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ABSTRACT

Kilifi County, Kenya has encountered persistent water problems due to many factors
like rapid population growth, poor maintenance of existing water supply networks,
water salinity due to seawater intrusion, pollution from numerous pit latrines and
septic tanks in the towns, high levels of humidity and temperature which causes
dehydration to the residents. Solar energy is a clean, unlimited and very economic
source of energy available to residents free of charge. Sea water and brackish water
is available in Kilifi due to its proximity to the Indian Ocean and high water table
levels. Solar still uses the principle of evaporation and condensation to produce
distilled water. In an attempt to find sustainable solutions, a low cost double sloped
solar still is designed, built and characterized based on Kenyan climatic condition
using locally available materials. The designed solar still has a basin area of 1m2and
glass cover inclined at 150 with an orientation in the north-south direction. Materials
used for fabrication were block board, normal window glass of 4 mm and damp
proof polythene paper which are all locally available. Experimental investigation on
solar still was carried out to examine the quantity and quality of water under Kilifi
county climatic conditions. Ambient temperatures, solar irradiation, relative humidity
and water output were recorded at an interval of an hour from 8 am to 4 pm and
cumulatively at 8 am from 4 pm to 8 am the following day. Data was analyzed using
Microsoft excel and an efficiency of 12-20% was found with a correlation factor of
more than 99% between the solar irradiation and solar still water output. Water
samples were analyzed for physical, chemical and bacteriological parameters and the
results obtained agreed with the standard values as prescribed by WHO and Kenya
water standards KS 05-459 part 1:1996. Fabrication cost was found to be Kshs 9,350
with economic analysis showing the project as an economic viable and feasible
project with high IRR, SIR, positive NPV and a short payback period of 195 days.
The solar still was found to produce safe and clean water at a cheap cost of around
Kshs 4.89 per litre and thus recommended for use in the local households.
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CHAPTER ONE

INTRODUCTION

1.1 Global water scenario

Worldwide, eight out of ten people in rural area lack access to an improved drinking
water source, and 780 million people do not have access to an improved water source
according to the World Health Organization (WHO) report of 2015 (WHO, 2015).
Access to safe drinking water is important on all levels; global, national, regional and
local. Estimates show that investments in water supply and sanitation give economic
benefits, increased health effects and reduced health care cost, and thereby outweigh
the investment costs (WHO, 2011).

Seckler (2001), argues that water scarcity is now the single greatest threat to human
health, environment and global food supply. The 2009 World Water Development
report (WWDR, 2009) revealed that nearly half of the global population will be
living in regions of high water stress by 2030 (WWDR, 2009). If population and
consumption trends persist, it is estimated that the demand for water will surpass its
availability by 56% (World Water Organization, 2010) and 1.8 billion people will be
living in regions of water scarcity by 2025 (UN News Service, 2009). This situation
is exacerbated by the fact that developing countries, already experiencing water
stress, often have the highest population growth rates bringing more people into a
region that already cannot support them (World Water Assessment Programme,
2009).
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Approximately 71% of the world is covered by water yet fresh water scarcity is one of
the worst problems the world is faced with (WWDR, 2009). However fresh water
makes up only 3% of the water available on the planet and much of it is locked in
glacier and ice caps as indicated in figure 1.1.

Source: http//ga.water.usgs.gov/edu/waterdistribution.html accessed July 2012

Figure 1.1: World Water Distributions, 2012
Africa though has 11% of the world’s waters; it has a better water balance since it has
13% of the world’s population (UNESCO/IHP, 2001). However, millions of Africans
are faced with severe water shortages due to uneven water distribution, poor water
infrastructure networks and lack of good political will.

In Kenya, about 43% of Kenya’s population has access to clean and improved
drinking water (World Bank, 2010) and is classified as a water scarce country
(Kenya Water Report, 2005).Water scarcity may be due to drought, poor
management of the water supply, under-investment, unfair allocation of water
resources, rampant deforestation, pollution of water supply by untreated sewage and
huge population.
2

1.2 Kilifi County Water Scenario

Kilifi county is located North East of Mombasa and has a population of 1,109,735
people covering an area of 12,609.7 km2 (Survey of Kenya, 2012). The County has
encountered persistent water problems due to many factors like rapid population
growth and poor maintenance of existing water supply networks. Although the area
is geologically rich in groundwater which is often seen as an option, exploitation is
limited due to salinity from seawater (Musingi et al., 1999). Ground water
exploitation is also curtailed by pollution from numerous pit latrines and septic tanks
in the towns.

