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Abstract 

 

The supply-demand gap of potable water in rapidly growing urban cities in developing countries 

has become a major challenge. This is potentially worsened by poor and superficial assessment 

of the complex parameters of water resources and treatment technologies regarding capacity 

expansion. The estimated daily demand of 150 million gallons in the Accra-Tema Metropolitan 

Area (ATMA) region of Ghana far outweighs the daily supply of 94 million gallons. In this 

study, the Analytic Hierarchy Process (AHP) approach, through the inputs of experts in the water 

industry in Ghana, is used to assign weights to the identified significant factors that impact on 

selecting the best alternative source for urban water supply capacity expansion in the ATMA 

region. Three alternative plants, alongside their respective sources, are considered — the Weija, 

the Kpong, and the Teshie Desalination plants. The decision criteria considered are 

environmental, economic, technical, and socio-cultural criteria, with each having sub-criteria. In 

analysing the pairwise comparative judgments by the experts, the environmental criterion was 

found to be the most important criterion with the highest priority weight, followed by the 

economic, the technical and the socio-cultural criteria. In the analysis, the Kpong treatment plant 

ranked first with a score of 36.1%. This was followed by the Weija and Teshie desalination 

plants, which scored 33.8 and 30.2% respectively. Sensitivity analysis on the model revealed that 

the model is sensitive to the environmental and economic criteria while being robust to the 

technical and socio-cultural criteria. Sensitivity, in relative terms, indicated that the resource 

availability sub-criterion is the most critical, while that of the energy sub-criterion proved the 

most critical in absolute terms. 
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Preface 

 

The lack of potable water supply seriously affects socio-economic development, and facilitates 

the growth of poverty and diseases. This study, which borders on water supply capacity 

expansion, is therefore conducted to shed light on how expert scientific judgment and decision-

making tools could provide the road map to making robust decisions of national interest. The 

study was conducted to choose the best alternative source of supply, through a collaboration of 

the University of British Columbia (UBC), the Ghana Water Company Limited (GWCL) and the 

Public Utility Regulatory Commission of Ghana (PURC). Data was gathered from experts of 

GWCL and PURC and analyzed with the Analytic Hierarchy Process (AHP) algorithm to 

develop priorities in order to rank the alternatives.  

The dissertation is the independent work of the author, Mr. Hadisu Alhassan, under the 

supervision of Dr. Bahman Naser. The questionnaire involved in the study, as reported in the 

appendix, was approved by the UBCO Behavioural Research Ethics Board (BREB) with a BREB 

certificate number of H14-01795. 

The core contribution of the dissertation has been structured in publication format. The materials 

of this work are based on a research article that is in the final stage of preparation for publication. 

The article is listed below: 

 Alhassan, H., Naser, Gh., Milani, A., Nunoo S., (2014), “Capacity Expansion of Urban 

Water Supplies: A Case of Accra-Tema Metropolitan Area, Ghana”, To be submitted for 

Journal of Water Supply: Research and Technology-AQUA, Submission Date: October 

10, 2014.  
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Chapter 1 Introduction 

“Only 2.5% of the world's water is not salty, and two-thirds of that is trapped in 

the icecaps and glaciers. Of what is left, about 20% is in remote areas and most of 

the rest comes at the wrong time and in the wrong place, as with monsoons and 

floods. The amount of fresh water available for human use is less than 0.08% of 

all the water on the planet. About 70% of the fresh water is already used for 

agriculture, and the report says the demands of industry and energy will grow 

rapidly. The World Water Council report estimates that in the next two decades 

the use of water by humans will increase by about 40%, and that 17% more water 

than is available will be needed to grow the world's food. The commission 

concludes that only rapid and imaginative institutional and technological 

innovation can avoid the crisis.” 

                            (BBC News, “Water arithmetic doesn’t add up”, 13 March 2000) 

Water is a necessity for the sustenance of life and for the socio-economic development of 

every nation. As the above quotation indicates, water scarcity will be at alarming levels, 

if it has not been already. The United Nations (UN) indicated that about half of the world 

will live under situations of high water stress by 2030 (United Nations 2011). Potable 

water availability has become a global challenge due to the increasing constraints on 

water supply facilities. The rise in global human population growth and rapid 

urbanization greatly contributes to the stress on water resources. The United Nations 

estimates a rise in world population to 8.9 billion in 2050. Relatively, much of this 

demographic change will occur in developing countries. The population of the developing 

region is estimated to increase by 58% of its current population over 50 years, as 

compared to 2% for the developed region (United Nations 2004). Urbanization continues 

to show no signs of slowing. For example, China’s urban population stood at 47% in 

2010. These frightening statistics point to the fact that there will be an increase in 

competition for most natural resources, among which water is the most essential (Zoppou 

2001), and governments are expected to respond appropriately to combat the problem.  

 

Recently, global statistics regarding access to improved water sources has been 

encouraging. About 87% of the world population has been projected to have access to 
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improved water sources (World Health Organization 2010). Despite the progress made, a 

staggering population of 884 million still live without access to improved sources. 

“Improved sources” has been described to mean “household connection, public standpipe, 

borehole or protected spring, dug well or rain water catchments” (Rosenberg et al. 2008).  

 

Currently, with the developed world facing low economic and population growth, water 

demand only increases marginally, consistent with practices of managing the growing 

water scarcity. However, arid regions of Eastern Australia, California in the United States 

and Southern Spain are expected to face more water scarcity problems due to climate 

change. Conversely, the developing world is enjoying rapid economic and demographic 

growth rates with a concomitant increase in demand for water and other resources. South 

Asia, already facing serious water scarcity problems due to over-exploitation of water 

resources, still experiences a rise in population growth and urbanization (Pegram 2010). 

This spells a very gloomy picture for the future availability of water, considering the 

variability of climate change.  

 

Africa has been one continent that is heavily hit with inadequate potable water supply. 

Climate change has already shown signs of what the continent can expect in the near 

future. The continent experienced massive droughts in the 1980s, which affected some 

twenty countries and created an urgent humanitarian crisis of famine. With the uneven 

distribution of the water resources across Africa—75% of the resources lying within eight 

of the main river basins, and the huge expense of transporting water, proximity is going 

to be the most vital issue in the context of scarcity (Freitas 2013).  

 

Significantly, Ghana has started experiencing the evident effects of climate change. 

Tributaries to the River Offin, a major source of water supply to Kumasi (the second 

largest city in Ghana) and its environs are drying up (Gyampoh et al. 2008). This reflects 

a reported per capita freshwater availability reduction from 9,204 m
3
 in 1955 to 3,529 m

3
 

in 1990 (Karikari 1996). Unpredictable climate pattern in the Volta River basin, which 

drains six riparian countries, of which 42% runs through Ghana, is reflected in the water 

quantity in the Volta Lake. The Lake, which is used to generate hydroelectricity, has seen 

low water levels in recent years, triggering an energy crisis (Asare 2004).  
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The current deficit in the supply of water mostly affects the developing world, but ageing 

infrastructure in the developed world is also an emerging threat to the water industry. In 

countries with inadequate water supply facilities, water utility companies employ 

intermittent water supply as an alternative to continuous water supply. This, to some 

extent, ensures the equitable distribution of potable water. However, intermittent water 

supply has been established as being associated with serious water quality challenges 

(Totsuka et al. 2004; Thompson and Cairncross 2002). Intermittent water supply features 

prominently in the low-income and middle-income countries where water is provided for 

a limited time in a day due to supply-demand constraints. For instance, there is the 

practice of intermittent water supply in South Asia to a population of over 350 million 

people, and nearly 50 million people to 10 major Latin American cities. Nearly every 

water supply facility in India practiced intermittent supply with an average supply period 

of 4.8 hours per day in 2005 (Vairavamoorthy et al. 2007; Kumpel 2013; McKenzie and 

Ray 2009; Desai et al. 2008). Similarly, the Ghana Water Company Limited (the sole 

urban water supplier) rations water in most parts of the country for equitable distribution 

due to a wide supply-demand gap (Stoler et al. 2012a).  

 

Research has established a link between basic services, public health and poverty (World 

Bank 2000). The need for capacity expansion of water supply facilities is crucial, as 

inadequate and intermittent supply of water can culminate in problems of low pressure, 

deterioration of water quality, as well as increased cost in consumer spending regarding 

the purchase of more storage tanks (Vairavamoorthy et al. 2007). The emergence of 

numerous water-borne diseases and other complications, arising from irregular and/or 

inadequate water supply, makes the idea of capacity expansion more compelling. With 

plans to meet the nation’s potable water demand seriously advancing in Ghana, a critical 

look into how such ambitious capacity expansion projects will be executed is vital. Such 

decisions must avoid routes which have facilitated the collapse of very important national 

projects by being inter-sectoral and involving all stakeholders in the decision-making 

process. The success of planning the capacity expansion of water supply facilities largely 

depends on it being apolitical and non-tribal, but one based on the technical consideration 

of the merits of its location for the national interest. This study rightly employs a 

technical approach, encompassing inputs of the relevant stakeholders through the use of 

multiple criteria decision analysis (MCDA). 
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1.1 Research Significance 

Although major challenges have been encountered with water due to the troubles that it 

endures as a consequence of climate change and human degradation of its resources, it 

still remains key to life, and efforts of making it potable for human consumption continue 

to advance. Urbanization and population growth are the key threatening variables to the 

very human existence in urban areas, through the huge stress that they exert on water 

supply facilities. This pressure sometimes pushes decision-makers to take knee-jerk 

reactions towards providing solutions to the ever-existing water supply-demand gap.  

This dissertation, thus, derives its significance in attempting to apply an MCDA 

technique towards water supply capacity expansion to make potable water available for 

use. It expands on the literature of water supply challenges and develops an integrated 

approach of group decision-making by the relevant stakeholders using the Analytic 

Hierarchy Process (AHP). The study also explores into literature to unveil the 

complicated relationship between urbanization, population growth, poverty, water supply 

and public health. Even though MCDA techniques have been applied in many areas, 

including water resources and water supply, this is the first attempt in applying the AHP 

to facilitate decision-making in urban water supply capacity expansion. The work 

exclusively explores the broad thematic criteria that ought to be considered in water 

supply capacity expansion projects, and narrows down to specific sub-criteria pertinent to 

the study area, to elucidate the evaluation and pairwise comparative judgment of the 

criteria by the experts who participated in the study. Ultimately, it is hoped that this 

research will help the authorities make robust water supply capacity expansion decisions 

and reduce the associated water-related poverty and risks.  

1.2 Research Objectives 

The primary objective of this study is to choose an appropriate decision-making tool to 

support water supply authorities towards the capacity expansion of water supply facilities. 

The decision-making tool will help ensure that well-thought, comprehensive and robust 

decisions are made to improve the planning and development of the water supply 

industry. Specifically, this will be achieved through the following set of short-term 

objectives: 

1. a comprehensive review of the challenges to adequate water supply, 

2. identifying a decision-making framework for water supply capacity expansion, 

3. applying the identified framework to the case study of Ghana, and 
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4. drawing lessons on the case study to evaluate the effectiveness of the decision-

making tool. 

1.3 Thesis Organization 

This dissertation is structured into six chapters that discuss various aspects of the 

research. While Figure 1.1 indicates these chapters briefly, they are explained below: 

 Chapter 1 – Introduction: This chapter introduces the research significance and the 

objectives of the study. 

 Chapter 2 – Literature Review: This chapter reviews the relevant literature and 

provides a more detailed insight to the problem under study, the approaches taken by 

previous researchers in studying the problem, and the outcome of such studies. 

 Chapter 3 – Research Methodology: This chapter considers the methodological 

approach employed in the study. It describes the nature of the participants involved in 

the study, the data collection process, and the multi-criteria decision tool employed. 

 Chapter 4 – Case Study: This chapter describes the case studied in this dissertation. 

It further discusses the application of the proposed methodology (discussed in 

Chapter 3) on the case study. 

 Chapter 5 – Results and Discussion: The Chapter provides the results of the 

analysis for the test case. 

 Chapter 6 – Conclusion and Recommendation: This chapter concludes the 

dissertation by summarizing the findings as well as providing some recommendations 

and suggestions for future study. 
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Chapter 2 Literature Review 

 

“What everyone in the astronaut corps shares in common is not gender or 

ethnic background, but motivation, perseverance, and desire - the desire to 

participate in a voyage of discovery.” 

Ellen Ochoa (1958 – ) 

This chapter reviews the literature of critical criteria considered for capacity expansion. It 

reviews the criteria that border on water supply capacity expansion by grouping them into 

environmental, economic, technical and socio-cultural perspectives. Finally, the approach 

employed in the study, multi-criteria decision analysis (MCDA), is reviewed. The 

specific MCDA analytical tool employed, the analytic hierarchy process (AHP), 

concluded the MCDA review. 

2.1 Brief Review on Capacity Expansion Studies 

In the process of capacity expansion of a water supply system, a series of factors are 

considered in the planning process. These include: a comprehensive analysis of the 

existing system; forecasting water demand of the community being supplied; evaluation 

of source water quantity and quality; proposing a treatment technology; evaluation of cost 

functions of the facilities; consideration of the operability of the system; evaluation of 

land availability and the general socio-cultural impact such an expansion might have on 

the community (Nakashima 1982). Capacity expansion studies have been conducted since 

the mid-1900s. Such studies have clearly helped in providing a better insight into making 

reasonable investments. Capacity expansion problems have taken different forms through 

different production industries. In many analyses, a forecast is generally made followed 

by an estimation of production capacity to aid in implementing sound economic policies. 

As reviewed by Braga et al. (1985), many capacity expansion studies in the fields of 

water supply and water resources have often taken the form of mathematical modeling. 

For example, Butcher et al. (1969) developed the optimum capacity expansion sequence 

considering the factors of water demand-time interdependence, the prevailing interest 

rates, and the foreseeable comparative costs and capacities of alternative projects, using 

dynamic programming. With this approach, out of a multitude of alternatives, he was able 

to prioritise the order of expansion of these facilities for economic investment. 
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Erlenkotter (1973a) elicited the weakness of the approach employed by Butcher et al. 

(1969), by indicating that their dynamic programming methodology could give less 

optimal results in some applications, and rather suggested the use of a binary state space 

dynamic programming. Other studies have developed models regarding minimum annual 

cost (Erlenkotter 1973b; Tsou et al. 1973). 

 

While this research will focus on the capacity expansion of water supply facilities, it will 

employ a MCDA approach (unlike the mathematical modeling approaches discussed 

above) in choosing the best alternative for capacity expansion out of several other supply 

sources. The major focus of the selection is based on well-considered criteria that affect 

every capacity expansion decision of a water supply system. They include environmental, 

economic, technical and socio-cultural criteria. Figure 2.1 briefly highlights these 

effective criteria. The following sections provide further insight to the criteria. 
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2.2 Environmental Criterion 

This criterion broadly covers water resource availability, water resource quality, the 

management of treatment wastes from water supply facilities and the general effect on the 

ecological setup of the environment as a result of the execution of a treatment facility’s 

capacity expansion. In the wake of climate change and environmental degradation, 

engineers conducting water supply capacity expansion projects place much emphasis on 

environmental challenges of such projects. 

