RAINWATER 

HARVESTING IN IBADAN, NIGERIA  

 

The Research Centre in Built Environment, University of Wolverhampton is conducting a 

research study on alternative water resources in Nigeria, focusing on rainwater harvesting 

under the guidance of Dr David Oloke, Dr Ezekiel Chinyio and Professor Michael Fullen. 

Rainwater harvesting is a water-saving technology: rainwater is collected from roofs, stored 

in a tank and then reused within buildings (see page 2 for a diagram of an example system). 

Specifically, the research aims to investigate the environmental engineering and socio-

economic benefits/barriers of rainwater harvesting in Nigeria. The project will establish 

parameters for assessment of alternative water resources, as well as develop a framework for 

improved and sustainable rainwater harvesting regimes in Nigeria.  

 

Your participation in this project is voluntary. It would be very much appreciated if you 

complete all parts of the questionnaire. The questionnaire is in Five (5) parts. Section A 

requests general information about your background, Section B requests information on 

rainwater harvesting technology, Section C requests information on the benefits of rainwater 

harvesting, Section D requests information on water policy and strategy and barriers to 

rainwater harvesting, Section E requests information on water supply and environmental 

health. 

 

Please note that any information provided will be treated with the strictest confidentiality. 

 

At the completion of this study, all records on paper will be shredded and destroyed, while 

electronic records will be available on a need-to-know basis only.  

 

We do appreciate the questionnaire will take some of your valuable time. However, it will 

provide a wealth of helpful information to improve water resource management in Ibadan. 

Any further information and the outcome of the research will be available upon your request. 

We hope to share the results by publishing them in journals and presenting them at 

conferences in the UK and overseas. To this end, we would like to thank you in advance for 

your valued and kind consideration. 

 

 

Omolara Lade 

(Principal Investigator) 
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    Figure 1 Schematic of rainwater harvesting system 

Section A: General information 

A few questions about you. These will help us compare and analyse the results of the study. 

Please put a tick () next to the answer 

Q1. What age group are you in? 

1. Under 20  

2. 21-30  

3. 31-40  

4. 41-50  

5. 51-65  

6. 65+   

Q2. What is your gender? 

1. Male   

2. Female   



 

345 
 

 

Q3. Do you have any qualification (please tick () all that apply) 

1. O/Level   

2. OND/HND   

3. First degree   

4. Masters degree  

5. Doctorate   

Other, please specify:  

 

 

 

Q4.  What is your occupation? 

 

 

 

Q5. Do you own or rent your home? 

1. Owner-occupier  

2. Shared-owner  

3. Private-tenant  

Other, please specify:   

 

 

 

Q6. How long have you lived in your current home? 

1. Less than 1 month   

2. Between 1-3 months  



 

346 
 

3. Between 3-6 months  

4. Between 6-12 months  

5. Between 1-5 years   

6. Over 5 years   

7. I am just visiting   

Q7. How many people usually live in your home? 

1   

2   

3   

4   

5   

6   

More than 6  

Q8. Does your home have a garden? 

1. Yes  

2. No  

Q9. In which local government area of Ibadan do you reside? 

Egbeda     Ibadan North     

Ona-ara     Ibadan South-west  

Oluyole     Ibadan North-west  

Akinyele   Ibadan South-east  

Ido            Ibadan North-east  

Lagelu       

 

Section B: Rainwater harvesting technology 

Q10. Have you ever used a rainwater harvesting system? 
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Yes No Unsure 

 

Q11. If yes, where was the system? 

In a home In a place of work Both 

Other, please specify: 

  

Q12. If a property already has a rainwater harvesting system, will you buy/rent it? 

Yes No Unsure 

 

If Yes or No, please give a reason (if possible): 

 

Q13. Have you ever obtained information or researched into using rainwater harvesting? 

Yes     No      

If you answer yes, please give brief details as to what you did/found out: 

 

 

Q14. Where would you (the BEST place) access information on rainwater harvesting?  

Please only tick ( ) one 

1. In the library                  

2. On the internet               

3. With my water bill         

4. At a demonstration site                       

5. None of the above       

Other, please specify: 

 

Q15. How easy do you think rainwater-harvesting technologies are to use? 
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Very easy Easy Neutral Difficult Very 

difficult 

 

Q16. Which type of accommodation do you live in? 

1. Single room   

2. Room and parlour   

3. Two/three bedroom flat    

4. Semi-detached   

5. Duplex/detached  

Q 17 Which type of material is your roof made of. 

1. Corrugated iron sheet   

2. Roofing tiles   

3. Brick    

4. Grass   

5. Wood bamboo   

6. Cement concrete   

Q18 What is your monthly income range (Naira)?    

1. <10,000   

2. 10,000 - 30,000   

3. 30,000 - 100,000    

4. 100,000 - 150,000  

5. 150,000 - 200,000  

6. >200,000  

Section C: Benefit of rainwater harvesting 

Q19. Have you used any water saving devices?  

Yes No Unsure 

 

Q20. Would you be happy to flush a toilet with water from a source other than mains supply? 
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Yes No Unsure 

 

If you answered No, why? Please give more information: 

  

 

Q21. If yes, which of the following sources would you consider using? 

Please put a tick ( ) in the appropriate box. 

  Yes No Unsure 

Rainwater (collected from rooftop)    

Rainwater (collected from surrounding roads/car 

parks) 

   

Grey water collected from your house    

 

Q22. Would you consider using rainwater harvested for any of the following uses? 

Please put a tick ( ) in the appropriate box. 

 Yes No Unsure 

Drinking    

Cooking    

Flushing a toilet    

Washing clothes    

Bathing of animals (e.g. dogs)    

Car washing    

Personal washing    

Garden watering    

General outdoor use    

 

Q23. Which of the following will make you consider installing a rainwater harvesting 
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         system? 

Please put a tick ( ) next to ONE ITEM ONLY 

Other, please specify: 

 

 

Section D: Water policy and strategy 

D1: Barriers affecting the implementation of rainwater harvesting in Ibadan. 

Please respond to the following statement as honestly as possible 

Q24. How would you index your level of satisfaction with the services provided by the Water 

         Corporation of Oyo State. 

1. Very satisfactory     

2. Good      

3. Satisfactory     

4. Neutral   

5. Unsatisfactory     

6. Very unsatisfactory   

Saving money on water bills  

Saving valuable highly treated water being flushed down the toilet  

If I had a grant/subsidy from the government  

If we were experiencing water shortage  

If our well goes dry during the dry season  

If my neighbour /someone on the street had it  

If I was restricted in my water usage  

If the size of storage tank needed is not too large  

If the quality of the water collected is fit for drinking and cooking 

with little treatment 

 

Don't know  
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Q25. Please use the scale to indicate how the following barriers affect the management of 

water resources in Ibadan.  

A value of 1 will imply minor barrier, while 6 implies major barrier to the implementation 

of rainwater harvesting in the City. 

  1 2 3 4 5 6 Unsure 

1. Water policies lack strategies for         

    action. 

2. Lack of framework for alternative 

    water supply in the City.         

3. Lack of laws to regulate water 

    management.         

4. Topography of the City makes water 

     supply distribution difficult.         

5. Large catchment area/storage  

    facility makes rainwater harvesting 

    difficult to implement.         

6. Availability of water from other  

    sources during the wet season 

    discourages expensive investment   

    in alternative water supply methods.         

7. Relative cheapness of water from 

    other sources compared to pipe 

    -borne water.         