2.2.1 Resource Availability (Quantity)  

The engineering of water supply is explicably entangled with that of water resources. 

Without adequate and good quality water resources, the supply of water to the populace 

becomes a very complicated and an extremely expensive pursuit. The success of a water 

supply capacity expansion, therefore, is reliant on the ability of engineers to estimate 

future water budgets to determine if withdrawals will be environmentally appropriate. In 

this study, a review of water as a resource is important in giving a detailed insight into its 

impact on capacity expansion. With the vast abundance of water on the earth, one would 

wonder why potable water supply should not be as cheap and easy to access as have been 

considered by lay people. The earth is considered a blue planet with a staggering 70% of 

its surface being covered by water, but in terms of the various kinds of water constituting 

this percentage, 97% of it exists as salt water in the ocean with less than 3% being fresh 

water. Close to 70% of fresh water resources is inaccessible in the form of glaciers and 

permafrost, and the remaining 30% is hidden in deep underground aquifers that are 

inaccessible. Consequently, less than 1% of the earth’s fresh water (surface and ground 

water) is accessible for human use. This is the quantity that is regularly replenished 

through precipitation (Gleick 1998; Seckler et al. 1998). 

 

An estimated annual precipitation of 108,000 km
3
 occurs on the earth’s surface with 60% 

(61,000 km
3
) of it returning to the atmosphere through evapo-transpiration. The 

remaining 40% (47,000 km
3
) flows through rivers and finally ends up in the sea. This 

represents a per capita per year value of 9,000 km
3
. The quantity flowing through rivers 

roughly represents an equivalent of the total storage in Lake Baikal in Russia, and Lakes 

Tanganyika and Victoria in Africa (World Meteorological Organization 1997; Seckler et 

al. 1998). Just as precipitation varies widely from North America through the Arabian 

Peninsula to Africa, so does the sparse distribution of water resources on the planet. For 
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example, Canada is estimated to contain 20% of the world’s freshwater (Hendriks 2014) 

while Saudi Arabia remains arid with virtually no accessible freshwater. This underscores 

the fact that run-off varies throughout the world. Despite the huge population of Asia 

(about 69% of the world’s population) it only holds 36% of global run-off, while South 

America with a population representing 5% of the world’s population has 28% global 

run-off. Statistics indicate that a vast proportion of global run-off is inaccessible. The 

Amazon River holds a significant proportion of global run-off (15%) but this is only 

accessible to 0.4% of world population, rendering it 95% inaccessible. Similarly, the 

Congo-Zaire River is estimated to be 50% inaccessible. In all, expert estimates reveal that 

the total run-off volume accessible to humans is 7774 km
3
 representing 19% of the total 

run-off (Postel et al. 1996). 

 

In essence, the issue does not only lie with water quantities, but also has to do with the 

replenishing rate of the resource and its distribution. This buttresses the fact that problems 

associated with the practical distribution of water resources with respect to space and 

time, as well as the ability of consumers to afford supplies, has been largely responsible 

for the wide supply-demand gap in most countries. The increasing noticeable problem of 

climate change and its effects on climatic factors such as precipitation, temperature and 

other variables has exacerbated the challenge of inadequate potable water supply in some 

parts of the world (Kayaga et al. 2007; Stern 2007).  

 

Sub-Saharan Africa is not spared with the impact of climate change. The Sub-Saharan 

region is experiencing variable freshwater availability. The Sahelian countries suffer from 

more variable water availability while most West African countries, of which Ghana is a 

member, have abundant freshwater resources. Increasing urbanization and rising 

population growth continue to affect freshwater availability in Africa. In 1990, it was 

reported that eight African nations were water-stressed, and this is projected to rise to 

eighteen by 2025 with a population of 600 million people affected (World Bank 1995). 

The lack of adequate potable water in Africa due to low capacity of water supply 

facilities leaves it as the continent with the worst potable water coverage. This affects 

rural areas most, and worsens the already precarious situation of poverty and diseases. 

The rural population without access to sufficient water stands at 65% and that of urban 

areas is 25% (World Bank 1997). 
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Overall, Africa has more than 100,000 km
2
 of river basins representing more than a third 

of the world’s main river basins, serving as an environmental resource. The continent also 

has other major water supply sources such as Lake Victoria, Lake Tanganyika, Lake 

Chad and Lake Malawi. However, several countries often share these resources. This is 

likely to cause serious conflicts between countries when major projects like constructing 

huge freshwater reservoirs for water supply capacity expansions are undertaken without 

appropriate consultation among competing countries. To be able to significantly reduce 

the wide potable water supply-demand gap, Sub-Saharan Africa needs to properly 

manage its freshwater resources by employing the appropriate environmental 

management practices to protect water quantity and quality, through strong policy 

implementation and inter-sectoral participation. 

 

Similar to all West African nations, Ghana is endowed with freshwater bodies, despite the 

occurrence of seasonal shortages in some areas (Odame-Ababio 2003). Like most parts of 

the world, there is an uneven distribution of freshwater resources within the country — 

the south-western part, known as the forest zone, receives more rainfall than the coastal, 

and northern or savannah zones (Water Resources Commission 2012). The average 

rainfall is between 2,150mm in the extreme forest zone and gradually reduces to about 

800mm in the coastal zone and to 1,000mm in the savannah zone. The country is drained 

by three major river basins — “the Volta basin, the southwestern basins and the coastal 

basin river systems, which respectively cover 70, 22 and 8 percent of the total area of 

Ghana”. Typical of African river basins, the Volta river basin is trans-boundary running 

through five other countries including Côte d’Ivoire, Burkina Faso, Togo, Benin and Mali 

(Water Resources Commission 2012). In the present, Ghana will relatively not have much 

difficulty in terms of water resources to expand its potable water supply capacity. 

2.2.2 Resource Quality  

Water sustains life in many different forms. However, humans have heavily abused water 

resources and find them as convenient sinks for depositing wastes. The indiscriminate 

waste disposal, coupled with the geogenic release of natural chemicals, leads to microbial 

and chemical pollution of water resources. The apparent vulnerability of water resources 

has been ignored and their usability as sources for potable water supply has been 

threatened, mainly by anthropogenic pollution (Sundaray et al. 2006; Törnqvist et al. 

2011). Pollution does not only affect water security but also threatens the aquatic 
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ecosystem (Wu and Chen 2013). The recent origins of pollutants appear more 

complicated and come from different sources including the use of agrochemicals, the 

release of untreated sewage, oil spills, and other industrial waste releases (Kjellén and 

Mcgranahan 1997). Water quality has a huge impact on the treatability of water, and is a 

critically considered factor when water supply facilities are built. For instance, too much 

alkalinity in water would consume more aluminum- and iron-based coagulants, while a 

low pH will require the use of more alkaline chemicals like lime to raise the pH 

(Crittenden et al. 2012).  

 

Water quality degradation is a great concern worldwide (Schwarzenbach et al. 2010). A 

Gallup poll conducted in 2009 disclosed that the pollution of source waters has become 

the key environmental worry for the United States citizens (Saad 2009). Many important 

water resources are being threatened by pollution. For example, in the Amazon River 

Basin, just like most parts of Africa, some levels of mercury and 

Dichlorodiphenyltrichloroethane (DDT) have been recorded. The mercury pollution 

results from local mining activities while the DDT comes from soils that were 

contaminated by mass spraying exercises carried out in the 1940s and 1990s to combat 

malaria. Both chemicals have affected water quality and the aquatic ecosystem, making 

water supply facilities needing extensive treatment technology to eliminate the chemical 

threat. When these water quality threats are not being considered in the construction or 

capacity expansion of a water supply facility, there is the potential of ultimately defeating 

the prime purpose of protecting public health, and this will eventually question the 

reasonableness of such investment (Brabo et al. 2000; Torres et al. 2002; Kehrig et al. 

1998). 

 

Many other important water resources have recorded varying levels of pollution. China is 

one of the leading countries with high source water pollution. In 2005, a national survey 

indicated that 59% of the foremost rivers and 72% of lakes and reservoirs were classified 

under the top two worst water quality categories in the nation’s water quality 

classification system. This, according to the country’s water quality grading system, 

implies that such waters are unfit for both human and industrial use (SEPA 2006), and 

largely affects water supply decisions considering the enormity of the treatment 

challenges that would be encountered. In view of the surface water quality challenges, 

some parts of China have resorted to groundwater as an alternative supply source to 
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expand potable water coverage. However, this has also led to over-exploitation of deep 

aquifer groundwater and results in salt water intrusion from the sea into the aquifers, 

making the use of such water difficult (Post 2005). This further complicates the 

precarious water supply problems in the country and has resulted in a quarter of the 

population being exposed to poor drinking water quality (Klaver and Mulkey 2006; Varis 

and Vakkilainen 2001). Other major rivers in the world that face varying levels of quality 

challenges with different impacts on water treatment systems include the Mississippi 

River in the United States (Devine et al. 2008), the Yamuna River in India (Upadhyay et 

al. 2011), the Nile (Ali et al. 2011) and the Congo Rivers in Africa (Verhaert et al. 2013). 

 

In Ghana, the Densu River which is the hub of water supply to the capital Accra, has 

progressively deteriorated in its quality and affects water supply in many ways (Karikari 

and Ansa-Asare 2006). In 2013, the supply capacity of the treatment plant was reduced 

by ten million gallons per day due to failure of its sand filters, a problem that has largely 

been attributed to the source water quality (Daily Graphic 2013). The water quality 

deterioration of the Densu River has been promoted by indiscriminate waste disposal, 

crop farming and aquaculture. Upstream, the river is used extensively for the irrigation of 

crops such as cassava, pineapple, maize and vegetables, which result in contaminant 

transport downstream (Ansa-Asare and Asante 1998). The Birim River in the eastern 

region of Ghana, as well as the Pra and Ankobra Rivers in the western part of the country 

have also been hit with serious pollution from illegal artisanal mining activities. This 

challenges the sustainability of the existing water supply system with serious implications 

on future expansion works. In 2011, the Ghana Water Company Limited (GWCL) 

temporarily stopped treatment at the Kyebi treatment plant in the eastern region due to 

excessive pollution of the Birim River by illegal artisanal mining activities locally known 

as “galamsey” (Modernghana News 2011).  

 

The major cause of surface water quality deterioration, as observed in the Densu River of 

Ghana, is high nutrient load of nitrogen and phosphorous, and organo-chlorines from 

pesticides. The high nutrient load, which leads to eutrophication, depletes oxygen, 

increases primary biomass production as well as promote toxic algal blooms known as 

cyanobacteria (Heisler et al. 2008). Generally, water supply engineers would have to 

weigh the quality of different source waters to examine their potential threats and 

complexities of treatment before embarking on treatment plant construction. Different 
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contaminants pose different danger to public health/environment. Thus, they must be 

carefully be analyzed for the appropriate treatment mechanism to be employed. For 

example, cyanobacteria and high nitrate values have been detected in most surface water 

reservoirs in Ghana (Addico et al. 2011). In surface waters, toxigenic species of 

cyanobacteria can produce hepatotoxins, neurotoxins and dermatoxins which affect the 

liver, the nervous system and the skin respectively (Carmichael 2001); high nitrate 

consumption can lead to reduced oxygen in the blood of infants, a condition known as 

methaemoglobinaemia (Bradberry 2007); heavy metals in water could cause cancer and 

nervous system damage. Similarly, high fluoride in groundwater can cause dental 

fluorosis as recorded in the upper east region of Ghana (Firempong et al. 2013); and high 

levels of arsenic could cause cancer and skin problems as observed in Bangladesh (Aziz 

et al. 2014). 

2.2.3 Treatment Waste Management and Ecological Impacts 

Water is treated in order to purify it for an intended use. The sources of water for supply 

include fresh water bodies such as rivers, lakes, groundwater and the oceans. Usually, 

surface waters would need treatment due to their vulnerability to pollution. This may 

include physico-chemical and/or microbiological treatment before supply. Most common 

surface water treatment processes include screening; prechlorination or aeration to 

remove odor and oxidize iron and manganese; addition of a coagulant and sometimes 

polymer into a rapid mix basin for coagulation which is often followed by flocculation; 

sedimentation to remove coagulated debris; filtration; disinfection; storage; and pumping 

for supply. The wastes residuals produced during treatment are also treated and disposed 

off (Goldstein and Smith 2002). Conversely, deep aquifer groundwater is usually 

microbiologically safe. However, groundwater is mostly rich in natural geogenic 

contaminants such as arsenic, iron, manganese, fluoride and radio nuclides (Hammer and 

Hammer 2011), and must be extracted for treatment. Seawater, having a high dissolved 

salt concentration, requires less chemical treatment but undergoes treatment mechanisms 

that are energy-intensive. Some of the desalination technologies include popular 

treatment techniques such as reverse osmosis, multi-stage flash and multi-effect flash 

distillation (Narayan et al. 2012; Plappally and Lienhard V 2012). 

 

Wastes, often known as residuals, are generated in the process of water treatment. The 

residuals come in different forms — solids, liquids and gases — and are classified 
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according to their nature and the treatment stage at which they are released. Generally, 

treatment residuals and the specific treatment process are considered together, as the two 

are intertwined (Water Research Foundation 2007; Edzwald 2010). Residuals are often 

categorized as follows (Water Research Foundation, 2007): 

 Sludge — waste generated during clarification or lime softening stages in 

conventional treatment plants, 

 Backwash Waste — wastewater generated from cleaning filters in conventional 

treatment plants, 

 Membrane Concentrate — wastewater containing contaminants that are rejected 

at the membrane surface in membrane filters, 

 Brine Residuals — wastewater produced by desalination membranes through ion 

exchange process, 

 Spent Carbon — activated carbon that has lost its adsorption properties, and 

 Off Gases — gases produced through air stripping.  

A carefully designed and well-operated water treatment system should have an 

appropriate way of handling treatment wastes to prevent the negative impacts that they 

would have on the environment if they were released in their raw state. Generally, the 

stages of handling sludge consist of thickening, conditioning, dewatering, drying and 

coagulant recovery (Aldeeb 1999). Treated residuals in the form of coagulant sludge have 

been used in a lot of applications, including filling landfills and as manure for crops. 

Cornwell (1992) evaluated the constituents of leachate from sludge in landfills and 

recommended the appropriate mechanism of handling their disposal to prevent 

groundwater contamination. Novak (1995) recommended the appropriate loading rate of 

treatment residual to crops. Water treatment residuals can modify the quality and 

sediment content of the surface waters into which they are released, as well as deteriorate 

air quality. Most residuals contain toxic wastes and would need further treatment before 

being released into the environment. George et al. (1991) determined the possible harm 

that alum sludge could pose to receiving waters. The advent of industrial pollution, 

increasing environmental hazards and the need to positively utilize treatment wastes has 

made the consideration of treatment residual management in the design and construction 

of new water treatment facilities imperative. Water treatment residual management has 

become more compelling as new threats such as the management of radionuclides and 

arsenic have emerged (Edzwald 2010). For instance, the inappropriate handling of wastes 
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containing arsenic can release the contaminant back into the environment. This is 

particularly so because of the extreme sensitivity of arsenic with respect to pH. The 

processes of dewatering and land application of such wastes must be handled with care 

(MacPhee et al. 2001).  

 

Another important consideration is the ecological impact of these residuals on aquatic 

life. Residuals containing toxic chemicals that are released, without the appropriate 

treatment mechanism employed, into receiving waters can kill and destroy the diversity 

of aquatic species. For instance, the release of wastes containing chlorine can be lethal to 

aquatic life. These insidious effects on aquatic biota have been recorded in wastes 

containing more than 0.02 mg/l total residual chlorine (CEPA 2004). The presence of 

chlorine in residuals when released into surface waters can result in the production of 

chloroalkyls such as trihalomethanes that have been suspected to be carcinogenic to 

human health (Glaze and Henderson 1975; Grove et al. 1985). Other chemicals, such as 

surfactants, in surface waters can react with chlorine to form non-volatile and 

biodegradable-resistant  halogenated substances such as alkylphenols 

polyethoxycarboxylates (Ball and Reinhard 1985). For the desalination process, drawing 

water from the sea can have serious effect on the ecosystem. This is particularly so when 

large organisms like fishes and birds are impinged and killed at intake screens. 

Additionally, the withdrawn water usually contains eggs, larvae and tiny organisms like 

fishes that eventually grow in the withdrawn water. In the process of desalination, 

however, these organisms are killed and then deposited back into the sea, a practice that 

facilitates oxygen depletion (Cooley et al. 2006; York and Foster 2005). Brine of 

desalinated water can contain twice as much salinity as is in the seawater, higher 

concentration of inorganic metals and residuals of the pre-treatment chemicals. This can 

cause salinity-balance problems for organisms, bioaccumulation of heavy metals in 

fishes, increase in inorganic mineral concentration and the release of toxic chemicals into 

the water (Amalfitano and Lam 2005; Chesher 2010).  

2.3 Economic Consideration 

Constructing a water supply facility is an arduous task. It consists of the building of 

different unit processes, depending on the technology that is employed. The economics of 

constructing a treatment plant is a function of the quality of the source water, the treated 
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water volumes required, the treatment technology and the equipment procured for the 

construction. 

2.3.1 Construction Cost 

Literature on conventional water treatment plant construction economics varies widely 

from modern techniques like reverse osmosis (RO). This has been due to the fact that 

conventional treatment technology has not significantly changed since the 1970s, and this 

usually makes economic comparison relatively difficult (Rogers 2008). However, in a 

detailed report, Gumerman et al. (1979) provided an approach to conventional water 

treatment plant construction economy by categorizing the cost into eight components. 

This was done to ease the difficulty in updating the various cost components in case there 

is a change. The identified components included: “ (1) excavation and site work; (2) 

manufactured equipment; (3) concrete; (4) steel; (5) labour; (6) pipe and valves; (7) 

electrical equipment and instrumentation; and (8) housing”. Gumerman et al. (1979) 

found the cost of constructing a 19,000 m
3
/day conventional treatment plant was 

$2,364,000 at the time of their study. The production cost was found to reduce as the size 

increases. For instance, they established that the unit cost for 19,000, 151,000 and 

492,000 m
3
/day plants represented 8, 5 and 3 cents/m

3
 respectively, on the basis of a 70% 

capacity utilization. Comparatively, the cost estimated for a 19,000 m
3
/day capacity 

reverse osmosis plant gave a unit cost of 21 cents/m
3
 on 70% capacity utilization. 

Similarly, Jurenka et al. (2001) gave the total production cost for a 3,800 m
3
/day to be 26 

cents/m
3
. Karagiannis and Soldatos (2008) revealed that the total production cost of a 

desalination plant is a function of plant size and the quality of the feed water. Different 

estimated costs have been recorded for reverse osmosis treatment of seawater and 

brackish water. Production cost of seawater reverse osmosis ranges from 600 to 800 

$/m
3
/day (Reddy and Ghaffour 2007; Sauvet-Goichon 2007) while that of brackish water 

is between 240 and 400 $/m
3
/day (Vince et al. 2008;  Yun et al. 2006). 

2.3.2 Energy Cost 

Energy and water use are interconnected. Huge amount of energy is used in producing 

water, and the reverse of that happens for energy production as well. Quite apart from 

being used to produce water, energy also affects the resource quality and availability of 

water through the emission of greenhouse gases. Energy can pollute water and also 

impart significant effects on water through climate change (Cohen et al. 2004). Griffiths-

Sattenspiel and Wilson (2009) have indicated that the use of water-efficient devices can 
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cut carbon dioxide emission by 38.3 million tons. Most of the developing countries, 

especially those in Africa do not have reliable data on energy use in relation to water, 

while the developed countries have data with a common trend. The energy used for water 

pumping and treatment facilities, water heaters and boilers correspond to 12% of 

Ontario’s entire electricity demand (Canada), as well as a staggering 40% of that of 

natural gas. Comparably, statistics in California represent 19% of total electricity demand 

and 30% of that of natural gas (Cohen et al. 2004). It has been observed that saving water 

reflects in significant energy saving. The energy required to pump and treat one liter of 

water will rise by 5-10% in the United States (Goldstein and Smith 2002).  

 

Plappally and Lienhard V (2012) in a comprehensive review of the energy demand of 

water supply systems re-affirmed the knowledge that different technologies of water 

production consume varying amount of energy, and in accordance to the economy of 

scale. All the water treatment stages consume some form of energy. Examination of the 

energy consumption in a surface water treatment facility of the capacity of 37,850 

m
3
/day, the approximated energy consumption was 14,057 kWh/day, which in terms of 

unit consumption becomes 0.371 kWh/m
3
. The consumption varies from plant to plant by 

economies of scale. Most of the electricity consumption in surface water treatment plants 

come from the high-lift pumps that pump water into the distribution systems. This 

constitute about 80 - 85% of the total consumption (Goldstein and Smith 2002). 

 

The relationship between the energy employed and the depth of the water in groundwater 

pumping is linear at a specific pressure as per established scientific equations (Reardon et 

al. 2012). The energy expended in the pumping process depends on the flow rate, the 

suction and discharge elevations, frictional losses, and the efficiency of the pump 

(Ahlfeld and Laverty 2011). In California, groundwater pumping requires energy in the 

range of 0.14 - 0.69 kWh/m
3
 (Bennet and Park 2010). Similar to the reported unit 

electricity consumption value of surface water, (Goldstein and Smith 2002) reported a 

groundwater consumption figure of 0.482 kWh/m
3
. This is seen to be 30% higher than 

that reported for surface water. In ground water treatment and supply, about one-third of 

the electricity consumption comes from well pumping with about 0.5% used in treatment 

(mainly disinfection), while the rest is used by booster pumps that distribute the water 

(Goldstein and Smith 2002).   
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An alternative to freshwater treatment in arid and water-scarce countries is desalination. 

The cost for desalinating water is reducing due to the progressive advancement of 

technology. However, when compared to the other treatment technologies discussed 

above, it is still an expensive option of treating and supplying water (Cooley et al. 2006). 

With respect to desalination, the largest cost component in the processing of purifying 

water is energy that constitutes nearly half of the total production cost. Furthermore, 

thermal desalination plants consume more than half the total production cost (Wangnick 

2002). The energy consumption of desalting water depends on the feed water and the type 

of desalination mechanism employed. Theoretically, the minimum needed energy for 

desalting seawater through reverse osmosis is 1.0 kWh/m
3
, without the inclusion of losses 

in converting thermal energy to electrical energy (Cooley et al. 2006). However, highly 

efficient plants utilize between 4 and 25 times the calculated value of 1.0 kWh/m
3
.
 

Herndon (2013) indicates that the unit cost for a desalination plant was about 3.96 

kWh/m
3
, while Djebedjian et al. (2007) indicated a consumption value of 7.8 kWh/m

3
 in 

Egypt (Africa). 

2.3.3 Chemical and Maintenance Costs 

Chemical and microbiological pollution of water make it impure, prompting the 

requirement of treating the water for its intended use. Varying levels of pollution dictate 

the degree of treatment and the technology employed in treatment. While groundwater 

might employ only disinfection, surface water would usually employ the treatment train 

of conventional methods (Goldstein and Smith 2002). The use of different technology 

and treatment methods for different waters make unit chemical and maintenance costs 

vary widely. Natural organic matter, a major component of surface water, differs for 

various sources of waters depending on the biochemical interaction of the water and its 

environment. Accordingly, the designs of treatment plants vary and plants would have 

different treatment stages and installed equipment.  

 

In Ghana, the observation of the author revealed that the Weija and Kpong treatment 

plants (in Accra), which both utilize conventional surface water treatment, slightly differ 

in their design. While the Weija treatment plant utilizes coagulation due to the polluted 

nature of the Densu River, the Kpong treatment by-passes this stage of treatment due to 

the relatively good quality of the Volta River (Water Resources Commission 2014), 

causing a huge difference in unit chemical and maintenance costs. Even within a specific 
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plant, chemical and maintenance costs vary seasonally, as well as annually, unlike energy 

consumption that is relatively stable. For instance, in the Lukunga water treatment plant 

in Kinshasha (Democratic Republic of Congo) chemical dosages in treating water from 

the Lukunga River has increased exponentially since the 1940s due to deterioration in 

water quality. The turbidity range which used to be 15 - 25 NTU in 1940, has risen to 100 

- 120 NTU, with very high turbidities of up to 1000 NTU recorded during heavy 

rainstorms (Musibono 2014). High turbidity translates in high chemical usage, and may 

cause a rise in the cost of maintenance as some of the treatment equipment would be 

stressed. In 2006, the McAllen Northwest facility in McAllen (Texas, USA), a 

conventional surface water treatment plant with a capacity of 8.25 million gallons per 

day, recorded unit chemical cost of 4 cents/m
3
 and a maintenance-related cost of 2 

cents/m
3
 representing 7% and 4% of total production cost (Rogers 2008). Public Utility 

and Regulatory Commission (PURC 2004) reported chemical and maintenance costs to 

be 6.57 and 4.90% of the total direct expense. Unlike the case of seawater, which has a 

fairly constant quality, these figures, especially, those for the chemical cost can rise 

sharply if the raw water quality deteriorates. Other forms of treatment such as membrane 

filters and desalination plants have relatively lower unit chemical and maintenance costs 

when compared with conventional treatment process of poor water quality. The general 

unit chemical cost of desalination ranges from 3.5 to 6.5% of the total cost for multi-stage 

flash and reverse osmosis technologies, respectively (Carlos 2010).    

2.3.4 Financial Viability 

Huge capital and human resources are invested in water supply facilities world-wide to 

improve both supply coverage and public health. In the developing world where water 

supply is particularly challenging, many capacity expansion projects have been successful 

while others have not been able to meet their intended objectives (Singh et al. 1993). 

Most of the problems associated with the failures arise from issues of financial challenges 

culminating in poor maintenance and service delivery (Raje et al. 2002). In the 

deliberations of stakeholders to either construct new water supply facilities or embark on 

capacity expansion projects, the financial viability of such projects should be scrutinized 

in terms of the total cost of construction and operation, and the estimated available 

income of consumers (Piper and Martin 1999). Thus, the issues of willingness- and 

ability-to-pay deserve attention. Piper and Martin (1999) described ability-to-pay as “the 

maximum amount households can pay for water given their income and other household 
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expenses” and willingness-to-pay as “the monetary value an individual places on a good 

or service”. While ability-to-pay mainly considers the financial constraints consumers are 

faced with, willingness-to-pay concerns both preferences and financial constraints of 

consumers. The basic factors that affect consumers’ willingness-to-pay are mainly issues 

of water quality, service reliability, water tariff, and affordability (Ntengwe 2004). 

According to Engel et al. (2005),  empirical evidence has shown that willingness-to-pay 

for better water supply services is high among educated households, and is also gender-

dependent. With a very low willingness-to-pay in a water supply community, the supply 

system is bound not to be financially viable.  For example, consumers in Conakry 

(Guinea) preferred water from wells to the public water supply system due to high water 

tariffs from the water utility company (Ménard and Clarke 2000). Conversely, Ntengwe 

(2004) reported that consumers in village communities in China, on the basis of 

deteriorated water quality, abandoned their groundwater sources and opted for the public 

water supply system due to its good quality. Expressing willingness-to-pay does not 

translate into the ability-to-pay. Ainuson (2009) found that 76.1% of respondents in a 

survey in Accra (Ghana) expressed willingness-to-pay, while about 66.2% of these 

participants earned income below an amount of $89 (or GH₵ 100 Ghana cedis); an 

amount that most consumers could not afford to pay for water supply services. In Ghana, 

the cost of water is subsidised in accordance with the usage category, with domestic 

consumers usually paying less than commercial and industrial consumers. An increasing 

block tariff system, divided in tiers of 1000 L, is employed in the country. The lowest tier 

(otherwise known as the lifeline tier) is made affordable for the poor (Ainuson 2009). 

According to Ainuson (2009), the water tariff structure as per the tariff regulatory 

institution (the PURC) is summarised in Table 2.1 below for the years of 1998 to 2006. 
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Table 2.1 GWCL Tariff Structure by PURC 

Date Quantity of water used Approved rates in cedis (per 1000 Liters) 

1998 0-13 400 

 13-45 1000 

 45+ 1400 

1999 0-10 500 

 10-40 1300 

 40+ 1820 

2001 0-10 990 

 10+ 3600 

2002 0-20 3000 

 20+ 4500 

2003 0-20 3500 

 20+ 4800 

2004 0-20 4031 

 20+ 5528 

2005 0-20 4031 

 20+ 5528 

2006 0-20 4850 

 20+ 6750 

 

2.4 Technical and Socio-Cultural Perspectives  

The technical and socio-cultural perspectives may include operational flexibility, land 

area, storm drainage, aesthetics and acceptability, as well as security of transmission and 

cultural resources. 

2.4.1 Operational Flexibility 

Recently, many companies and organizations concentrate keenly on how to optimize 

productivity in a very competing world. The pressures of competition and efficiency have 

pushed industries into finding ways of making operations more flexible. In the water 

supply industry, automating the processes in the treatment train makes operation and 

maintenance more flexible (Dayal et al. 2001). By increasing the flexibility of the process 

treatment, a competent and elastic system is created that efficiently responds to changing 

environmental conditions and emerging treatment challenges (Qi and Luo 2007). Harris 

et al. (1998) indicated that an effective firm with operational flexibility should have some 

in-built mechanisms that allow a large degree of changes of sequencing, scheduling, etc., 

so that in the event that vital equipment breaks down, the entire system of operation does 
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not grind to a halt. D’Souza (2002) explains flexibility to mean making the required 

adjustments to react to varying environmental situations without compromising on 

performance. Technical training and familiarity improves the expertise of employees. 

With the ubiquitous nature of conventional water treatment plants, many operators are 

likely to have more knowledge, experience and troubleshooting skills in dealing with 

conventional treatment systems as compared to relatively new technologies such as 

reverse osmosis. 