8. Limited funds available           

9. Misuse of available funds        

10. Public education on water 

      management is low.        

11. Water Corporation workers are 

       poorly paid.        
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12. Operational equipment is obsolete  

      and insufficient.        

Please list other factors that could constitute barriers to sustainable water resource 

management in the City. 

 

 

 

D2: Water usage and management strategy 

Q26. On average, how much do you spend on water supply per month (Naira)? 

1. <1500   

2. 1500-3000  

3. 3000-5000  

4. 5000-10,000  

5. > 10,000   

Q27. How often do you get water supply from the Water Corporation in the City. 

 Daily                 Weekly               Fortnightly         Monthly   

 Quarterly           Yearly                None at all  

Q28. In your own opinion, who is best equipped to manage the water problem in the City. 

1.    Government agencies    2.  Private organisations   

3.    Individuals 4.  Joint government and private 

Q29. How much would you be prepared to pay for routine maintenance activities per year (in 

         Naira)? 

1. Between N2,500 and N5,000  

2. Between N5,000 and N7,500  

3. Between N7,500 and N10,000  

4. Between N10,000 and N12,500  

5. More than N12,500  

Section E: Water supply and environmental health 

Please respond to the following statement as honestly as possible tick ( ) correct response 
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Q30. Who is responsible for the supply of water to your house? 

1.   Government 2.   Private  3.   Yourself 

Q31. The commonest method of water supply in my area is 

1.   Pipe-borne water     2.   Well water      3.   Stream/river        

4.   Rainwater                5.   Tankers/truck vendors 6.    Borehole 

  

Other, specify: 

 

 

Q32. Most wells in your area do go dry during the dry season 

1.   Yes                          2.   No    3.   Unsure 

Q33. Some major health hazard associated with drinking contaminated water in my area are 

1.  Cholera                    2.   Diarrhoea  3.   Typhoid fever 

Others, please specify: 

 

 

 

Feedback is an important part of any research project. If you would like to receive details of 

the results of this study, please tick the box below and include the contact details (this is 

optional). Furthermore, if you would like to take part in further research, please tick the box 

below and include your contact details. Please note your details will not be used for anything 

other than the box you tick. 

 

  I would like feedback 

  I would be happy to be involved in future research on alternative water resources 

 

 

 

 

 

 

 

Contact details: 
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APPENDIX 3B 

COPY OF QUESTIONNAIRE II 

 Research Centre in Built Environment  

      School of Technology 

Wolverhampton, WV1 1LY 

      United Kingdom 

 

INVITATION TO PARTICIPATE IN A STUDY: ENVIRONMENTAL 

ENGINEERING AND SOCIO-ECONOMIC POTENTIAL OF RAINWATER 

HARVESTING IN IBADAN, NIGERIA  

The Research Centre in Built Environment, University of Wolverhampton is conducting a 

research study on alternative water resources in Nigeria, focusing on rainwater harvesting 

under the guidance of Dr David Oloke, Dr Ezekiel Chinyio and Professor Michael Fullen. 

Rainwater harvesting is a water-saving technology: rainwater is collected from roofs, stored 

in a tank and then reused within buildings (see page 3 for a diagram of an example system). 

Specifically, the research aims to  develop a decision support system for evaluating rainwater 

harvesting methods using Multi-attribute utility theory. The project will establish parameters 

for assessment of alternative water resources, as well as develop a framework for improved 

and sustainable rainwater harvesting regimes in Nigeria.  

Your participation in this project is voluntary. It would be very much appreciated if you 

complete all parts of the questionnaire. The questionnaire is in three (3) parts. Section A 

requests general information about your background, Section B requests information on 

criteria for improving rainwater harvesting systems, Section C requests information on 

measurement of alternative scores with respect to qualitative attributes. 

Please note that any information provided will be treated with the strictest confidentiality. 

At the completion of this study, all records on paper will be shredded and destroyed, while 

electronic records will be available on a need-to-know basis only.  

We do appreciate the questionnaire will take some of your valuable time. However, it will 

provide a wealth of helpful information to improve water resource management in Ibadan. 

Any further information and the outcome of the research will be available upon your request. 

We hope to share the results by publishing them in journals and presenting them at 

conferences in the UK and overseas. To this end, we would like to thank you in advance for 

your valued and kind consideration. 

Omolara Lade 

(Principal Investigator) 
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School of Technology  

                                                                                University of Wolverhampton 

 

 

Our Assurance: Confidentiality and anonymity are guaranteed in this research. All information 

collected will conform to the University’s Human Research Ethical procedures and will be accessible 

to the research team only 

Questionnaire 

Please answer all questions 

Please tick () options where applicable 

1. What type of organisation do you work for?  

a. Consulting  □ b. Others (Please specify) □ 

 

 

2. What is the numerical size of the company/organisation you represent (Please 

tick √ one box) 

 

3. Please give an indication of the size of your company in terms of annual turnover 

(Please tick √ one) 

a. <N5m □ b. N5m - N50m □ c. N50m -N100m □ d. >N100m □ 

  

4. Please indicate your company’s project catchment area (Please tick √ box as 

appropriate)  

a. Regional (Oyo State      

and Southern Nigeria ) 

□ b. National  

(Nigeria Wide) 

□ c. International 

 (Nigeria and Abroad) 

□ 

 

5. Have you lived in Ibadan? If yes; how long? (Please tick √ box as appropriate)  

 

a.  ≤ 10staff   □│ b. 11- 50 staff  □│c. 51 - 249 staff □│ d. 250 ─ 500 staff  □│ e. Over 500 staff 

□ 
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Questionnaire 

Please answer all questions 

Please tick () options where applicable 

 

SECTION A: BACKGROUND OF RESPONDENT  

Name of respondent  ……………………………………………………………………  

Name of company  ………………………………………………………………… 

Position in the company  ………………..................................................................  

Work experience ……………….. (Years) 

Address (optional) 

......................................................................................................................... 

E-mail (optional) ................................................................................ 

 

 

 

 

 

 

a. < 

1 year 

□ b. 1-5 years □ c. 5-10 years □ d. Over 10 years □ 

e. No □       

 

6. Are you familiar with the water situation in Ibadan?  (Please tick √ box as 

appropriate)  

a. Yes □ b. No □ 

 

7. Are you familiar with rainwater harvesting? (See page 3 for a diagram of an 

example system) 

 (Please tick √ box as appropriate)  

a. No □ b. Yes □ 
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            Figure 1 Schematic of rainwater harvesting system 

 

SECTION B: CRITERIA FOR IMPROVING RAINWATER HARVESTING SYSTEMS IN 

IBADAN; 

 (Please tick (√) in the appropriate box  

1.  

       Please rate the following criteria in terms of their importance in measuring 

       the performance of rainwater harvesting systems 

 

Criterion  Rating 

Not 

Important 

Little 

Importance 

Moderate 

Importance 

High 

Importance 

Extreme 

Importance 

1 2 3 4 5 
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1. Storage 

Estimate 

□ □ □ □ □ 

2. Water 

Assurance 

□ □ □ □ □ 

3. Storage 

Capacity  

□ □ □ □ □ 

4. Site 

Location/ 

□ □ □ □ □ 

5. Area 

Utilisation 

□ □ □ □ □ 

 

 

Criterion  Rating 

Not 

Important 

Little 

Importance 

Moderate 

Importance 

High 

Importance 

Extreme 

Importance 

1 2 3 4 5 

6.  Risk of 

Catastrophic 

Structure 

Failure 

□ □ □ □ □ 

 

7. Impact of 

Catastrophic

Structure 

Failure 

 

□ □ □ □ □ 

8. Ground     

Area 

Required 

□ □ □ □ □ 

 

 

9. Loss of 

Water due to 

□ □ □ □ □ 
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Evaporation 

10. Loss of 

Water due to 

Seepage 

□ □ □ □ □ 

11. 