2.4.2 Land Area 

Land is a critical factor as the entire treatment facility will be sited on it. In the 

consideration of land as a criteria, its elevation and flood levels are main parameters to be 

considered (Kövári 1984). In the planning stage, the shape and size of the land should be 

properly assessed to ensure the design plan can properly fit in it. The consideration of 

shape is necessary for the efficient flow of water and waste products through the 

treatment train, with rectangular shapes preferred to long narrow ones (Spokane County 

2003). The land should be expansive enough to make room for future expansion when the 

need arises, as well as provide a buffer zone of protection for the treatment facility to 

reduce the potential impact that the facility can have on the surrounding environment. A 

wider buffer zone requires less mitigation measures on site, and a length of a 30-meter 

buffer is usually considered ideal (Spokane County 2003). 

2.4.3 Storm Drainage  

The factor of storm drainage assesses how the installment of the treatment facility would 

negatively impact on the drainage of the construction site and its immediate surroundings. 

Spokane County (2003) indicates that whenever the construction of a treatment plant on a 

site demands “significant rerouting” of water drainage, or requires significant creation of 

new drainage systems, such as site, on the basis of suitability, it should be less preferred. 

2.4.4 Aesthetics and Acceptability 

The purpose of improving water quality is to significantly reduce the undesirable 

contaminants in the water to prevent any harmful effect they might have on public health. 

Generally, consumers are unable to determine chemical and microbiological aspects of 

water quality. However, once they are able to identify problems with the physical and 

aesthetic quality of potable water, a considerable attitudinal change will be observed 

(World Health Organization, WHO, 2011). According to Postawa and Hayes (2013), 
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potable water providers must ensure that the water provided is not only safe but also 

aesthetically pleasing, otherwise consumers might turn to alternative sources that might 

not be safe.  

 

Aesthetics boarder on acceptability, but acceptability can be wider. For example, drinking 

water might be safe with good aesthetics but can still be rejected by consumers on the 

basis of their perception of the source water, especially if fecal matters and other related 

substances are discharged into it. When potable water containing iron and manganese is 

exposed to the atmosphere, the ions get oxidized and may pose discoloration risks beyond 

a certain concentration. Similarly, corrosion within cast iron pipelines can also impart 

color on potable water (Husband and Boxall 2011; Vreeburg et al. 2008). Apart from the 

problem of discoloration, iron imparts a metallic taste on water that has a concentration of 

more than 0.3 mg/l (WHO 2011). Odour, which can be caused by the presence of many 

chemicals including methyl tert-butyl ether and chlorine, can also be precipitated by iron. 

The presence of some iron-utilizing bacteria in water distribution systems has been 

widely cited to be an odour source. When these bacteria die they leave a reddish-brown 

slime that has a very offensive odor (Postawa and Hayes 2013). 

2.4.5 Security of Transmission and Cultural Resource 

Like many similar systems, water infrastructure is vulnerable to both natural and human-

induced threats. The importance of such infrastructure to the sustenance of life make 

utilities devote much time and capital on addressing potential security threats on water 

supply facilities. Following the September 11, 2001 terrorist attack on the United States, 

the security consideration in constructing new water supply facilities has taken a different 

dimension. Prior to the attack, researchers foresaw this dimension and called for 

increased funding in protecting water supply infrastructure. Haimes et al. (1998) stated 

that “Obviously, there are costs associated with hardening water supply systems. The 

costs of [water] system hardening can be viewed as analogous to paying for means of 

countering potential terrorist threats against the airline industry”. A physical, chemical or 

biological attack on water transmission mains can have dire consequences on public 

health, irrigation, food production and firefighting (Leuven 2011). Terrorist and enemy 

attacks on water systems add to the existing traditional threats of adverse weather 

conditions such as hurricanes, rapid ageing of mains due to aggression from soils, floods 

and earthquakes (Seger 2003). The target of intentionally contaminating water has been 
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an age old problem. History indicates that adversaries viewed attacking water systems as 

an asymmetric advantage in warfare. Hickman (1999) detailed some historical examples 

of such attacks including: 1) the use of cyanide by Nero in ancient Rome to kill his 

enemies; 2) the contamination of ponds with cadavers in the United States civil war; 3) 

the intention of Japanese soldiers to biologically poison Chinese water supplies with 

anthrax, cholera, etc. during World War II; 4) the contamination of the Bohemia reservoir 

with sewage by Hitler; and 5) the poisoning of Kosovo’s water wells by Yugoslav forces 

in 1998.  

In Africa, water transmission mains are unlikely to be attacked in the manner anticipated 

by western nations. However, they are also prone to threats. For instance, water vendors 

in Kibera and Mathare (Nairobi) forms cartels to extort money from local consumers 

through selling water at exorbitant prices. They facilitated their actions by first denying 

the communities the opportunity of water supply through vandalizing transmission mains 

that served the communities (Primus 2011). Similar cases of vandalism have been 

reported in Zambia (Lusakatimes 2011). The author has also witnessed some kind of 

vandalism on the water transmission mains along Kpong-Tema route (Ghana) by farmers 

to access water for irrigation and for grazing animals.  

 

Cultural resources are a critical part of society and help preserve some historical sites or 

artifacts. They offer unique details of past communities and environment, and help 

modern societies find ways of tackling emerging environmental problems (Natural 

Resources Conservation Service, NRCS, 2014). In the event that a water supply facility is 

to be established, a critical look into how these specially-preserved areas might be 

affected by such projects is very important. LaBudde (2009) indicated that in planning to 

construct water supply projects, its effect on cultural resources will have to be adequately 

addressed with clear mitigating measures. In the weighting of alternatives, he argued that 

projects that will significantly affect such resources should be giving relatively low 

scores. 

2.5 Multi-Criteria Decision Analysis (MCDA)  

With the complexities of the modern era, water authorities, engineers, and designers are 

faced with making difficult decisions between various available alternatives. Considering 

the diverse impact and future ramifications that these decisions might have, it behooves 

on the decision-makers to make acceptable and reliable decisions through a rational 
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approach, considering the multitude of constraints accompanying the alternatives. 

Decisions are usually made among alternatives evaluated by a set of diverse criteria. 

These criteria can sometimes present substantial decision-making conflicts and would 

require a carefully balanced analysis before final decisions are made. Decisions that defy 

basic rationality, experience, knowledge of subject matter and well-structured analysis 

mostly end with unsuccessful results. According to Bhushan and Rai (2004), a typical 

decision-making process involves the following: 

1. comprehensive analysis of the problem, 

2. identifying a plethora of criteria associated with the decision-making, 

3. assessing the criteria, 

4. evaluating alternatives in relation to criteria, 

5. ranking alternatives on a priority scale, and 

6. incorporating expert judgments to arrive at a decision. 

 

Multi-criteria decision analysis (MCDA) is a discipline that simultaneously considers 

multiple criteria and different alternatives and can be used as a decision aid in complex 

decision making problems. MCDA consists of a plethora of approaches and is by no 

means a perfect panacea to the pain of decision making (Bhushan and Rai 2004). This is 

because the various tools have their inherent weaknesses and only complement 

knowledge and experience in making decisions. MCDA is broadly characterized into two 

classes: multi-attribute and multi-objective decision making. The widely accepted 

practice of this classification fits the categorization into two facets of problem-solving: 

multi-attribute decision making is often used for selection (evaluation) problems and 

multi-objective decision making is often used for design with continuous variables. A 

clear distinguishing feature is that while multi-objective decision making is not associated 

with problems with pre-determined alternatives, multi-attribute decision making is 

usually limited to a few predetermined alternatives (Yoon and Hwang 1995). Some of the 

most known models are those based on utility theory such as the multi-attribute utility 

theory, models based on outranking such as Elimination and Choice Expressing Reality 

or ELECTRE (Roy 1968) and Preference Ranking Organization Method for Enrichment 

of Evaluations or PROMETHEE (Brans and Vincke 1985), distance-based models such 

as Technique for Order of Preference by Similarity to Ideal Solution or TOPSIS (Yoon 

and Hwang 1995), and the analytic hierarchy process or AHP (Saaty 1980).  
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Choosing a method among the many MCDA techniques can be a very arduous task and 

difficult to justify because the various techniques have their inherent limitations, concepts 

and perspectives. In choosing an MCDA method, one has to consider the details of the 

input information, the cumbersomeness of the modeling process and the outcome. For 

example, in considering every criterion in the perspective of their “utility function”, the 

multi-attribute utility theory will be more desirable. However, when the time and energy 

needed in using the multi-attribute utility theory is considered to be laborious, one can 

employ the use of pairwise comparison of criteria through the use of the AHP. The AHP 

can also pose problems when substantially large amount of information is considered. In 

the case when “only ideal and anti-ideal options are required”, a distance-based model 

such as TOPSIS is more efficient (Ishizaka and Nemery 2013).  

 

Despite the diversity of MCDA techniques, they tend to have a lot in common in many 

respects (Chen and Hwang 1992). Some underlying mathematics is common in some 

MCDA methodologies but what is seen to be even more common is the notation and 

terminology. Common among different MCDA approaches are the terminologies “goals”, 

“alternatives”, “criteria” and “sub-criteria” (Triantaphyllou 2000). “Alternatives” refers to 

the different options available in choosing the best decision through prioritization and 

ranking; “criteria” refers to attributes associated with an MCDA problem through which 

the different alternatives are assessed; and “goal” normally refers to the main object of 

the problem. An MCDA might have many criteria and sub-criteria and this often leads to 

them being presented in a hierarchical order (Triantaphyllou 2000). 

 

The interdisciplinary nature of MCDA has been evident in its diverse application in 

different fields. This includes (but not limited to) applications in transportation  (Sayyadi 

and Awasthi 2013), in forest management planning (Brukas et al. 1999), in supply chain 

management (Cruz 2009), and in the banking sector (Pasiouras et al. 2010). In the field of 

water supply and water resources management, MCDA has also been applied in 

numerous studies, with examples of recent applications being the establishment of rescue 

policies for water utility businesses in Indonesia (Peniwati and Brenner 2008), the 

evaluation of management alternatives for urban water supply (Okeola and Sule 2012a), 

decision making in urban water management (Abrishamchi et al. 2005), prioritization of 

water management for sustainability (Chung and Lee 2009), and wetland ecosystem 

stability (Zhang et al. 2013). 
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The AHP has been chosen as the preferred MCDA method for this study. Even though it 

has its inherent weaknesses such as rank reversal and the exponentially large number of 

judgments needed when dealing with numerous criteria and sub-criteria, it has an 

overriding advantage over most MCDA methods. Some of the advantages of the 

methodology include the following (Nadja and Karlheinz n.d.): 

1. It employs the concept of decomposing a complex decision problem into various 

simplified components (i.e goal, criteria, sub-criterion, etc.) in a hierarchical 

order. This helps decision-makers make more informed judgements while 

avoiding committing errors. 

2. It is relatively simple, flexible, and easy to understand. The concept of pairwise 

comparative judgement and its potential of checking inconsistency in judgment 

even makes it more appealing. 

3. It has the ability of utilising both qualitative judgments and quantitative factors. 

4. It supports both individual and group decision-making. Within a group, individual 

participants’ subjective judgments can be aggregated through the calculation of 

the geometric mean. 

5. It has the ability of being used along with other MCDA techniques. 

As indicated earlier, despite the above-mentioned advantages, the AHP also comes 

with its weaknesses, among which include the following: 

1. Having many criteria and sub-criteria result in multiple pairwise comparisons. 

An n number of criteria or sub-criteria results in n(n-1)/2 pairwise 

comparisons. This situation can make questionnaire lengthy, time consuming 

and frustrating to participants. More pairwise comparisons can lead to greater 

inconsistency in judgement.  

2. Its compensatory (additive) property of good scores compensating for bad 

scores for some criteria can lead to the loss of very relevant information. 

3. The AHP has a peculiar problem of rank reversal. When an identical 

alternative to any of the less-optimum alternatives is introduced, the ranking 

of the alternatives can alter. 
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2.5.1 Analytic Hierarchy Process (AHP) 

AHP is a popular MCDA tool that is used in making decisions across a spectrum of 

disciplines. Developed by Thomas Saaty (1980), the technique relies on a strong 

mathematical and logical foundation. It is particularly unique from other MCDA 

techniques and has the flexibility of being used conjunctively with most MCDA methods 

in making robust decisions (Vaidya and Kumar 2006). The method also makes room for 

potential inconsistency in human judgments and provides avenues for improving the 

consistency (Saaty and Vargas 2001). The AHP methodology is based on the 

fundamental principles of problem decomposition, pairwise comparative judgments, and 

the synthesis of priorities (Saaty and Vargas 1994). Cardinal preferential judgements, 

based on a linear scale of relative importance or intensity, are made in a pairwise 

comparative manner to arrive at priorities for the ranking of alternatives. Sargaonkar et al. 

(2011) used the AHP in combination with geographic information system (GIS) to 

prioritize and rank sites for groundwater recharge. The conjunctive use of the AHP with 

other decision-making tools enhances the attainment of optimum benefits from both the 

AHP and its complementary MCDA technique. The AHP makes provision for the 

capturing of both technical and non-technical variables within the same structure for 

analysis. This structural flexibility makes it a more suitable tool for use in the water 

sector where there is the involvement of inter-sectoral and multi-institutional  

collaboration (Lafontaine 2012).  

 

According to Braunschweig (2001), the AHP is based on three underlying principles: 

1. Problem Structuring: The problem is analyzed and decomposed into different 

components and then structured in a hierarchical order of homogenous clusters 

and sub-clusters of factors (goals, criteria, sub-criteria, alternatives). This is to 

improve understanding of the problem and allow decision makers focus on the 

problem parts systematically. It helps in deriving local priorities of the units 

within a cluster in relation to the mother cluster. The priorities indicate how 

dominant (important, preferable or likely) one element is over the other. 

2. Pairwise Comparative Judgments: This involves the pairwise comparison of 

criteria, as identified in the hierarchical structure of problem, to determine their 

relative importance with respect to the goal. It also involves the pairwise 

comparison of the relative strength of alternatives in relation to each criterion. The 
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comparison is done with reference to a linguistic fundamental scale used to weigh 

the strength of preference between two considered units. 

3. Synthesis: This is to prioritize various elements through an eigenvector approach. 

All the individual priorities are then aggregated into a composite priority for every 

alternative before the alternatives are ranked for a preferred decision to be made. 

 

According to Saaty (1986), four axioms form the mathematical foundation of the AHP. 

They are summarised below without their mathematical representations: 

1. The reciprocal axiom: The AHP is fundamentally founded on the 

pairwise comparison of elements in a matrix as represented in the 

structured problem. Thus if elements A and B are compared, and A is six 

times more important than B, then B is one-sixth times as important as A. 

2. The homogeneity axiom: This axiom ensures the uniformity, for the sake 

of comparison, of elements within a cluster. It stresses on the possibility of 

errors in judgement within a cluster when the elements to be compared 

vary widely. Therefore, elements found to be largely disparate should be 

categorised under different clusters, or even different levels if deemed 

appropriate. 

3. The synthesis axiom: Within the structured hierarchy of a problem, 

judgements yielding priorities for top level elements in the hierarchy 

should not depend on their respective lower level elements. Thus, how 

important a top level element is (priorities of criteria) should not depend 

on lower level elements (priorities of sub-criteria). 

4. The axiom of expectation: This axiom is about the representation of 

thoughts within a hierarchy. Decision-makers with strong belief in their 

ideas can, and should incorporate them into the hierarchy. 

The AHP has been successfully employed in many other areas including choosing the 

best alternative among many others, forecasting, prioritization, resource allocation, 

balanced scorecard and total quality management (Forman and Gass 2001). These 

applications have generally bordered on engineering design, appropriate technology 

selection, and portfolio management (Forman and Gass 2001). The application of the 

AHP even stretches to the medical field (Dolan et al. 1993; Suner et al. 2012) as well as 

project management (Al-Harbi 2001), manufacturing industry for machine tool selection 
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(Yurdakul 2004), multimedia authorizing systems selection (Lai et al. 1999), 

manufacturing firms for credit evaluation (Yurdakul and İç 2004), and in forecasting the 

expected economic recovery strength and likely turn around period (Saaty and Vargas 

2012). Okeola and Sule (2012) used the AHP application in evaluating management 

alternatives for urban water supply systems. They considered a set of management 

alternatives to make the best choice from. The set included public ownership and 

operation, private ownership and operation, and public ownership and private operation. 

In the outcome of the study, stakeholders opted for public ownership and operation, 

rejecting any form of private participation. This confirmed their belief that government 

ownership will provide a better sustainable and efficient service delivery. 
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Chapter 3 Research Methodology 

“Research is what I'm doing when I don't know what I'm doing.”  

   Werner von Braun (1912 – 1977)  

The tool employed in analyzing the problem is the AHP. The AHP is an MCDA solution 

tool that utilizes both logical and intuitive approaches to select the “best” choice from a 

plethora of alternatives based on the evaluation of multiple criteria. With the AHP, 

decision-makers are able to make pairwise comparative judgments that enable them 

develop overall priorities in ranking alternatives. This chapter reviews the AHP technique 

and its steps in solving a decision-making problem.  

3.1 AHP Algorithm 

The purpose of this study is to employ the AHP in decision-making regarding the 

capacity expansion of facilities supplying drinking water to a large group of consumers. 

The AHP decision-making process is illustrated in Figure 3.1 below. The following 

sections provide further details about the technique. 

3.2 AHP Steps 

Following Figure 3.1, Bhushan and Rai (2004) provided the following step-by-step 

methodology for AHP:  

1. Structuring the decision problem into a hierarchy of goals, criteria, sub-criteria 

and then alternatives. This gives a general view of the complexity in the 

relationships within the problem and allows the decision-makers to assess if the 

entities compared are of the same magnitude. In the hierarchical tree, each 

element is connected to, at least, another element in the hierarchy. 

2. Collection of data from decision-makers in accordance with the hierarchical 

structure and the pairwise comparison of the various alternatives as per the 

qualitative scale in Table 3.1 (Saaty 1980). To successfully employ the AHP in 

decision-making, questionnaires should be sent to the experts relevant to the field 

of study (e.g., water supply) for their individual qualitative judgments.  
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Table 3.1 Gradation scale for quantitative comparison of alternatives (Saaty 1980) 

Judgment Options Intensity of Importance  

Equal 1 

Marginally strong 3 

Strong 5 

Very Strong 7 

Extremely strong 9 

Intermediate values to reflect fuzzy inputs 

Reflecting dominance of second alternative compared with the first 

2,4,6,8 

Reciprocals 

   

3. The pairwise comparisons of the criteria are arranged in a square matrix with 

diagonal elements being 1. The i
th

 row criterion is better than the j
th

 column 

criterion if element (i, j) has a value greater than 1, and vice versa. The value of 

the (j, i) element is the reciprocal of the value of the (i, j) element. For example, 

the pairwise comparison matrix A, in which aij = wi/wj within the matrix is the 

pairwise comparison between elements i and j and can be represented by an n x n 

matrix as: 

 

    

          
          
          

  

 
 
 
 
  

  
  

  
  

  
 

  
  

   
  

  
 

  
  

 
    

  
    

 
 
 
 

 

3.2-1 

  

 

 

where n is number of factors, aij is the relative weight determined by the pairwise 

comparison for the relative importance of the i
th

 factor over the j
th

 factor, wi is 

weight of the i
th

 factor, and i, j = 1, 2, 3, ..., n. 

4. The computation of the principal eigenvalue and the corresponding normalized 

right eigenvector of the comparison matrix gives the relative importance of the 

various criteria being compared. The elements of the normalized eigenvector are 

termed weights with respect to the criteria or sub-criteria and ratings with respect 

to the alternatives. Mathematically this is represented as:  

          
3.2-2 
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Figure 3.1 Flow diagram of the AHP methodology 
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where w is the normalized right eigenvector of the matrix A and      is the 

principal eigenvalues. Symbolically this becomes: 

 

 
 
 
 
 
  

  
  

  
  

  
 

  
  

   
  

  
 

  
  

 
    

  
   

 
 
 
 
 
 

 
 
 
 
 
 
  

  

 
 
 

   
 
 
 
 
 

     

 
 
 
 
 
 
  

  

 
 
 

   
 
 
 
 
 

 
3.2-3 

 

and 

      

 

   

 
3.2-4 

 

 

5. The consistency of the matrix of order n is evaluated based on the consistency 

index (CI) defined by: 

    
        

     
 

3.2-5 

 

 

Comparisons made by this method are subjective and the AHP tolerates 

inconsistency through the amount of redundancy in the approach. If this 

consistency index fails to reach a required level then answers to comparisons may 

be re-examined. Comparing the CI with an average random index, RI, (derived 

from a sample of randomly generated reciprocal matrixes using the scale 1/9, 1/8, 

…, 8, 9) gives the consistency ratio (CR). The CR values are supposed to be less 

than 0.1, otherwise the process would have to be repeated until an acceptable 

value is obtained. Following Saaty (1980), this dissertation assigned the RI values 

of 0, 0, 0.58, 0.9, 1.12, 1.24, 1.32, 1.41, 1.45, and 1.49 for matrices of size 1, 2, 3, 

4, 5, 6, 7, 8, 9, and 10, respectively. 

6. The rating of each alternative is multiplied by the weights of the sub-criteria and 

aggregated to get local ratings with respect to each criterion. The local ratings are 

then multiplied by the weights of the criteria and aggregated to get global ratings. 

 

3.3 Sensitivity Analysis 

Sensitivity analysis describes how sensitive the final outcome is to changes in the input 

data. In sensitivity analysis, the usual assumption is that the weight of a criterion explains 
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how sensitive it is with respect to reaching the final goal. However, this is not always the 

case as research has proven the criterion with the smallest weight can be the most 

sensitive (Triantaphyllou 2000). Relevant literature shows applications of various 

techniques of sensitivity analysis in many areas ( DeRoberts and Hartigan 1981; Berga 

1984; Von Winterfeldt and Edwards 1986; French and Insua 1989; ; Ríos Insua 1990; 

Armacost and Hosseini 1994; Triantaphyllou 2000). Masuda (1990) conducted a 

comprehensive study on sensitivity analysis on the AHP. He identified the extent to 

which modifications in local and global priority can cause rank reversal in the 

alternatives. Later, Triantaphyllou (2000) modified Masuda’s approach by taking into 

account the smallest modification in the weight of a criterion that can change the ranking 

of the alternatives. This could include a change in criterion weight that can cause any of 

the alternatives to change its ranking, or a change in criterion weight that can cause the 

best (top) alternative to lose its ranking. This research conducted the sensitivity analysis 

in two ways: 1) by applying the approach proposed by Triantaphyllou (2000); 2) by using 

the built-in sensitivity analysis function in the Expert Choice software. With the Expert 

Choice software, graphical alteration of the criteria weights was performed to observe the 

corresponding change in the rankings of the alternatives to determine the robustness of 

the decision made. This is particularly important since explicit considerations of potential 

uncertainties in decision maker’s mind have not been accounted for.  

Following Triantaphyllou (2000), the approach considers the change in either absolute or 

percentage terms, and therefore coins the terminology Absolute Any (AA), Absolute Top 

(AT), Percent Any (PA), and Percent Top (PT). It proceeds with the following definitions 

for m alternatives and n decision criteria as explained in section 3.2: 

1. Let                                denote the minimum change in the 

current weight    of criterion    such that the ranking of alternatives    and    

will be reversed. 

 Also let   
             

   

  
                       

3.3-1 

 

where   
      expresses changes in relative terms. 

2. The Percent-Top (or PT) critical criterion is the criterion which corresponds to the 

smallest    
     

                           



39 

 

3. The Percent-Any (or PT) critical criterion is the criterion which corresponds to the 

smallest    
     

                           

4. The criticality degree of criterion    denoted as    
 , is the smallest percent 

amount by which the current value of    must change, such that the existing 

ranking of the alternatives will change. That is, the following relation is true: 

   
     

       
    

     
                 

3.3-2 

 

5. The sensitivity coefficient of criterion    denoted as sens(   ), is the reciprocal of 

its criticality degree. That is, the following relation is true: 

           
 

  
 

               3.3-3 

If the criticality degree is infeasible (i.e., impossible to change any alternative rank with 

any weight change), then the sensitivity coefficient is set to be equal to zero. In the 

sensitivity analysis tables that will follow, the infeasibility of the criticality degree is 

indicated as N/F. If one wishes to change the rating of two alternatives (e.g A1 and A2) 

through weight   of criterion C1, the following relation is true: 

        
       

       
                                  

3.3-4 

 

 

        
       

       
                 

3.3-5 

 

Where Pi represents the final preference of alternative Ai, and aij represents the 

performance value of the respective alternative. The following condition should satisfy 

the weight   
            to be feasible 
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The quantity                                , by which the current weight    

of criterion    needs to be modified (after normalization) so that the ranking of the 

alternatives Ai and Aj will be reversed, is given as follows: 

         
       

       
 

   

  
                                  

3.3-9 

 

 

         
       

       
 

   

  
                 

3.3-10 

 

Furthermore, the following condition should also be satisfied for the value of         to be 

feasible: 

        

       
    

3.3-11 

Criterion    is considered to be robust if all of its                            

     quantities are infeasible. In that case, any change in the weight of the criterion 

will not affect the original ranking of the alternatives. Such a criterion can be eliminated 

from further consideration because it does not provide any discriminatory ability in 

ranking. In this research, the main object of the sensitivity analysis is to identify the most 

critical criterion, as well as the relative sensitivity of all criteria with respect to the 

decision model. Insensitive criteria will not be removed from the analysis. However, the 

presence of the insensitive criteria will guide future researchers on the impacts of the 

various criteria on the analysis, and to further hint them on the possibility of considering 

other possible criteria and/or sub-criteria. 
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Chapter 4 Case Study 

“Whatever happens, we are the architect of the fortune or misfortune that 

befall us in life. Stop! Take time to make a critical analysis of yourself and 

the situation you find yourself. Better to learn from other people's mistake 

and experiences, rather than becoming a case study to others.” 

Kemmy Nola 

This Chapter introduces the test case studied in this dissertation. The Chapter explains the 

research area and provides the hydrological/meteorological characteristics, land uses, 

population and some climatic information relevant to the research area. The Chapter also 

discusses the field-data collection techniques.  

4.1 Synopsis 

Ghana, a former British colony, was the first sub-Saharan African country to gain 

independence in 1957. It is situated in West Africa, shares its southern border with the 

Gulf of Guinea, northern border with Burkina Faso, eastern border with Togo and the 

western border with Cote d’Ivoire (World Factbook 2014). The country recorded 

population of 24,658,823 in the 2010 census (Dodoo, 2013). It ranks 33
rd

 by landmass in 

Africa and 82
nd

 in the world, with a total landmass of 238,533 km
2
 and about 11,000 km

2
 

covered by water. It has a tropical climate: hot and humid in the south and hot and dry in 

the north. In 2011, the total renewable water resources were estimated at 53.2 km
3
. It 

records a freshwater withdrawal rate of 0.98 km
3
/year of which 24, 10 and 66% is used 

for domestic, industrial and agricultural activities, respectively (World Factbook 2014) 

 

Ghana is burdened with challenges in its water supply system. Poor decision-making 

usually driven by sub-standard and politically-based assessment of serious national issues 

have played a major role in the country’s current economic and social woes. World 

Health Organization (WHO) and United Nations Children’s Fund (UNICEF) reported 

that access to improved water sources in Ghana is about 82% as of 2008 (WHO and 

UNICEF 2010). This, in accordance with the Millennium Development Goal target of 

77% coverage, would be interpreted as Ghana having met its target. However, this is in 

stark contrast to provider-based figures, which are significantly low. The water supply 

providers are the main sources of improved water. The Community Water and Sanitation 
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Agency, which has the responsibility of rural water supply, reported a coverage of 57% as 

of 2008. On the other hand, the Ghana Water Company Limited (GWCL), which has the 

responsibility of urban water supply, reported a coverage of 58% as of 2008. According 

to the African Ministers’ Council on Water (AMCOW), the planned strategic intervention 

measures forecast a rural and urban water coverage of 76 and 80 percent, respectively, by 

2015 (AMCOW 2011). While Ghana has been blessed with the abundance of fresh water 

bodies, they have unfortunately not been optimally utilized efficiently and most of these 

resources flow into the sea. 

 

The first potable water supply system in Ghana was installed in Accra, in the Gold Coast 

era, just before the occurrence of the World War I. This was followed by the 

establishment of similar facilities in the other urban areas of the country. The occurrence 

of extensive water shortage in 1959 led to the signing of an agreement between the World 

Health Organization and the Government of Ghana for the commencement of a 

comprehensive study into the development of the water sector. The outcome of the study 

facilitated the formation of Ghana Water and Sewerage Corporation in 1965, under an act 

of parliament (Act 310) as a legally instituted public utility company. Among other 

mandates, it was to provide water supply and sanitation services to both rural and urban 

communities (GWCL 2013). An economic downturn, the lack of capital investment, and 

the deteriorating infrastructure in the early 1980’s resulted in abysmally low operational 

efficiency of the Ghana Water and Sewerage Corporation. This called for massive capital 

investment from the World Bank, other external agencies and donor countries. The Water 

Sector Restructuring Project, aimed at improving operational efficiency and the efficient 

management of the water sector was launched as a result of a “Five Year Rehabilitation 

and Development Plan”. This led to the decentralization of water and sanitation in small 

towns, decoupling them from Ghana Water and Sewerage Corporation. Eventually, in 

1999, Ghana Water and Sewerage Corporation metamorphosed into Ghana Water 

Company Limited (GWCL), which is solely mandated to provide potable water to urban 

areas in the country (GWCL 2013). 

4.2 Significance  

Figure 4.1 indicates the map of the Accra-Tema Metropolitan Area’s (ATMA) water 

distribution system. This dissertation studies ATMA as the test case due to the unique 

challenges it encounters in respect of water supply. Some of these challenges include 
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illegal connections, over 50% non-revenue water, inability to fully utilize capacity, 

inadequate supply to meet demand, lack of bulk metering, deteriorating distribution 

systems and water quality issues arising from intermittent production of treated water. 