Feasibility 

of 

Inspection 

and Repair 

□ □ □ □ □ 

 

12. Water 

Quality 

□ □ □ □ □ 

13. 

Construction

Cost 

□ □ □ □ □ 

 

14. Pumping 

Cost 

□ □ □ □ □ 

 

15. 

Maintenance 

Cost 

□ □ □ □ □ 

 

16. Unit 

Cost  

□ □ □ □ □ 

17. Payback 

Period 

□ □ □ □ □ 

 18. System     

Stabilisation 

Time  

 

□ □ □ □ □ 

Other 

(Please 

Specify) 

....................

...............  

............... 
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SECTION C: MEASURING THE SCORES OF ALTERNATIVES WITH RESPECT TO 

QUALITATIVE ATTRIBUTES 

 (Please tick √ box as appropriate)  

1. Certainty of storage estimate  

Please rate the certainty of storage estimate for each of the following alternative 

water supply strategies 

Factors Certainty Rate 

None Little Moderate Great Extreme 

1 2 3 4 5 

a. RCC water 

tanks  

□ □ □ □ □ 

b. Surface 

storage (ponds, 

dams and 

surface  

reservoirs) 

□ □ □ □ □ 

c. Ground 

water 

recharging 

(recharge wells 

and recharge 

pits) 

□ □ □ □ □ 

Other □ □ □ □ □ 

Other □ □ □ □ □ 

 

 

 

2. Location of site/physical condition  

Please rate the impact of site location on each of the following alternative water 

supply strategies  
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(1 being no impact and 5 being extreme impact) 

Factors Impact Rate 

None Little Moderate Great Extreme 

1 2 3 4 5 

a. RCC water 

tanks  

□ □ □ □ □ 

b. Surface 

storage  

(ponds, dams 

and surface 

reservoirs)  

□ □ □ □ □ 

c. Ground 

water 

recharging 

(recharge 

wells and 

recharge pits) 

□ □ □ □ □ 

Other □ □ □ □ □ 

 

 

 

3. Inspection and repair feasibility 

Please rate the feasibility for the structures inspection and repair in case of any 

damage for each of the following alternative water supply strategies  

Factors Feasibility Rate 

None Little Moderate Great Extreme 

1 2 3 4 5 

a. RCC 

water tanks  

□ □ □ □ □ 

b. Surface 

storage  

(ponds, 

dams and 

surface 

□ □ □ □ □ 
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reservoirs) 

c. Ground 

water 

recharging 

(recharge 

well and 

recharge 

pits) 

□ □ □ □ □ 

 

 

4. Water assurance 

Please rate the confidence level by which the user can use the stored water at any 

given time for each of the following alternative water supply strategies 

Factors                                    Assurance Rate 

None Little Moderate Great Extreme 

1 2 3 4 5 

a. RCC water tanks  □ □ □ □ □ 

b. Surface storage  

(ponds, dams and surface 

reservoirs) 

□ □ □ □ □ 

c. Ground water 

recharging (recharge 

wells and recharge pits) 

□ □ □ □ □ 

 

 

5. Area utilisation  

Please indicate the area utilisation after construction for each of the following 

alternative water supply strategies  (1 being small and 3 being high) 

Factors Utilisation Rate 

Small Medium High 

1 2 3 

a. RCC water tanks  □ □ □ 



 

363 
 

b. Surface storage  (ponds, dams and surface 

     reservoirs) 

□ □ □ 

c. Ground water recharging (recharge wells 

     and recharge pits) 

□ □ □ 

 

 

 

6. Water quality 

Please rate the level of contamination to which the water is prone for each of the 

following alternative water supply strategies 

Factors Contamination  Rate 

None Little Moderate High Extremely 

 high 

1 2 3 4 5 

a. RCC water tanks  □ □ □ □ □ 

b. Surface storage  

(ponds, dams and 

surface reservoirs) 

□ □ □ □ □ 

c. Ground water 

recharging (recharge 

wells and recharge pits) 

□ □ □ □ □ 

 

 

7. Structure failure 

Please rate the geological risk due to catastrophic structure failure for each of 

the following alternative water supply strategies (1 being no risk and 5 being 

extreme risk) 

Factors Risk Rate 

None Little Moderate Great Extreme 

1 2 3 4  5 45 

a. RCC water □ □ □ □  □ □ 
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tanks  

b. Surface storage  

(ponds, dams and 

surface reservoirs) 

□ □ □ □  □ □ 

c. Ground water 

recharging 

(recharge wells 

and recharge pits) 

□ □ □ □  □ □ 

 

 

8. Structure failure 

Please rate the geological impact due to catastrophic structure failure for each of 

the following alternative water supply strategies (1 being no impact and 5 being 

extreme impact) 

  

Factors Impact 

Rate 

Moderate Great Extreme 

1 2 3 4 5 

a. RCC water 

tanks  

□ □ □ □ □ 

b. Surface storage  

(ponds, dams and 

surface reservoirs) 

□ □ □ □ □ 

c. Ground water 

recharging 

(recharge well  and 

recharge pits) 

□ □ □ □ □ 

 

 

 

9. Evaporation losses 

Please rate the level of evaporation to which the stored water is prone at any 

given time for each of the following alternative water supply strategies (1 being 

no loss and 5 being extreme loss) 

Factors Loss  Rate 
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None Little Moderate High Extremely 

 high 

1 2 3 4 5 

a. RCC water 

tanks  

□ □ □ □ □ 

b. Surface 

storage  (ponds, 

dams and surface  

reservoirs) 

□ □ □ □ □ 

c. Ground water 

recharging 

(recharge wells 

and recharge 

pits) 

□ □ □ □ □ 

 

 

 

 

10. Seepage losses 

 

Please rate the level of seepage to which the stored water is prone to at any given 

time for each of the following alternative water supply strategies (1 being no loss 

and 5 being extreme loss) 

Factors Loss Rate 

None Little Moderate Great Extreme 

1 2 3 4 5 

a. RCC water 

tanks  

□ □ □ □ □ 

b. Surface 

storage  (ponds, 

dams and surface 

reservoirs) 

□ □ □ □ □ 
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c. Ground water 

recharging 

(recharge wells 

and recharge 

pits) 

□ □ □ □ □ 

 

 

 

 

11. System stabilisation time 

 

Please rate the time to which each of the following alternative water supply 

strategies will get stabilized (1 being not much and 5 being extremely much) 

Factors Time Rate 

None Little Moderate Great Extreme 

1 2 3 4 5 

a. RCC water 

tanks  

□ □ □ □ □ 

b. Surface 

storage  (ponds, 

dams and surface 

reservoirs) 

□ □ □ □ □ 

c. Ground water 

recharging 

(recharge wells 

and recharge 

pits) 

□ □ □ □ □ 

 

 

 

Please add any comments you wish to make 
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Finally: 

 Would you like to receive a copy of the summarised report of this research?  

Yes □ No □ 

 Would you like to try the developed computer-based tool for improved rainwater harvesting 

system when ready?  

Yes □ No □  

     

Thank you for completing the questionnaire. Your contribution is fully appreciated. Please return 

completed questionnaire to: 

 

Omolara Lade 

Doctoral Research Student 

School of Technology, University of Wolverhampton WV1 1LY, UK 

E-mail: O.O.Lade@wlv.ac.uk 

 

 

 

 

 

 

 

mailto:O.O.Lade@wlv.ac.uk
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APPENDIX 4A 

LETTER OF INVITATION TO PARTICIPATE IN FOCUS GROUP DISCUSSION 

                                                                                                      

             
          08/08/2012 

Dear Sir/Madam, 

The University of Wolverhampton, United Kingdom, will be conducting a Focus Group 

Discussion on the Potential of Rainwater harvesting in Ibadan, Nigeria on 16 August 2012. 

To assist in this work, the University will be consulting with residents of Ibadan and other 

stakeholders, to understand current water supply practices and analyse the barriers and 

success factors affecting the adoption of rainwater harvesting as a sustainable water 

management practise. 

We would therefore like to invite you to take part in the discussion to be held at the 

conference room, Ministry of Works and Housing, Oyo State Secretariat, Ibadan on 16 

August 2012. The discussion will start at 11am and finish around 1pm. Tea, coffee and light 

refreshments will be provided. 

The discussion will be hosted by a researcher from the University with segments to be led by 

experts in the water supply sector, whose roles are impartial. Your identity will remain 

anonymous and you will not be personally identified in any subsequent reports. 

We will contact you by telephone again during the week before to confirm your attendance.  

We are sure that the group will result in a lively discussion, and will once more contribute to 

the enhancement and the enjoyment of your environment within Ibadan. 

If you have any queries regarding the discussions, then please contact 08076019231. 

Thank you for your support, we look forward to seeing you again on Thursday 16 August. 

 

Yours sincerely 

Omolara Lade  
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APPENDIX 4B 

LIST OF FGD PARTICIPANTS WITH CONTACT 

Names Contacts 

Mr Adejumo Mumuni Adejumo_mumuni@yahoo.com 

Engr. Ayanwale M. Adebayo  amaak.konsult@yahoo.com 

Prof. Akinwale Coker  cokerwale@yahoo.com 

Arc. Olusola Ogundinwin  octopusy123@yahoo.com 

Engr. Adeyemo Oluwasesan  sesanadeyemo@yahoo.com 

Mr Olukunle  olukunle1@yahoo.com 

Prof. J.D. Adeniyi  adeniyijoshua@yahoo.co.uk 

Engr. Adesogan  soadesogan@yahoo.com 

Mrs Funmi Okoji funmko@yahoo.com 

Dr Oloruntoba Li_zzyy@yahoo.com 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:Adejumo_mumuni@yahoo.com
mailto:amaak.konsult@yahoo.com
mailto:cokerwale@yahoo.com
mailto:octopusy123@yahoo.com
mailto:sesanadeyemo@yahoo.com
mailto:olukunle1@yahoo.com
mailto:adeniyijoshua@yahoo.co.uk
mailto:soadesogan@yahoo.com
mailto:funmko@yahoo.com
mailto:Li_zzyy@yahoo.com
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APPENDIX 5A 

Tests of between-subject effects (Analysis of Variance of barriers) 

 

Tests of Between-Subjects Effects 

Dependent Variable: Own_rent_home 

Source Type III Sum of 

Squares 

Df Mean Square F Sig. 

Corrected Model 57.697a 72 0.801 1.014 0.452 

Intercept 778.285 1 778.285 984.445 <0.0001 

Water Policies 5.211 6 0.869 1.099 0.362 

Lack of Framework 4.947 6 0.825 1.043 0.396 

Lack of Water 

Management 

Laws 

7.746 6 1.291 1.633 0.136 

City Topography 3.083 6 0.514 0.650 0.690 

Large Catcment Area 1.410 6 0.235 0.297 0.938 

Water Availability from 

Other Sources 

2.305 6 0.384 0.486 0.819 

Cheapness of Water 

from Other Sources 

14.303 6 2.384 3.015 0.007 

Limited Funds 1.842 6 0.307 0.388 0.887 

Misuse of Funds 6.582 6 1.097 1.388 0.218 

Low Public Education 

on Water 

6.995 6 1.166 1.475 0.185 

Poor Renumeration of 

Corporation Staff 

3.823 6 0.637 0.806 0.566 

Obsolete Insufficient 

Equipment 

2.017 6 0.336 0.425 0.862 

Total 3364.000 561    

Corrected Total 443.501 560    

a. R Squared = .130 (Adjusted R Squared = .002) 
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APPENDIX 5B 

Post-hoc tests (multiple comparisons of variance barriers) 

 

Multiple Comparisons  

Tukey HSD 

Dependent 

Variable 

(I) 

 Own_rent_home 

(J) 

Own_rent_home 

Mean 

Difference (I-

J) 

Std. Error  

Water Policies Owner-occupier Shared-owner -0.03022 0.27261 0.993 

Tenant-private 0.15172 0.18557 0.692 

Shared-owner Owner-occupier 0.03022 0.27261 0.993 

Tenant-private 0.18194 0.25133 0.749 

Tenant-private Owner-occupier -0.15172 0.18557 0.692 

Shared-owner -0.18194 0.25133 0.749 

Lack of 

Framework 

Owner-occupier Shared-owner -0.35791 0.27400 0.392 

Tenant-private 0.01340 0.18652 0.997 

Shared-owner Owner-occupier 0.35791 0.27400 0.392 

Tenant-private 0.37130 0.25261 0.306 

Tenant-private Owner-occupier -.01340 0.18652 0.997 

Shared-owner -0.37130 0.25261 0.306 

Lack of Water 

Management 

Laws 

Owner-occupier Shared-owner 0.01428 0.28133         0.999 

Tenant-private -0.29858 0.19151 0.264 

Shared-owner Owner-occupier -0.01428 0.28133 0.999 

Tenant-private -0.31286 0.25937 0.450 

Tenant-private Owner-occupier 0.29858 0.19151 0.264 

Shared-owner 0.31286 0.25937 0.450 

City 

Topography 

Owner-occupier Shared-owner 0.30569 0.28529 0.532 

Tenant-private -0.16630 0.19421 0.668 

Shared-owner Owner-occupier -0.30569 0.28529 0.532 

Tenant-private -0.47199 0.26302 0.172 

Tenant-private Owner-occupier 0.16630 0.19421 0.668 

Shared-owner 0.47199 0.26302 0.172 

Large 

Catcment 

Area 

Owner-occupier Shared-owner 0.26824 0.28923 0.623 

Tenant-private -0.10149 0.19689 0.864 

Shared-owner Owner-occupier -0.26824 0.28923 0.623 

Tenant-private -0.36974 0.26665 0.349 

Tenant-private Owner-occupier 0.10149 0.19689 0.864 

Shared-owner 0.36974 0.26665 0.349 

Water 

Availability 

from Other 

Owner-occupier Shared-owner 0.60340 0.27813 0.077 

Tenant-private -0.02987 0.18934 0.986 

Shared-owner Owner-occupier -0.60340 0.27813 0.077 
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Sources Tenant-private -0.63328
*
 0.25642 0.037 