 

In order to help manage the above-stated challenges, the World Bank and the 

Government of Ghana in 2005 requested GWCL to sign a five year management contract 

with a private operator called Aqua Vitens Rand Limited (AVRL). The private operator 

was formed from a public Dutch company, Vitens Evides International, and a public 

South African Water Company, Rand Water. The role of AVRL was to act as the 

operator for, and on behalf of GWCL. With the key performance indicators set out in the 

contractual agreement, AVRL was to improve systems’ reliability and water quality, 

ensure financial sustainability, improve customer service and provide water at affordable 

rates. A fund of $1.2 million was invested for the improvement of the various systems 

such as chemical dosing equipment, pumps and laboratory equipment. While some 

progress was made, the contract was not renewed in 2011 due to unsatisfactory results 

(Vitens Evides International, VEI 2012). Increasing the water supply capacity was proposed 

as the ultimate solution to overcome the problem. 
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Figure 4.1 - ATMA water distribution system (Source: Ghana Water Company Limited) 
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4.3 Accra-Tema Metropolitan Area (ATMA) 

ATMA mainly consists of the capital city Accra and its suburbs, the industrial city Tema, 

Ashaiman, and other communities. ATMA has a population of about 4 million (GSS 

2013). Ideally, the urban water supply system is supposed to serve this population. The 

city of Accra is the anchor of the ATMA region and has a total area of 200 km
2
. The 

region typically has a tropical savannah climate with average annual rainfall in the region 

of 730 mm occurring between the two rainy seasons in the country. The average monthly 

temperature ranges between 24 and 28 degrees Celsius, with the highest temperature 

occurring during the dry harmattan season (Okyere et al. 2013). For administrative 

convenience, ATMA is divided into three regions — the Accra East region, the Accra 

West region and the Tema region. These regions are further divided into districts for 

effective water distribution and revenue collection.  

 

ATMA has two main sources of water supply, the Weija Treatment Plant, the Kpong 

Treatment Plant, and the nearly-completed Teshie Desalination plant. ATMA also has 

two other small water supply systems: the Dodowa wells and the Keseve Adafoa plant. 

The Weija treatment plant has its source from the Densu River while the Volta River feed 

the Kpong treatment plant (GWCL-Kpong 2012; GWCL-Weija 2012). The Teshie 

Desalination plant receives water from the Atlantic Ocean.  

 

The Weija Treatment Plant is located 4 km off the Accra-Winneba road. It is a 

conventional water treatment plant sited about 120 m above the sea level. It has a total 

designed capacity of 60 million gallons per day. The Kpong treatment plant is situated at 

Kpong along the Kpong-Akosombo road close to the Kpong Dam. It has an installed 

capacity of about 48 million gallons per day. Unlike the Weija plant, it has no advantage 

of elevation and pumps water twice (low- and high-lift pumping) (GWCL-Kpong 2012). 

The Weija and Kpong treatment plants employ the multiple-barrier conventional 

approach for treating surface water. These two treatment plants currently produce a total 

of 94 million gallons per day out of the current estimated demand of 150 million gallons 

per day in the ATMA region. The deficit of 57 million gallons per day is putting a serious 

strain on customers and the economic productivity of the region (Dzakah 2013).  

 

The ever-growing gap between water supply and demand in the region has become a 

“normal” problem for some decades now. GWCL has put in place a water rationing 
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program to help in the equitable distribution of water. The huge deficit has effectively 

made some areas “no-water-supply-zones”. High altitude and distant areas from the 

treatment plants have distribution systems that have not experienced the flow of water for 

years. This has been mainly due to low pressures as a result of inadequate supply — 

consumers in low altitude areas take much of the water, leaving little water with low 

pressures unable to reach consumers in distant and high altitude locations. This situation 

greatly affects productivity of the region and has promoted the rampant water vending 

business of tanker and sachet (Figure 4.2) water services with very doubtful water quality 

(Dodoo et al. 2006). 

 

 

Figure 4.2 Tanker water supply and sachet water vending (http://edmingle.blogspot.ca) 

4.4 Alternatives, Criteria, Sub-criteria and their Comparative Judgments 

This research employed an MCDA technique to assist the local authorities in making a 

systematic decision for the water treatment plants expansion of ATMA. The alternative 

water supply candidates alongside their respective environmental, economic, technical, 

socio-political factors are evaluated under an AHP procedure.  

4.4.1 Data Collection 

As per the AHP framework, literature was reviewed and expert advice solicited to 

identify the alternatives, criteria and sub-criteria as presented in the hierarchical structure 

in Figure 4.3. Considering the limited availability of local experts in the water supply 

industry in Ghana, 17 participants were recruited for the study. The participants are 

highly rated engineers and scientists drawn from the Ghana Water Company Limited and 
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the Public Utility and Regulatory Commission (the regulatory body of urban water 

systems in terms of performance and pricing). The questionnaire was initially evaluated 

and then approved by the two participating institutions before the data was collected, 

upon the approval of the UBC Okanagan Behavioral Research Ethics Board. Due to the 

limited number of experts to technically evaluate the questionnaire, selection of the 

participants was facilitated with the help of the management of the two institutions. 

Potential participants were initially contacted through emails to solicit for their interest in 

participating in the study. The researcher designed the questionnaire, upon a 

comprehensive review of literature. He had to undergo human ethics training as outlined 

in the University of British Columbia’s regulations, through the university’s Behavioral 

Research Ethics Board before the participating institutions granted approval for the 

commencement of the research. Appendix A provides the questionnaire and consent 

forms. The questionnaire and consent forms were then sent to the interested participants 

in ATMA via email. The participants were asked to complete and return the forms to the 

researcher via email. Following the various analytical steps of the AHP (discussed 

Chapter 3) and using the Expert Choice software (http://expertchoice.com), the collected 

data was then analyzed. 

4.4.2 Alternatives 

Considering the statistics given by the African Ministers’ Council on Water (AMCOW 

2011), greater efforts in reducing non-revenue water, which mostly comes through pipe 

bursts, leakages and illegal connections, as well as embarking on major water 

conservation campaigns, would help improve the water supply situation of the ATMA 

region. However, the ultimate panacea to the persistent struggle for potable water is to 

increase the supply. With current plans of alleviating the struggle for potable water, three 

potential options have been presumed. The options include 1) expanding the Weija Water 

Treatment Plant, 2) expanding the Kpong Water Treatment Plant, and 3) adding more 

capacity units to the desalination plant at Teshie under construction. These alternatives 

were examined under a set of defined criteria, and then were subjected to the AHP 

procedure to suggest the best alternative. 

4.4.3 Criteria 

Table 4.1 provides definitions for the various criteria and sub-criteria used in this 

research. 

http://expertchoice.com/
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Table 4.1 Definition of criteria 

Criteria Sub-criteria Definition 

 

 

  
Economic 

Energy Cost The cost of energy from low-lift pumping, through treatment, to high-lift pumping. 

Chemical Cost The cost of chemicals employed in treatment. 
 

Maintenance Cost 
The cost of repairing and replacement of equipment and their parts, as well as the rehabilitation of treatment 

structures. 
 

Construction Cost 
The cost of constructing the facility including land acquisition, procurement and installation of equipment, 

construction of treatment structures, pipe laying etc. 
 

Financial Viability 
How sustainable the facility will be vis-à-vis operational cost, water pricing and consumer affordability. 

 

  

Environmental 

Resource Quantity The availability of resource to support treatment for the design period. 

Resource Quality 

(Treatability) 

The physico-chemical (e.g. dissolved salts) and bacteriological (e.g. coliforms load) quality of raw water 

and how easily treatable it is. 

Treatment Waste 

Management 

The magnitude of treatment waste and their effect on the environment if not properly managed. 

Ecological Impact Effect of capacity expansion on aquatic life. 

 

 

  
Technical 

Operational Flexibility The ease with which the facilities can be operated. 
 

Expertise of Employees 
Knowledge of employees on the likely technology to be employed, and their familiarity with such a system. 

 

Land Area 

The area of land on which the facility will be constructed must be large enough. The useable land must not 

occupy the entire site, and should provide the opportunity for the creation of a buffer zone around the 

facility. 
 

Storm Drainage 
This looks at the degree to which constructing a water treatment facility on a site would modify the storm 

drainage in the locality and the ability to construct storm water facilities on the site. 

 

 

Socio-cultural 

 

Treated Water Aesthetics The taste and odor of treated water. 

Security of Transmission The likelihood of vandalism on the transmission mains. 

Acceptability The likelihood of consumers accepting product, based on perception of the source. 
 

Cultural Resource The substantial adverse change to historical and archaeological resources and facilities. 
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Chapter 5 Results and Discussion 

“The beauty that is in the results of your hard work, is not worth 

any compromise or delay” 

 

Unarine Ramaru 

 

In trying to make the best decision in the expansion of a water treatment facility in the 

ATMA region for urban water supply, the alternatives considered included the Weija 

Treatment Plant, the Kpong Treatment Plant and the Teshie Desalination Plant. The main 

criteria considered bordered on environmental, economic, technical and socio-cultural 

perspectives. To enable a deeper evaluation of each criterion, the criteria were divided 

into sub-criteria. AHP was employed to find the best capacity expansion alternative.  

5.1 Estimation of Priorities in Hierarchy 

The mechanism of the AHP decision-making employed in this study is group decision-

making. As stated in section 4.4.1, experts from GWCLL and the PURC made individual 

inputs by making pairwise comparative judgments on the various criteria and sub-criteria, 

and with respect to the three alternatives. In order to arrive at a sound decision within the 

group, the AHP requires that individual judgments are aggregated using the geometric 

mean method before computing the priorities. A manual computation of the priorities is 

illustrated in Table 5.1 below, for the criteria:   

Table 5.1 - Aggregated Pairwise comparative judgment of criteria 

 

Environmental Economic Technical Socio-cultural 

Environmental 1.0000 2.4495 5.4772 6.7354 

Economic 0.4083 1.0000 4.4721 5.7327 

Technical 0.1826 0.2236 1.0000 3.0000 

Socio-cultural 0.1485 0.1744 0.3333 1.0000 
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This gives us a pairwise comparison matrix as indicated below: 

 

1.0000 2.4495 5.4772 6.7354

0.4083 1.0000 4.4721 5.7327

0.1826 0.2236 1.0000 3.0000

0.1485 0.1744 0.3333 1.0000

  

Squaring the matrix yields the following matrix, the sum of the rows in the matrix, and 

the normalized values (eigenvectors) of the sum respectively: 

 Matrix Sum Eigenvectors   

 

 

4.0000 7.2987 24.1539 43.9446

2.4841 4.0000 13.0911 27.6314

0.9018 1.4177 4.0000 8.5116

0.4290 0.7871 2.2600 4.0000

      

 79.3972

 47.2067

 14.8312

  7.4761

          

0.5332

0.3170

0.0996

0.0502

 

 
5.1-1 

 

 

This process is iterated repeatedly until the derived eigenvectors do not change from the 

previous eigenvectors. 

 Matrix Sum Eigenvectors  

 

 

74.7666 127.2218 388.0928 758.8180

43.5333 74.4390 227.1764 441.6415

14.3882 24.6236 75.5790 146.8984

7.4254 12.6320 38.7459 75.8370

      

 1348.8991

 786.7902

 261.4892

  134.6403

          

0.5328

0.3108

0.1033

0.0532

 
5.1-2 

 

 

One more repetition yields the following priorities: 

0.5328

0.3110

0.1031

0.0531

 

As outlined in the methodology, calculating Aw gives: 

0.5328  

1.0000

0.4083

0.1826

0.1485

  0.3110  

2.4495

1.0000

2.4495

0.1744

  0.1031  

5.4772

4.4721

1.0000

0.3333

  0.0531  

6.7354

5.7327

3.0000

1.0000

   

2.2169

1.2940

0.4292

0.2208

  5.1-3 
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Given that Aw = maxw, thus: 

 

 max  

2.2169
0.5328

 
1.2940
0.3110

 
0.4292
0.1031

 
0.2208
0.0531

4
  4.1608 

 

5.1-4 

 and 

 
CI   

( max n)

(n 1)
   

4.1608 4

4 1
   0.054 5.1-5 

 

From section 3.2, the RI is 0.9. Thus, 

 
    

  

  
 

     

   
       5.1-6 

 

The pairwise comparative judgments of the parent elements (the criteria) produced 

“global” priorities. Further down the hierarchy within each criterion, “local” priorities 

were obtained for the various sub-criteria with respect to their parent criteria. The entire 

hierarchy was then synthesized by multiplying “local” priorities of sub-criteria by the 

“global” priorities of the criteria to generate global priorities of the sub-criteria, which 

were then summed for their respective alternatives as indicated in Table 5.2. The 

following sections discuss the findings in the table in more details. 
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Table 5.2 - Priorities of criteria and sub-criteria with respect to the alternatives 

 

Criteria 
Sub-Criteria with  

Global (G) and Local (L) Weights 

Alternatives 

Weija Kpong Teshie 

 
Environmental (53.3%) 

Resource Availability (RA) 

Resource Quality (RQ) 

Treatment Waste Management (TWM) 

Ecological Impact 

L: 0.507 and G: 0.265 

L: 0.286 and G: 0.150 

L: 0.082 and G: 0.043 

L: 0.125 and G: 0.066 

0.0212 

0.0421 

0.011 

0.0143 

16.9 

0.0404 

0.0984 

0.0289 

0.0445 

40.5 

0.2038 

0.009 

0.0032 

0.0069 

42.6 

 

 

Economic (31.1%) 

Energy Cost (EC) 

Chemical Cost (CC) 

Maintenance Cost (MC) 

Construction Cost (CoC) 

Financial Viability (FV) 

L: 0.302 and G: 0.092 

L: 0.100 and G: 0.031 

L: 0.049 and G: 0.015 

L: 0.147 and G: 0.045 

L: 0.403 and G: 0.123 

0.0654 

0.0024 

0.0092 

0.0312 

0.0834 

62.6 

0.0201 

0.0086 

0.0041 

0.01 

0.03 

23.8 

0.0069 

0.0195 

0.0016 

0.0037 

0.0097 

13.5 

 
  

Technical (10.3%) 

Operational Flexibility (OF) 

Expertise of Employees (EE) 

Land Area (LA) 

Storm Drainage (SD) 

L: 0.339 and G: 0.038 

L: 0.139 and G: 0.016 

L: 0.405 and G: 0.046 

L: 0.117 and G: 0.013 

0.013 

0.0063 

0.0105 

0.0063 

32.0 

0.0217 

0.0078 

0.0187 

0.0048 

47.0 

0.0035 

0.0016 

0.0166 

0.0021 

21.1 

 
 

Socio-Cultural (5.3%) 

Treated Water Aesthetics (TWA) 

Security of Transmission (ST) 

Acceptability (A) 

Cultural Resource (CR) 

L: 0.227 and G: 0.013 

L: 0.308 and G: 0.018 

L: 0.205 and G: 0.012 

L: 0.261 and G: 0.015 

0.0018 

0.0097 

0.0032 

0.0065 

36.8 

0.0082 

0.0024 

0.0075 

0.0046 

39.4 

0.0031 

0.0057 

0.0011 

0.0039 

24.0 
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5.2 Environmental Criterion 

As Table 5.2 - Priorities of criteria and sub-criteria with respect to the alternatives 

.2 indicates, the environmental criterion had a priority score of 53.3% with respect to the 

goal, and this is followed by economic (31.1%), technical (10.3%) and socio-cultural 

(5.3%) criteria. Within the environmental criterion, the Teshie desalination plant ranked 

first with a score of 42.6%, followed by the Kpong treatment plant with a score of 40.5% 

and the Weija treatment plant has a score of 16.9%. Considering the environmental sub-

criteria with respect to the goal, resource availability scored 26.5%, resource quality 

scored 15.0%, treatment waste management 4.3% and ecological impact 6.6%. This is 

explicable in that the sustainability of the entire water supply system rests mainly on 

environmental issues.  