Tenant-private Owner-occupier 0.02987 0.18934 0.986 

Shared-owner 0.63328
*
 0.25642 0.037 

Cheapness of 

Water from 

Other 

Sources 

Owner-occupier Shared-owner 0.43005 0.28395 0.285 

Tenant-private 0.50342
*
 0.19329 0.026 

Shared-owner Owner-occupier -0.43005 0.28395 0.285 

Tenant-private 0.07337 0.26178 0.958 

Tenant-private Owner-occupier -0.50342
*
 0.19329 0.026 

Shared-owner -0.07337 0.26178 0.958 

Limited Funds Owner-occupier Shared-owner 0.01121 0.27475 0.999 

Tenant-private 0.15846 0.18703 0.674 

Shared-owner Owner-occupier -0.01121 0.27475 0.999 

Tenant-private 0.14725 0.25330 0.830 

Tenant-private Owner-occupier -0.15846 0.18703 0.674 

Shared-owner -0.14725 0.25330 0.830 

Misuse of 

Funds 

Owner-occupier Shared-owner -0.51515 0.25507 0.108 

Tenant-private -0.27986 0.17364 0.241 

Shared-owner Owner-occupier 0.51515 0.25507 0.108 

Tenant-private 0.23529 0.23516 0.577 

Tenant-private Owner-occupier 0.27986 0.17364 0.241 

Shared-owner -0.23529 0.23516 0.577 

Low Public 

Education on 

Water 

Owner-occupier Shared-owner -0.10602 0.26544 0.916 

Tenant-private -0.22248 0.18070 0.435 

Shared-owner Owner-occupier 0.10602 0.26544 0.916 

Tenant-private -0.11646 0.24472 0.883 

Tenant-private Owner-occupier 0.22248 0.18070 0.435 

Shared-owner 0.11646 0.24472 0.883 

Poor 

Renumeration 

of Corporation 

Staff 

Owner-occupier Shared-owner -0.29589 0.26449 0.503 

Tenant-private 0.14365 0.18005 0.705 

Shared-owner Owner-occupier 0.29589 0.26449 0.503 

Tenant-private 0.43954 0.24385 0.170 

Tenant-private Owner-occupier -0.14365 0.18005 0.705 

Shared-owner -0.43954 0.24385 0.170 

Obsolete 

Insufficient 

Equipment 

Owner-occupier Shared-owner -0.25372 0.24182 0.546 

Tenant-private 0.11369 0.16462 0.769 

Shared-owner Owner-occupier 0.25372 0.24182 0.546 

Tenant-private 0.36740 0.22294 0.226 

Tenant-private Owner-occupier -0.11369 0.16462 0.769 

Shared-owner -0.36740 0.22294 0.226 

*. The mean difference is significant at p< 0.05.  
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APPENDIX 6A 

ROOF PLAN (CASE STUDY 1) 
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APPENDIX 6B 

ROOF PLAN (CASE STUDY 2) 
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APPENDIX 7 

MODEL INFORMATION AND USER GUIDE 

 

MODEL INFORMATION 

Aim of Multi-criteria Decision Analysis Model (MDAM) 

The aim of this model to quantify the cost and financial benefits of alternative RWH systems 

that can be used to improve water supply processes. The model can be applied to select 

appropriate RWH-based storage systems: for collecting rainwater from catchment surface 

(roof or ground surface), delivery systems for transporting rainwater from the catchment to 

appropriate storage tanks (gutters or surface drains) and the storage system itself. The model 

generates utility values of the alternatives with respect to some selection attributes and 

calculates the overall multi-attribute values for the alternatives. The multi-attribute utility 

value will be the measure of appropriateness in the implementation of one alternative in 

preference to another. 

A model of this nature is needful given the significant investment involved in the 

implementation of any of the alternative RWH systems and the significantly varied benefits 

that each of them can provide. Also, the novelty in the application of the RWH systems to 

water supply for many companies’ means there is little or no practical knowledge of the 

benefits of the system to water sectors. Hence, there is a need for an estimating tool which 

can predict the benefits of the alternatives based on weightings. 

The functional sections (worksheets) of the model which execute the main quantification 

operations have been named INPUT/DATA and OUTPUT. 

   

USER GUIDE 

1. ‘DATA’ worksheet contains the survey data used to generates the weightings which 

form part of this model input. The ‘Normalised weightings’ in ‘Section U’ table can be 

modified to suit the preferences of decision makers for the selection attributes if they are 

different from the default values in this model. 

 

2. The ‘INPUT’ worksheet carries out the quantification operation of the costs of water 

supply problems such as storage estimate, water assurance, storage capacity, site location, 

area utilisation, risk of catastrophic structural failure, impact of catastrophic structural failure, 

ground area required, loss of water due to seepage/evaporation, feasibility of inspection and 

repair, water quality, construction cost, pumping cost, maintenance cost, unit cost, payback 

period and system stabilisation; and the costs of alternative RWH systems that can be 

implemented to mitigate such problems. 

 

 Project-specific data should be entered into LIGHT BLUE cells  
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 Data in the LIGHT GREEN cells are in-process totals of cost and quantities.   

 

 

RainCycle model section 

Disable some active contents  

 Click option 

 Click enable this content 

 Click OK 

 Click accept 

Catchment surface 

 Click system map 

 Click catchment area 

 Input plan area (computed from the typical house plan attached) 

 Click enter 

 Click system map 

 Click optimise tank size 

 Click analyse to start (this generates the simulating tank size and percentage demand         

met). 

Simulate tank size. 

 Click system map 

 Click optimise savings 

 Click analyse to start (this generates the payback period). 

Note: 

The storage volume and payback period generated are the values at which the percentage 

demand met is low relative to number of years the system will pay back on investment. The 

graph becomes static (straight) at this point with an appreciable % water demand met, while 

an additional storage volume will have no appreciable effect on the % of water demand met. 

 

MDAM model   

   

INPUT the values generated for 

 Storage volume and payback period from RainCycle (RCC tank, Surface and ground, 

respectively)  

 Click OUTPUT sheet of MDAM model 

 Go to red cells and input simulating tank size 

 Input storage volume into the columns (RCC, surface reservoir and groundwater 

recharge pit) 

 Click enter 

 Go to yellow cells and input payback period corresponding to the simulating tank size 

 Input payback period into the columns (RCC, surface reservoir, groundwater recharge 

pits) 

 Click enter 
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The model will automatically generate the overall utility which combines the benefit and cost 

of each attribute with respect to alternatives. 

 

3. The ‘OUTPUT’ worksheet estimates the utilities of alternatives with respect to 

attributes from the expected cost. The ‘OUTPUT’ sheet finally combines the ‘Normalised 

weightings’ from the ‘DATA’ sheet with the utilities to estimate the overall ‘multi-attribute 

utilities’ of the alternatives.  

 

The output of the model is presented in the ‘multi-attribute utility’ table and graph. The best 

alternative RWH storage system with respect to the 18 attributes that have been measured in 

the model has the highest multi-attribute utility.  

   

 Alternative with the highest value is ranked 1, followed by 2 and 3. 

 The best alternative is the value rank 1. 

 

The flowchart below highlights the process involved in the RainCycle model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Catchment Surface 

Input Plan Area 

Optimise Tank size 

Analyse 

Storage Volume 

MDAM 

Optimise Savings 

Analyse 

Payback Period 

Rain cycle Model 
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APPENDIX 8 

COPY OF VALIDATION QUESTIONNAIRE 

                 School of Technology (STECH) 

University of Wolverhampton 

Dear Sir /Madam, 

A QUESTIONNAIRE FOR VALIDATING A MODEL FOR THE SELECTION OF 

SUSTAINABLE RAINWATER HARVESTING STORAGE SYSTEMS 

The aim of this questionnaire is to gather and assess experts’ opinions on the attached model, 

which is intended to assist Architects and Civil Engineers in evaluating and selecting 

sustainable ‘rainwater harvesting storage systems’ (RWHSS). The model was developed on 

the basis of a research to investigate the environmental engineering and socio-economic 

barriers of RWHS in Ibadan. The model consists of a computerised framework for the 

evaluation of alternative RWH-based water supply systems. The toolkit will assist water 

supply decision-makers in making knowledge-based decisions on the implementation of 

RWH-based systems for improving water supply. This questionnaire is meant to validate the 

proposed model in terms of its significance to the industry, workability in practise and 

adequacy in addressing the decision problems confronting stakeholders in selecting 

sustainable RWHSS strategies. 

The questionnaire is in three (3) parts. Section A seeks to collect information on your 

background; Section B and C ask for your opinions or comments on general and specific 

aspects of the model, respectively. There are no correct or incorrect responses, only your 

opinion is needed.  

Please return the completed questionnaire to the E-mail address below. 

If you would like any further information about the research, please let me know. 

 

Yours faithfully, 

Omolara Lade 

Doctoral Research Student 

School of Technology (STECH) 

University of Wolverhampton 

Wulfruna Street, Wolverhampton 

WV1 1SB 

Tel: 01902 518537 

E-mail: omolaralade@yahoo.com 

Tel:01902518537
mailto:omolaralade@yahoo.com
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Section A: Background of Respondent 

(Kindly complete this questionnaire electronically – all boxes are expandable) 

 

 

 

 

 

 

 

Section B: General Impression on the model (Please tick as appropriate) 

Please familiarise yourself with the model provided and answer the following questions on 

that basis. 

1. Does the model address an important problem in sustainable rainwater harvesting 

evaluation and selection? 

 Yes, quite significant                      

                  Yes, but not significant                  

                  No, it would make no difference       

               Not sure of its significance            

               Comments (if any)  

                         

2. Would you say the model is capable of assisting Architects and Civil engineers in 

the selection of sustainable materials for RWH projects? 

 Yes, it is highly capable             

Yes, it is capable                        

No, it is not capable                    

Not sure of its capability      

 

Name of Respondent (optional): ...................................................................................................... 

Profession: ........................................................................................................................................ 

Qualification(s): ............................................................................................................................... 

Current job designation: ................................................................................................................... 

Years of experience in the consulting/construction industry: ..........................................................  
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Comments (if any)           

     

3. Would you say the model is simple, to understand and use with little or no 

practical difficulties? 

                 Yes                       

                 No                                    

4. Would you say the model is clear and easy to understand with little or no practical 

difficulties? 

                 Yes  

                 No 

5. If you answered ‘No’ to Q3/Q4, please comment on the specific aspects of the 

model that, in your view, are likely to cause major difficulties to its use. 

 

 

6. What is your opinion on the resources needed to apply the model in real life 

selection exercises? 

It would be too costly to operate at the current level of resources                     

It would not be too costly to operate at current resource levels                

The benefits of using the model justifies any resource requirements     

Comments (if any) 

 

 

7. What is your opinion on the description of the model and its lay out? 

  It is comprehensive         

  It is adequate                     

  It is poor                            

  Not sure 
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  Comments (if any) 

 

 

8. In your opinion, are there any further matters of importance which ought to be 

included or considered in the model? 

        Yes       

        No       

        Not sure                 

9. If Yes to Q7, please specify: 

 

 

Section C: Impression on the model’s techniques 

10. What is your opinion on the scale of “1-5” adopted for the comparison of the 

criteria and rating of the rainwater harvesting storage systems? (1 = None, 2 = Little, 3 = 

Moderate, 4 = Great, 5 = Extreme importance) 

               It is very suitable                          

               It is suitable                                 

               It is not suitable                           

               I am not sure of its suitability       

               Comments (if any) 

 

11. What is your opinion on the approaches/methods used for evaluating the selection 

criteria in rating the rainwater harvesting storage systems? 

                  These are very suitable                       

                  These are suitable                               

                  These are not suitable                        

                  I am not sure of their suitability    
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                 Comments (if any) 

 

12. Are there any further approaches/methods, which in your opinion are important to 

be considered in rating the rainwater harvesting storage systems against the criteria? 

                                         Yes              

                                         No              

                                         Not sure 

13. If you answered ‘Yes’ to Q12, please specify: 

 

 

14. What is your opinion on the set of criteria used in evaluating and rating the 

rainwater harvesting storage systems? 

     It is very suitable                       

     It is suitable                                

     It is not suitable                         

     I am not sure of its suitability     

     Comments (if any) 

 

 

15. In your opinion, are there any other important criteria that were not considered?  

                 Yes                    

                 No                     

                 Not sure 

16. If you have answered ‘Yes’ to Q15, please list these criteria that ought to have 

been considered. 
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17. Please provide any other general comments that you have on the model or 

suggestions for its improvement. 

 

 

End of questionnaire 

 

Thank you very much for your time. 

 

NB: Confidentiality and anonymity are guaranteed. All information collected will conform to 

the University’s Human Research Ethical procedure. 

 

Please return the completed questionnaire to: omolaralade@yahoo.com 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:omolaralade@yahoo.com
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APPENDIX 9 

ABSTRACT OF PUBLICATIONS 

 

HYDROLOGICAL PERFORMANCE OF RAINWATER 

HARVESTING SYSTEM IN THE RESIDENTIAL SECTOR: A 

LITERATURE REVIEW OF MODELLING TECHNIQUES  
 

Omolara Lade1, David Oloke2, Collin Booth3, Michael Fullen4 and David Proverbs5  

1,2,3,4 School of Technology, University of Wolverhampton, West Midlands, City Campus, WV1 1LY, UK  

5Faculty of Environment and Technology, University of the West of England, Frenchay Campus,  

Bristol BS 16 1 QY, UK  

 

There is a growing interest in reducing water consumption and the associated water wastages in every sector of 

the economy. The residential sector is a substantial consumer of water in every country and therefore constitutes 

a focus of water consumption efforts. Since the water consumption characteristics of the residential sector are 

complex and inter-related, comprehensive models are needed to assess the environmental engineering and socio-

economic impacts of adopting rainwater harvesting (RWH) as a sustainable system suitable for residential 

applications in developing countries. This research seeks to develop a RWH decision support system (DSS) to 

assist decision makers and stake holders by indicating the suitability of RWH in any selected part of developing 

nations in general and Nigeria in particular. A review of the various modelling techniques used for assessing the 

performance of RWH systems in the residential sector (i.e. in terms of their water saving reliability) is thus 

presented. Numerous approaches are identified: these ranges from the relatively simple, ―rule-of-thumb‘ 

approach to the more complex, statistical methods and sophisticated computer programs. The literature reviewed 

revealed, there are few RWHS models and there seems to be insufficient attention to Decision Support Tools 

(DST) for integrated urban water management. A GIS-based DST will be developed for evaluating rainwater by 

the combine use of RainCycle© model and mass balance-transfer model. 

  

Keywords: modelling, rainwater system, water consumption, rainwater harvesting, residential sector. 