 

The magnifying problem of climate change and its effect on climatic factors such as 

precipitation, has exacerbated the challenge of inadequate potable water supply in some 

parts of the world (Kayaga et al. 2007; Stern 2007). Climate change has introduced large 

variability and unpredictability in the water cycle. Sub-Saharan Africa in particular has 

experienced severe droughts in recent years and is projected to have about eighteen 

water-stress countries by 2025, which eventually would affect a population of 600 million 

people (World Bank 1995). In Ghana, the drying up of tributaries of the Offin River (a 

major water supply source in the Ashanti Region), and the continuous reduction of water 

levels in the Volta Lake are clear manifestation of dwindling freshwater reserves 

(Gyampoh et al. 2008; Asare 2004). Karikari (1996) buttresses this fact by his assertion 

that per capita freshwater availability declined from 9,204 m
3
 in 1955 to 3,529 m

3
 in 

1990. In the sub-criteria of resource availability, the Teshie plant which has its source 

from the Atlantic Ocean ranked first (76.9%), followed by the Kpong plant with its 

source from the Volta Lake weighting 15.2% and the Weija plant with its source from the 

Weija Dam (Densu River) having a weight of 8.0%. This reflects the real pattern— the 

Atlantic Ocean has an infinite capacity and the Weija and Kpong sources have capacities 

of 0.114 and 148 km
3
, respectively (Kuma and Ashley 2008; VRA 2014).  

 

Pollution of freshwater resources compounds the environmental challenge to urban water 

supply. Freshwater resources have increasingly become vulnerable to anthropogenic 

pollution (Sundaray et al. 2006; Törnqvist et al. 2011), affecting the aquatic ecosystem 

and urban water supply (Wu and Chen 2013). Eutrophication, which seriously impairs the 
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quality of water resources, has become the leading global threat to water quality 

(UNDESA 2014). Comparing the three source waters, the Kpong treatment plant, having 

its source from the Volta Lake, has by far a superior source water quality (Uusitalo 2002) 

when compared to the Weija treatment plant which has its source from the Weija Dam, 

and the Teshie desalination plant which has the vast Atlantic Ocean as its source. This 

reflects in the scores of 65.8, 28.1, and 6.0% for the Kpong plant, the Weija plant and the 

Teshie plant respectively for the resource quality category. Karikari and Ansa-Asare 

(2006) report that indiscriminate waste disposal into the Densu River has deeply 

deteriorated its water quality. The poor water quality and relatively low volume of source 

water are attributable to the low score of the Weija treatment plant. Conversely, the 

Teshie desalination plant performed better in the environmental category largely due to 

the unlimited available quantity of its source, despite having the worst quality due to very 

high dissolved solid content. Resource availability’s high global score boosted the 

performance of the Teshie plant in the environmental section, and the overall rating 

process, highlighting the compensatory nature of the AHP. 

 

With respect to the operations of the three systems, the Kpong treatment plant produces 

less treatment waste. Backwashing of filters and the desludging of the clarifiers are far 

less frequent when compared to the Weija plant, and this might account for the high 

priority score of 0.0289 (67.2%) for Kpong treatment plant than the other two plants. At 

Weija, the poor quality of the raw water requires the use of aluminum coagulants, which 

produce huge volumes of sludge and frequently clogs filters requiring lots of 

backwashing. Frequent desludging and backwashing generate large volumes of treatment 

wastes. The use of the coagulants also increases the dissolved salt concentration of 

treatment wastes through the introduction aluminum and sulfate ions (as aluminum 

sulfate is used). This ultimately increases the complexity in managing such wastes and 

accounts for a score of 25.6% for the plant. In desalination plants, the major waste 

produced is brine. However, the treatment wastes may contain residuals of chemicals 

(e.g. chlorine, sulfuric acid, hydrochloric acid, sodium hexametaphosphate, etc.) used in 

pre-treating the raw water. Brine can contain salinity of about twice its original value in 

the raw water, making its management relatively complex. Inappropriate handling of 

brine wastes can contaminate groundwater or affect aquatic lives (due to increased 

salinity and chemical residuals) when directly discharged into the sea. In addition the 

discharged brine in thermal desalination processes increases the temperature of the 
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receiving waters. High temperatures significantly reduce dissolved oxygen levels, and 

this can be lethal to aquatic life (Danoun 2007).  

5.3 Economic Criterion 

The economic criterion also scored a high weight relative to the other criteria. Usually, 

economic analysis comes next after the consideration of environmental factors. It is a 

very important criterion that ensures the sustainability of a water supply project. Within 

the economic criterion, the Weija treatment plant ranked highest (62.7%). The treatment 

plant is popularly known for its good economic attributes, despite having a relatively high 

chemical consumption rate. Unlike the Teshie desalination and the Kpong plants which 

would employ two pumping stages (before and after treatment), the Weija treatment plant 

utilizes its high altitude to consume less energy by distributing treated water by gravity. 

In terms of chemical consumption, desalination plants consume less when compared to 

conventional treatment plants. This might account for the high weight 0.0195 (63.9%) in 

the chemical consumption sub-criterion for the desalination plant. The Weija plant also 

recorded the highest weights in maintenance (0.092 representing 61.7%) and construction 

costs (0.027 representing 69.3%) probably due to the fact that it uses less equipment (e.g. 

pumps), resulting in less cost in both sub-criteria. Ultimately, the more economically 

reasonable plant will be more sustainable and financially viable as the results indicate.  

5.4 Technical Criterion 

Under the technical criterion, Kpong treatment plant obtained a weight of 46.9% followed 

by Weija and the Teshie plants with weights of 32.0% and 21.1% respectively. In terms 

of the operation of all the alternatives, the Kpong treatment plant seems more flexible. 

This observation reflected in the judgment of participants — the Kpong treatment plant 

was adjudged the most flexible in terms of operations with a score of 56.8%, while the 

Weija and Teshie plants scored 34.0% and 9.2%, respectively. Unlike the Weija and 

Teshie plants, the Kpong plant does not employ pre-treatment chemicals or coagulants. 

The raw water is only allowed to settle, filtered and conditioned with disinfectants and an 

alkali to adjust pH. However, eutrophication in the Weija Dam promotes algal growth, 

which makes treatment at Weija more cumbersome when compared to the Kpong plant. 

At Weija, frequent desludging of clarifiers is needed to control sludge volumes in order to 

stabilize the sludge blanket and optimize sedimentation. Similarly, the rapid sand filters 

must be continuously monitored and backwashed in order to avoid filter breakthrough 
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due to the large load of suspended solids in the clarified water. Operating desalination 

plants can be more complex than conventional treatment plants. Some of the factors 

contributing to the operational complexity of desalination plants include complex process 

instrumentation and controls; scaling in thermal plants; membrane fouling in reverse 

osmosis plants; and difficulty in handling waste brine. The complex structure of 

desalination plants requires that plant operators be well trained to properly operate the 

plant. Comparatively, due to the age of technology, the simplicity of design and the 

widespread availability of conventional treatment systems, many operators seem to have 

adequate knowledge on their operations. This accounts for the scores of 49.7%, 40.1% 

and 10.2% for Kpong, Weija and Teshie plants, respectively, under the sub-criterion of 

expertise of employees. In the category of availability of land for construction, the 

Kpong, Teshie, and Weija plants scored 40.9%, 36.3%, and 23%, respectively. 

Explicably the available land in the highly scored plants is more than that of Weija. The 

Weija land allocated for treatment plant capacity expansion is known to be heavily 

encroached (Awuku-Apaw 2011).  

5.5 Socio-cultural Criterion 

The socio-cultural criterion, in the context of this study, generally covers the areas of 

treated water aesthetics and acceptability, the risk to water distribution, and the effects of 

constructing a treatment plant. Within this criterion, the scores were 39.2%, 36.6%, and 

24.0% for the Kpong, Weija, and Teshie plants respectively. Due to the non-employment 

of coagulant salts the Kpong and Teshie plants were weighted higher than the Weija 

plant. However, the Kpong plant scored higher than the Teshie plant (63.1% vs. 23.8%) 

due to the excessive demineralization of water during desalination. Heavy pollution of the 

source water at Weija, coupled with the use of inorganic coagulants, affects the taste of 

treated water produced at Weija. Most people indicate that treated water from Kpong is 

“sweeter” than that from Weija (Stoler et al. 2012b). Aesthetics and acceptability are 

closely linked but could differ widely if customers’ base their judgment on the perception 

of the source water rather than its quality. In the acceptability sub-criterion, the scores of 

63.6, 27.1, and 9.3 percent were recorded for the Kpong, Weija and Teshie plants. The 

better aesthetics of water produced at Kpong is likely to be the reason for its high scores. 

Conversely, the “poor” taste of water from the Weija plant accounts for its low score of 

27.1%. However, considering the Teshie plant, its low score might be due to public 

perception of the “untreatable” nature of seawater. Perhaps, consumers do not believe the 
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ocean water can be suitably conditioned for consumption. From the results, the 

participants indicated that transporting water from Kpong (13.6%) was more risky than 

those from Weija (54.8%) and Teshie (32.2%). This could be due to the fact that Weija 

and Teshie are located within Accra Township with distribution mains running through 

the city, unlike the Kpong treatment plant, which transports water through bushes and 

remote areas over a long distance to the ATMA region.   

 

Figure 5.1 indicates the overall ranking of the alternatives with respect to the goal of 

capacity expansion. As the figure reveals the Kpong treatment plant was ranked the first 

with a score of 36.1%, followed by the Weija treatment plant (the second) with a score of 

33.8% and the Teshie desalination plant (the third) with a score of 30.2%. 

 

Figure 5.1 - Overall ranking of alternatives 

5.6 Sensitivity Analysis 

It is informative to test the robustness of the proposed AHP model. This is particularly 

significant as the ranking of the alternatives are dependent on the weights assigned to the 

criteria and sub-criteria. Such weights rely on the subjectivity of the participants’ 

judgments. The sensitivity analysis were conducted by applying the function built in the 

Expert Choice software, and the technique developed by Triantaphyllou (2000).  

 

Teshie DP 

Weija WTP 

Kpong WTP 

30.2 

33.8 

36.1 

Synthesis with respect to goal 
Overall inconsistency = 0.06 
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With the built-in sensitivity analysis function in the software, the alternatives’ ranking 

and their performance with respect to the various weights for the criteria can be displayed 

graphically. Figure 5.2 indicates the results of the analysis. As the figure reveals, the 

environmental and economic criteria were the sensitive criteria. Furthermore, Figure 5.2 

(c) shows that it takes an increment of 11.6% of the weight of the environmental criterion 

with simultaneous reductions of 12.7, 13.3 and 13.85 percent of the economic, technical 

and socio-cultural criteria respectively to witness a change in the alternatives’ ranking. 

Similarly, according to Figure 5.2 (b), it takes an increment of 13.4% of the economic 

criterion with a simultaneous reduction of 5.9, 6.2 and 6.9 percent of the weights of the 

environmental, technical and socio-cultural criteria to observe any alteration in the 

ranking of the alternatives. Overall, the ranking of alternatives in the model proves to be 

robust against changes in the technical and socio-cultural criteria as revealed in Figure 5.2  

(c) and (d).  

 

Figure 5.3 (a), (b), (c) and (d) show the gradient sensitivity graphs. In these graphs, the 

criterion of interest is displayed on the horizontal axis, with the vertical red and blue 

dotted lines indicating the criterion’s original and altered weights respectively, while 

other criteria weights are kept unchanged. These lines meet the various alternatives at 

some point to indicate their ranking. Figure 5.3 (a) and (b) show that changing the 

priority weights changes the ranking, while that of Figures 5.3 (c) and (d) do not respond 

to the criteria weight changes. With this sensitivity function in the software, one is able to 

see a clear visual picture of the response of the model to some changes in criteria weights. 

It should be emphasized that the impact of the various sub-criteria on the sensitivity of 

the model is not incorporated in the software by its designers, as only the main criteria are 

displayed. 

 

Alongside the earlier sensitivity analysis technique employed, the methodology proposed 

by Triantaphyllou (2000) was used to give a further detailed picture on the sensitivity of 

the sub-criteria with respect to the alternatives’ ranking.  Employing the methodology as 

explained in section 3.3, and using the synthesised data of priorities for all sub-criteria in 

Table 5.3, the minimum change in the weight of Resource Availability (RA) sub-criterion 

required to change the ranking between the Kpong and the Teshie plants as per equation 

3.3-4 is: 
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        5.1-7 

 

The value -0.096 satisfies equation 3.0-9 because it is less than the resource availability 

sub-criterion weight of 0.265. This makes the modified weight w1
*
 to be  

                         

Table 5.5 shows the rest of the data for priority changes in absolute terms (       , while 

that of Table 5.6 represents changes in relative terms (        . As explained earlier, the 

criticality of the sub-criteria to changes in the ranking of the alternatives depends on 

whether one views it in absolute or relative terms. To demonstrate these two perspectives, 

an analysis was done for both relative and absolute criticality. 

 

From Table 5.6, the percent-top critical sub-criterion (the most critical sub-criterion in 

relative terms) which is the least relative value in rows (or in bars as shown in Figure 5.4) 

involving the top ranked alternative (the Kpong plant ) is -36.0%, under the resource 

availability sub-criterion. This indicates that an increase (because of the negative sign) in 

the weight of the resource availability sub-criterion by 36.0% will make the Teshie 

desalination plant the preferred destination for capacity expansion in place of the Kpong 

plant, as seen in the original ranking. The Percent-Any critical sub-criterion can be 

obtained based on the smallest relative value in Table 5.6, or as seen in Figure 5.4. This is 

found to be -19.5%, coincidentally also corresponding to the resource availability sub-

criterion. It implies that the preference for the best alternative for treatment plant capacity 

expansion is sensitive to an increase of 19.5% of the resource availability weight. The 

relative change concept, instead of the absolute change concept, is the preferred approach 

in this study. Absolute changes can be misleading since the original values from which 

the change occurred are not factored in the analysis. If the decision makers were to be 

interested in absolute changes rather than relative changes, the Absolute-Top value will 

be -0.047 corresponding to the energy cost (EC) sub-criterion. This indicates that the 

Kpong treatment plant will relinquish its place in the ranking to the Weija treatment plant 

when the energy cost sub-criterion weight increases by 0.047. Likewise, the Absolute-

Any value, by definition, will also be -0.047 under the energy cost sub-criterion. Table 

5.7 shows the values for criticality degree (D´k) as described in section 3.3. The table also 

indicates the results of the sensitivity coefficient. From the table, the resource availability 
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sub-criterion is the most sensitive decision sub-criterion. The robust sub-criteria are the 

sub-criteria with all the   
      values indicated as not feasible (N/F).  