 

 

A Critical Review of the Potential for the Implementation of 

Rainwater System in Nigeria 
Omolara Lade1, David Oloke 1, Collin Booth 1, Michael Fullen1 and David Proverbs 2 

 

1School of Technology, University of Wolverhampton, West Midlands, City Campus, WV1 

1LY, UK. 
2Faculty of Environment and Technology, University of the West of England, Frenchay 

Campus, Bristol BS16 1QY 

 

Email: O.O.Lade@wlv.ac.uk; D.A.Oloke@wlv.ac.uk 

Abstract:  

Rainwater harvesting (RWH) in its broadest sense, is a technology used for collecting and 

storing rainwater for human use (including small scale industries) from rooftops, land 

surfaces or rock catchments using simple techniques such as jars and pots as well as 

engineering techniques. In mosturban areas, population is increasing rapidly and the issue of 

supplying adequate water to meetsocietal needs is one of the most urgent and significant 

challenges. This work is part of a widerongoing study to investigate the environmental 

engineering and socio-economic benefits/barriers of RWH in Nigeria. The purpose of this is 

to: appraise the various RWH technologies available nationally and internationally and 
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evaluate the potential for their sustainable application in Nigeria and adoption. The review 

reveals studies on RWH have been mainly: potentials of domestic RWH to provide water in 

rural and peri-urban areas, recycling of storm water for household use such as WC flushing, 

household garden and car washing, recharge of groundwater through RWH, RWH systems 

for improving crop production. There seems to be few reports on the combination of 

rainwater and grey water to promote potable water savings, GIS-decision support tool for 

RWH and optimization of rooftop RWH system to provide energy saving approach for the 

community. The paper therefore concludes that RWH is an option where good quality fresh 

surface water or groundwater is deficient. 

 

Keywords: 

Potential, rainwater system, implementation, rainwater harvesting, Nigeria 
 

 
Journal of Environmental Science and Engineering (A & B) 
Volume 1, Number 7A, July 2012 
pp. 909-917 
 

Use of Multi-criteria Decision Analysis Methods for Water Supply 
Problems: A Framework for Improved Rainwater Harvesting 
 
Omolara Lade, David Oloke, Ezekiel Chinyio and Michael Fullen 
 

 

Abstract: Several conflicting objectives are considered in decision-making. MCDA 

(multicriteria decision analysis) methods are developed to facilitate better decision making by 

decision-makers. Water supply problems are complex problems with multiple decision 

making and criteria. Hence, the use of multi-criteria decision analysis is very appropriate for 

solving these problems. Multi-criteria decision analysis can be divided into three main 

groups: value measurement models, goals, aspiration and reference level models and 

outranking models. The methods listed have been applied to water supply problems, 

especially in the evaluation of alternative water supply strategies. Each method has its 

advantages and limitations. A good alternative for concluding a better-suited method for 

water supply problems is to apply more than one method, either in combination to make use 

of the strengths of both methods, or in parallel to obtain a broader decision basis for the 

decision maker. Previous studies of MCDA in water supply planning have usually considered 

water supply networks with only one water service delivery. Advanced water supply sources 

with multiple water service delivery systems have been neglected. This is an on-going study 

in which analytical hierarchical multi-criteria decision analysis methods are proposed for 

solving water supply problems and a framework for improved rainwater harvesting systems 

will be developed. 

 

Key words: Water supply, multiple-criteria decision analysis, sustainability. 
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Journal of Environmental Science and Technology A (ISSN 2162-5298) and Journal of 
Environmental Science and Technology B (ISSN 2162-5263) (Earlier title: Journal of 
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Assessment of Rainwater Harvesting Potential in Ibadan, 

Nigeria 

O.O. Lade, D.A. Oloke , E. Chinyio and M.A. Fullen  

School of Technology, University of Wolverhampton, West Midlands, City Campus, WV1 1LY, UK. 

Email: O.O.Lade@wlv.ac.uk; D.A.Oloke@wlv.ac.uk   

 

 Abstract 

 In the recent times, Ibadan in southwestern Nigeria has been facing severe water shortage due to 

 increase in population, social and economic activities. In order to meet the shortfall, attempts to utilise 

 rainwater harvesting (RWH) have been made in order to provide an alternative source of water 

 supply. A desk study was  conducted to review various RWH technologies locally, regionally and 

 globally. A hydrological  analysis  was also carried out using rainfall data of 30 years from two 

 Meteorological stations, with the aim of providing more sustainable RWH system for water 

 supply to private individuals, organisations and government agencies. RWH is found to be 

 technically feasible based on the prevailing rainfall pattern with over 90% of households having  roof 

 top constructed from technically appropriate materials. Results of the study indicates that an 

 average roof of 80m
2
 will collect 82,835litres/year (45litre/head/day) for a family of five which is 

 about the required water demand for drinking and cooking  purpose. Hence, the capacity of storage 

 tanks and the catchment area required for an all-purpose water supply system based on RWH are quite 

 large. These can be reduced to affordable sizes, by collecting and storing water for cooking and 

 drinking only while non-potable uses are supplemented by water from other sources. However, it must 

 be highlighted that due to the type of roofing material, rainwater should go through proper treatment in 

 order to be used for potable purposes. This study clearly shows that Ibadan city has a good rainwater 

 harvesting potential. 

  

 Keywords:                                  

 Conservation; Ibadan; Nigeria; potential; rainwater harvesting; sustainability  

 

 

A COST ANALYSIS OF RAINWATER CISTERN SYSTEMS FOR 

IBADAN, NIGERIA  

 
O.O. Lade, D.A. Oloke , E. Chinyio and M.A. Fullen 

School of Technology, University of Wolverhampton, West Midlands, WV1 1LY, UK. 

Email: O.O.Lade@wlv.ac.uk  D.A.Oloke@wlv.ac.uk 

 

 

ABSTRACT In Nigeria, inadequate supply of pipe borne water is a major concern; many homes depend on 

groundwater for household uses. However, this supplemental effort is inadequate to meet the demand of the 

increasing population as the water table declines resulting in a low yield especially during the dry season. 

mailto:O.O.Lade@wlv.ac.uk
mailto:D.A.Oloke@wlv.ac.uk
mailto:O.O.Lade@wlv.ac.uk
mailto:D.A.Oloke@wlv.ac.uk
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Ibadan is the most populous city south of the Saharan with water supply problems and flooding concerns. There 

is also the associate issue of contamination from septic tanks. Thus, an alternative water supply source in the 

form of roof-collected rainwater stored in tanks is needed to further supplement the supply. A hydrological 

analysis was carried out using 30 years rainfall data from two meteorological stations in Ibadan. Since a 

rainwater-harvesting system (RWHS) is site specific, the volume of water to be harvested and stored was 

determined for three different case studies using the mass balance method. This article concentrates on the cost 

analysis of rainwater cistern systems; as compared with the existing public water supply system (PWSS). The 

results revealed that the cost incurred on PWSS is quite low compared to the higher cost of installing a RWHS. 

However, the RWHS meets the demand of users by providing water in adequate quantity and quality and saves 

from the risk of water borne diseases in the study area. The study recommends the system for Ibadan and other 

areas without or with inadequate PWSS.  