Out of the 17 experts that participated in the study, a summary statistics of the 

consistency index of the various responses under each criterion is shown in Table 5.3. 

The table reveals an overall mean consistency index of 0.06. The socio-cultural criterion 

had the lowest mean consistency index (0.02) while the technical criterion had the highest 

mean consistency index (0.10). From the table, it is seen that the economic criterion had 

the highest standard deviation value of 0.0141, while the technical criterion had the 

lowest standard deviation. The high standard deviation of the economic criterion could be 

due to the fact that it had ten pairwise comparative judgment questions as compared to six 

comparative judgment questions for all the other criteria. Research has shown that higher 

number of pairwise comparison questions can lead to a higher inconsistency in judgments 

(Sheth 2009). 

Table 5.3 Summary statistics of consistency indeces 

Criteria Mean Standard Deviation 

Environmental 0.06 0.0071 

Economic 0.08 0.0141 

Technical 0.10 0.0010 

Socio-cultural 0.02 0.0071 
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       (a) Environmental criterion                        (b) Economic criterion

 

 (c)  Technical crierion                                                                                         (d) Socio-cultural criterion 

Figure 5.2 Performance sensitivity graphs (weights of listed criteria were increased with the others simultaneously reduced) 
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(a)                                                                                                                          (b) 

 

                (c)                                                                                                                           (d) 

Figure 5.3 - Gradient sensitivity graphs (weights of listed criteria were increased with the others kept unchanged) 
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Table 5.4 - Priorities of sub-criteria and alternatives from the pairwise comparative judgments 

 

Sub-Criteria
*
 

 Alternatives RA RQ TWM EI EC CC MC CoC FV OF EE LA SD TWA ST A AR 

Weights 0.265 0.150 0.043 0.066 0.092 0.031 0.015 0.045 0.123 0.038 0.016 0.046 0.013 0.013 0.018 0.012 0.015 

Kpong 0.152 0.658 0.671 0.677 0.218 0.282 0.275 0.223 0.244 0.568 0.497 0.408 0.364 0.626 0.135 0.636 0.307 

Weija 0.080 0.282 0.255 0.218 0.708 0.079 0.617 0.695 0.677 0.340 0.401 0.229 0.477 0.137 0.545 0.271 0.433 

Teshie 0.768 0.060 0.074 0.105 0.075 0.639 0.107 0.082 0.079 0.092 0.102 0.362 0.159 0.237 0.320 0.093 0.260 

*
The abbreviations of sub-criteria listed in the table represents the respective sub-criteria as listed in Table 5.2 in their respective order. 

Table 5.5 - Absolute changes in sub-criteria weights (        

 

RA RQ TWM EI EC CC MC CoC FV OF EE LA SD TWA ST A AR 

K-W N/F 0.061 N/F 0.050 -0.047 N/F -0.068 -0.049 -0.053 N/F N/F N/F -0.203 N/F -0.056 N/F -0.182 

K-T -0.095 0.098 N/F N/F N/F -0.165 N/F N/F N/F N/F N/F N/F N/F N/F -0.317 N/F N/F 

W-T -0.052 N/F N/F N/F 0.056 -0.064 N/F N/F 0.060 N/F N/F -0.268 N/F -0.36 N/F N/F N/F 

 

Table 5.6 - Relative changes in sub-criteria weights (           

  RA RQ TWM EI EC CC MC CoC FV OF EE LA SD TWA ST A AR 

K-W N/F 41.0 N/F 76.7 -51.0 N/F -453.2 -108.8 -43.3 N/F N/F N/F -1529.4 N/F -318.4 N/F -1216.6 

K-T -36.0 65.7 N/F N/F N/F -539.4 N/F N/F N/F N/F N/F N/F N/F N/F -1791.6 N/F N/F 

W-T -19.5 N/F N/F N/F 61.0 -208.6 N/F N/F 48.4 N/F N/F -586.1 N/F -2744.4 N/F N/F N/F 
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Table 5.7 - Criticality degrees and sensitivity coefficients (D´k) 

  RA RQ EI EC CC MC CoC FV LA SD TWA ST AR 

D´k 19.5 41.0 76.7 51.0 208.6 453.2 108.8 43.3 586.1 1529.4 2744.4 318.4 1216.6 

Sens(Ck) 0.0513 0.0244 0.0130 0.0196 0.0048 0.0022 0.0092 0.0231 0.0017 0.0007 0.0004 0.0031 0.0008 

 

 

Figure 5.4 Graphical Representation of Relative changes in sub-criteria weights (          
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Chapter 6 Conclusion and Recommendation 

“I have come to the conclusion, after many years of sometimes sad 

experience that you cannot come to any conclusion at all.”  

 

         Anonymous 

6.1 Conclusion 

Decision-making is a complex process that requires a comprehensive evaluation of the 

criteria bothering the problem being assessed. The AHP has been widely accepted as a 

convenient decision-making tool, and this reflects in its wide use in academia and in the 

business community. In this study, the AHP methodology was employed to select the best 

water supply facility for capacity expansion in the ATMA region of Ghana.   

 

The criteria considered in making the decision included environmental, economic, 

technical and socio-cultural criteria. In analyzing the pairwise comparative judgments by 

the experts who participated in the study, the environmental criterion was found to be the 

most important criterion, followed by the economic, the technical and the socio-cultural 

criteria in that respective order. In the analysis, the Kpong treatment plant ranked first 

with a score of 36.1%. This was followed closely by the Weija and Teshie desalination 

plants, which scored 33.8 and 30.2 percent, respectively.  

 

Sensitivity analysis conducted on the decision model indicated that the model is sensitive 

to changes in criteria weights for the environmental and economic criteria, and insensitive 

to the technical and the socio-cultural criteria. The insensitive criteria could be replaced 

with other criteria, or reformulated (in terms of the sub-criteria), in subsequent studies. 

Conversely, much focus could be placed on the sensitive criteria for policy development 

and standards for water supply capacity expansion projects.  In the sub-criteria category, 

resource availability proved to be the most critical in relative terms — an increase of 

19.5% of its weight altered the ranking of alternatives, while in absolute terms, the energy 

cost sub-criterion was observed to be the most sensitive. 
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6.2 Limitations of the Study 

Despite the strengths of the AHP, it comes with some observed weaknesses. The problem 

of inconsistency in the judgment of the participating experts during the administration of 

the questionnaire was observed to be associated with questions that had relatively large 

pairwise comparisons. This often resulted in situations where affected participants were 

asked to re-evaluate their responses in order to satisfy the acceptable inconsistency limit. 

 

A careful examination of the AHP methodology revealed that it is not suitable for 

interdependent or interacting criteria at different levels. Additionally, the nature of the 

decomposition of the problem could also have an effect on the final result of the study. 

Therefore, when different experts view the same problem from different perspectives, in 

terms of the problem decomposition, the outcome of such a study could be starkly 

different. For example, if a sub-criterion from the sensitive criteria — environmental and 

economic — is placed in any of the insensitive criteria (technical and socio-cultural), the 

entire ranking could change.  

 

The research also revealed that the depth of answers, or quality of response, from the 

participating experts depend on the clarity of definition given to the identified criteria and 

sub-criteria. One expert pointed out that it would help the evaluation process if broader 

definitions for sub-criteria were narrowed to specific points of interests. For instance, he 

indicated that it would help if the standard of measure for a sub-criterion like water 

quality was made specific in terms of the parameters of interests (e.g dissolved and 

suspended solid, colour, turbidity, microbial load, etc.) rather than being left open for 

different interpretation. 

6.3 Recommendations for Future Work 

The following recommendations are made for future work: 

1. As much as possible, the number of criteria and sub-criteria should be condensed 

to avoid the development of large pairwise comparisons. Larger pairwise 

comparisons become mentally challenging and could result in inconsistent 

judgments and the introduction of wide biases. 

2. In future research works where interaction of different level criteria is identified, 

it is recommended that an advanced methodology like the Analytic Network 

Process (ANP), an extension of the AHP, is used. 



68 

 

3. The study employed a group decision-making methodology where different 

experts answered the same questionnaire separately, before the final score was 

calculated based on the geometric mean of the individual responses under every 

criterion and sub-criterion. If there is the possibility of all participants to 

congregate for a consensus group decision-making, it would help facilitate the 

speed of the research, reduce wide personal biases, and avoid multiple re-

evaluations of inconsistent responses.  

4. Interaction between the researcher and participants yields more informed and 

constructive discussion when questionnaire are administered personally rather 

than being transmitted electronically, as was done in this study. In such situations, 

the researcher could immediately help participants calculate the consistency index 

to determine the need for any re-evaluation. 

5. Future research in similar environments could employ the use of quantitative data 

rather than the qualitative evaluation to avoid biases in judgment. 

6. Uncertainty and imprecision in pairwise comparative judgments could be 

improved via advanced techniques such as fuzzy logic and Monte Carlo 

Simulation. 

7. This study involved only key experts at the top level of management. The 

operators of water treatment plants often have first-hand information on the 

detailed technical operations as well as on the challenges that the treatment plants 

face. The involvement of operators in future studies could give a different 

perspective from the one observed in this current study.  
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Appendix A: Research Questionnaire 

In this survey, you are asked to rank the various criteria and sub-criteria in a pairwise manner, and relative to the three established alternatives, 

consistent with the AHP methodology. The ranking will be done using the gradation scale in table 1 above. Every respondent is to do the ranking 

based on individual objectivity, and professional and technical expertise. Different people will most likely respond in different ways and that is 

where the beauty of decision-making comes in. I would illustrate with examples on how to proceed with the questionnaires. 

Example 1. 

Compare the relative importance of the following criteria with respect to water supply capacity expansion.   

Score 1  

Economic 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Environmental 

                 

 

Score 2 

Economic 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Technical 

                 

 

In score 1, the respondent, in his opinion and expertise, ticked box 3 to the right towards environmental, indicating that the environmental 

criteria is marginally stronger than the economic criteria. In score 2, he indicated that both the economic and the technical criteria are equally 

important by ticking box 1. 
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Example 2. 

Compare the relative preference of the following with respect to energy cost. 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

Between the Weija and Kpong plants the respondent ticked box 5 towards Weija, indicating that on the issue of energy Weija is strongly 

preferred because it consumes less. Between Weija and Teshie desal., the respondent ticked box 7 indicating that energy-wise the Weija plant is 

strongly preferren to Teshie desal`. Between Kpong plant and Teshie desal. the respondent ticked box 3, indicating that the Kpong plant is 

marginally preferred to the Teshie desal. on matters of energy. 

Note: For your decisions to be consistent, note that Teshie desal cannot be preferred to Weija, when Weija is preferred to Kpong and Kpong is 

also preferred to Teshie desal. Thus if A>B and B>C then C cannot be greater than A. Now let`s begin answering the questions. 
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1. Compare the relative importance of the following criteria with respect to water supply capacity expansion.   

Economic 

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

Environmental 

 

                 

Economic 

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

Socio-cultural  

 

                 

Economic 

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

Technical 

 

                 

Environmental 

 

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

Socio-cultural 

  

                 

Environmental 

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

Technical 

 

                 

Socio-cultural 
9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9  

Technical                  
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2. Compare the relative importance of the following sub-criteria with respect to the environmental criterion. 

Res. Quantity 

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

Res. Quality 

 

                 

Res. Quantity 

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

Waste Mgt. 

 

                 

Res. Quantity 

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

Ecological Imp. 

 

                 

Res. Quality 

 

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

Waste Mgt. 

 

                 

Res. Quality 

 

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

Ecological Imp. 

 

                 

Waste Mgt. 

 

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

Ecological Imp.                  
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3. Compare the relative importance of the following sub-criteria with respect to the technical criterion 

Operational 

Flexibility 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Expertise of 

Employees. 

 

                 

Operational 

Flexibility 

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

Land Area 

 

                 

Operational 

Flexibility 

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

Storm Drainage 

 

                 

Expertise of 

Employees 

 

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

Land  Area 

 

                 

Expertise of 

Employees 

 

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

Storm Drainage 

 

                 

Land Area 

 

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

Storm Drainage                  
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4. Compare the relative importance of the following sub-criteria with respect to the socio-cultural criterion. 

Treated Water 

Aesthetics 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Security of 

Transmission 

 

                 

Treated Water 

Aesthetics 

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

Acceptability 

 

                 

Treated Water 

Aesthetics 

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

Cultural Res. 

 

                 

Security of 

Transmission 

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

Acceptability 

 

                 

Security of 

Transmission 

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

Cultural Res. 

 

                 

 

Acceptability 

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

Cultural Res.                  
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5.  Compare the relative importance of the following sub-criteria with respect to the economic criterion. 

 

Energy Cost 

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

Chemical Cost 

 

                 

Energy Cost 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Maintenance 

Cost 

 

                 

Energy Cost 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Construction 

Cost  

 

                 

Energy Cost 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Financial 

Viability 

 

                 

Chemical Cost 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Maintenance 

Cost 

 

                 

Chemical Cost 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Construction 

Cost                   
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Chemical Cost 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Financial 

Viability 

 

                 

Maintenance 

Cost 

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

Cost  

 

                 

Maintenance 

Cost 

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

Viability 

 

                 

Construction 

Cost 

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

Viability 

 

                 

 

6. Compare the relative preference of the following with respect to energy cost. 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal.                  
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Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

7. Compare the relative preference of the following with respect to chemical cost. 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

8. Compare the relative preference of the following with respect to maintenance cost. 

 

Weija Plant 

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

Kpong Plant                  
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Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

9. Compare the relative preference of the following with respect to construction cost. 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 
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10. Compare the relative preference of the following with respect to Financial viability 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

11. Compare the relative preference of the following with respect to Resource quantity 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 
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Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

12. Compare the relative preference of the following with respect to resource quality (treatability) 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

13. Compare the relative preference of the following with respect to treatment waste management 

 

Weija Plant 

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

Kpong Plant 
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Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

14. Compare the relative preference of the following with respect to ecological impact 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

 

15. Compare the relative preference of the following with respect to Operational Flexibility 
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Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

16. Compare the relative preference of the following with respect to expertise of employees 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 
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17. Compare the relative preference of the following with respect to land area 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

18. Compare the relative preference of the following with respect to storm drainage 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 
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Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

19. Compare the relative preference of the following with respect to Treated Water Aesthetics 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

 

20. Compare the relative preference of the following with respect to security of transmission 

 

Weija Plant 

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

Kpong Plant                  
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Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

21. Compare the relative preference of the following with respect to acceptability 

 

Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 

 

                 

 

22. Compare the relative preference of the following with respect to cultural resource 
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Weija Plant 

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

Kpong Plant 

 

                 

 

Weija Plant 

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

Teshie Desal. 

 

                 

 

Kpong Plant 

 

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

Teshie Desal. 
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