 

 

Keywords: Rainwater cistern system; cost analysis; sustainability; Ibadan 

 

 

International Journal of Scientific & Engineering Research Volume 4, Issue3, March-2013 1 

ISSN 2229-5518 
IJSER © 2013 
http://www.ijser.org 
 

Cost Analysis of Rainwater Cistern 
Systems: A 
Case Study of Ibadan, Nigeria 
 
O.O. Lade, D.A. Oloke , E. Chinyio and M.A. Fullen 
 

Abstract In Nigeria, inadequate supply of pipe borne water is a major concern; hence, many homes depend on 

groundwater for household uses. However, this supplemental effort is inadequate to meet the demand of the increasing 
population as the water table declines resulting in a low yield especially during the dry season. Ibadan is the most populous city 
south of the Sahara with water supply problems and flooding concerns. There is also the associate issue of contamination from 
septic tanks. Thus, an alternative water supply source in the form of roofcollected rainwater stored in tanks is viable to further 
supplement the domestic water supply system. However, the economic feasibility of rainwater cistern system is an important 
factor in its acceptance in the scheme of water resources planning and development. Hence, a hydrological analysis was 
carried out using 30 years rainfall data from two meteorological stations in Ibadan, a Southwestern city in Nigeria. Since a 
rainwater-harvesting system (RWHS) is site specific, the volume of water to be harvested and stored per person was 
determined from three different case studies using the mass balance method. An estimate of the construction cost was carried 
out based on the prevailing cost of materials in the study area. This article concentrates on the cost analysis of a rainwater 
cistern system; as compared with the cost of water provision through the existing public water supply system (PWSS). The 
results revealed that the cost incurred on PWSS is quite low compared to the higher cost of installing a RWHS. However, the 
RWHS meets the demand of users by providing water in adequate quantity and quality and overcome the risk of contamination 
and contracting water borne diseases through the consumption of ground water in the study area. The cost analysis of a 
rainwater cistern in the study area suggests that the system is recommendable for Ibadan and other areas without or with 
inadequate PWSS. The study also reveals that Ibadan has a very good potential for RWH but some issues will need further 
research in this regard in the attempt to provide a sustainable solution. 
 
Index Terms Cost analysis, Ibadan, rainwater cistern system, sustainability 
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Potential for potable water savings by using rainwater: A 

Case study of Ibadan, Nigeria 

Omolara Lade, David Oloke, Ezekiel Chinyio and Michael Fullen 

School of Technology, The University of Wolverhampton, West Midlands, WV1 1LY,UK 

E-mail: O.O.Lade@wlv.ac.uk 

 

ABSTRACT 

In recent times, Ibadan city in south-west Nigeria has been facing severe shortage of potable water, due to 

increased population and socio-economic activities. In order to meet the shortfall, rainwater harvesting (RWH) 

has been used as an alternative water supply. A desk study was conducted to evaluate the potentials of this 

alternative source for the residential sector of the City. A hydrological analysis was conducted using 30 years of 

rainfall data from two meteorological stations, with the aim of assessing the potential for a productive 

rainwater harvesting system for water supply to private individuals, organizations and government agencies. 

The mean potential for potable water savings is 52.7%, ranging from 0.39-107.57% depending on demand 

conditions. An average roof size of 150 m
2
 in Ibadan City will collect 182,250 litres/year (99.86 litres/head/day) 

of water for a family of five, which is above the average daily water demand. However, the capacity of a 

storage tank (182,250 litres) required for an allpurpose water supply system based on RWH is quite large, but 

these can be reduced to a more practicable size, by collecting and storing water for cooking and drinking only, 

while non-potable uses are supplemented with water from other sources. This study clearly shows that Ibadan 

City has good potable water saving potential using rainwater. 

Keywords: Benefit-analysis; Potable water; Rainwater usage, Ibadan; Sustainability 

 
 
 Environ. Eng. Res. 2013 June,18(2) : 1-4  

Research Paper  

Assessment of Rainwater Harvesting Potential in 
Ibadan, Nigeria  

Omolara Lade
†

, David Oloke  
School of Technology, University of Wolverhampton, West Midlands, UK  

 
Abstract  
Recently Ibadan in southwestern Nigeria has been facing severe water shortage due to the increase of population, social and economic 
activities. In order to meet the shortfall, attempts to utilize rainwater harvesting (RWH) have been made to provide an alternative source of 

water supply. A desk study was conducted to review various RWH technologies locally, regionally and globally. A hydrological analysis 

was also carried out using rainfall data for 30 years from two meteorological stations, with the aim of providing a more sustainable RWH 
system for water supply to private individuals, organizations, and government agencies. RWH is found to be technically feasible based on 

the prevailing rainfall pattern with over 90% of households having a roof top constructed from technically appropriate materials. Results of 

the study indicate that an average roof of 80 m2 will collect 82,835 L/yr (45 L/person/day) for a family of five people which is about the 
required water demand for drinking and cooking purposes. Hence, the capacity of storage tanks and the catchment area required for an all-

mailto:O.O.Lade@wlv.ac.uk
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purpose water supply system based on RWH are quite large. These can be reduced to affordable sizes, by collecting and storing water for 

cooking and drinking only while non-potable uses are supplemented by water from other sources. However, it must be highlighted that due 
to the type of roofing material, rainwater should go through proper treatment in order to be used for potable purposes. This study clearly 

shows that Ibadan city has a good rainwater harvesting potential.  

 

Keywords: Conservation, Ibadan, Nigeria, Potential, Rainwater harvesting, Sustainability 

 

Research paper 

Evaluating the potential of rainwater harvesting as a 

supplementary source of water supply to Ibadan 

City, Nigeria 

O.O. Lade, D.A. Oloke, E. Chinyio and M.A. Fullen  

 School of Technology, The University of Wolverhampton, West Midlands, 

 WV1 1LY, UK. 

E-mail: O.O.Lade@wlv.ac.uk; D.A.Oloke@wlv.ac.uk   

Abstract 

Rainwater harvesting (RWH) describes the small-scale concentration, collection, storage and use of rainwater for productive 

purposes. A socio-demographic survey was conducted in the 11 local government areas of Ibadan city in Nigeria to 

determine the rate of water consumption and supply from current water sources, before estimating the adequacy of the 

amount of rainwater that can potentially be harvested. Some 1067 copies of structured questionnaires were administered to 

households. Questions asked related to the socio-economic characteristics of households and the sources of water supply, 

RWH technology, purpose of RWH, demand and usage of water, effectiveness of management strategy and environmental 

health. A response from 894 households established that  >83.8% of  respondents depend on groundwater as their main 

source of supply, which are vulnerable to drought and pollution i.e. shallow wells and boreholes: while only 6.6% harvest 

rainwater. Ibadan has a mean annual rainfall of 1350 mm. The annual RWH potential per household (using a semi-detached 

bungalow of 12 residents as case study) was estimated to be 115.92 m3. This amount meets the water demand of an 

individual household. Hence, there is sufficient rainwater to supplement communal needs if the existing mechanism and low 

involvement of the community in RWH activities could be improved. Thus, there is a considerable potential for RWH in 

Ibadan. 

Keywords: Rainwater harvesting, Water Sources, Public water supply, Water storage 

 

Abstract  

Precipitation has different forms (rain, drizzle, frost, snow, hail and dew) and causal 

mechanisms (frontal, convectional and orographic). Precipitation is usually measured at 

meteorological stations and then extrapolated to larger scales. Several procedures produce 

local to regional estimates of precipitation, with increasing reliance on radar and satellite 

remote sensing. Precipitation falling on urban areas is influenced by many factors, including 

localized heating, topography, turbulence and dust emissions, which can produce 

precipitation patterns which are complex, both in time and space. Precipitation often occurs 
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as brief, intense and localized convectional storms and it is difficult to predict their effects on 

the urban fabric. The interaction of precipitation and extensive impermeable sealed urban 

surfaces are conducive to floods. Urban managers need accurate and predictive computer 

models and need to develop appropriate response and adaptation strategies to effectively 

handle the challenges posed by urban precipitation in our warming world.     
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