1.3 Solar Desalination as a solution to water crisis

Sea water desalination has been considered as a long-term freshwater source (Argaw,
2001). It is considered as a viable solution to drinking water all over the world.
According to the statistics from the international desalination association (2008),
about 17% of global desalination takes place in Saudi Arabia, followed by United
Arab Emirates 13%, USA 13%, Spain 8%, Kuwait 5%, China 5%, Qatar 3%,
Japan 2% and Australia 2%. Other countries accounts for the remaining 29% of
global desalination capacity (Al-shuaib et al., 1999).
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Kilifi has an outstanding solar energy potential of average 19.8 MJ/m2/day and
maximum of 21.6 MJ/m2/day during hot season when fresh water demand is high
hence using solar energy to solve water scarcity is a justified option (Kenya
meteorological department, 2018). Solar energy is a clean, unlimited and very
economic source of energy available to residents free of charge. Sea water and
brackish water which are salty are available in large quantities in Kilifi County due
to its proximity to the Indian Ocean and high water table levels (Musingi et al.,
1999).

1.4 Statement of the problem

Freshwater is one of the scarce resources in the world which accounts only for around
3 percent of global water, the rest is saline water. The World Health Organization
recommends that an individual should consume at least two liters of fresh water
daily. The water scarcity problem is growing worse as the world’s population grows
and water supplies need to be increased at household levels. This is not an
exceptional case for Kilifi residents who have been suffering for many years because
of the non-availability of safe and clean drinking water. Kilifi County is a hot and
humid region. This climate causes dehydration to the residents and thus there is need
for sustainable, fresh, clean and safe drinking water.

In order to address water challenges, the study aims to find a lasting solution using
solar energy which is available but not well harnessed in the area.

4

1.5 Justification of the study

Water is available in plenty in the Indian Ocean but the challenge is that it cannot be
used for drinking. It has been revealed that more than 50% of all the diseases
reported in the county are associated with lack of access to clean water and
inadequate waste water management (Munga, 2002). Thus there is need of coming
up with methods of getting clean drinking water.

Although setting up a county desalination plant is the best solution to the water crisis,
it is capital intensive and takes time to construct. The persistent water problems,
national grid power failures in Kilifi County calls for the residents to take care of
their water needs at the household level and stop relying on water service providers
who fails to supply clean water.

Other towns and cities that have carried out solar water desalination process are
Baghdad in Iraq, California in United State of America and Faryab in Afghanistan
which used solar stills for water desalination (Kolstad, 2014). In Baghdad, three solar
stills were tested. All had black basins, and two of the stills had additionally jute
wicks and in Faryab three solar still types namely single slope, double chamber,
double sloped solar still and wick type solar still were tested and evaluated (Kolstad,
2014). The solar stills were found to be approximately 30 percent efficient and
promising solution to water shortages (Al-Karaghouli et al., 1995).

5

1.6 Hypothesis

There is no relationship between solar irradiation during the day and the clean water
output from the double slope solar still.

1.7 Objectives

The main objective of this study is to design, fabricate and characterize a cost
efficient double slope solar still using locally available materials in Kilifi County
for small scale household use.

1.7.1 Specific Objectives

1. To design and fabricate double sloped solar still using 4 mm thickness glass,
block board, damp proof polythene paper and

pipes which are locally

available,
2. To characterize the double slope solar still,
3. To carry out economic analysis on the designed and fabricate double slope
solar still,
4. To carry out water quality assessment.

1.8 Study scope

The study aims at providing solutions to water crisis in Kilifi County by use of solar
stills to desalinate brackish groundwater and seawater. The study examined factors
that influence the efficiency of the solar stills such as materials, design and climatic
conditions. The cost was also considered.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

All desalination methods require fossil fuel or electrical energy but solar distillation is
a process that can be used to produce fresh water by use of the heat from the sun
directed into a simple water purifying equipment. The equipment is commonly called
a solar still (Tiwari & Tiwari, 2007). Solar desalination could be one of the most
successful applications of solar energy in most of the hot climate countries having
limited resources of fresh water (Argaw, 2001).

Solar still which uses the principle of evaporation and condensations are able to
remove bacterial and chemical pollutants at a low cost (Velmurugan, 2008). In recent
years, engineers have conducted experiments on solar stills, to improve its efficiency
and the output. Some of the factors of importance were found to be mainly solar
radiation, number of sunny hours and the design of the still (Abdallah et al., 2008).

The study has focused on the design, fabrication and characterization of double sloped
solar stills, which seek to meet the criteria of sustainability while producing safe and
clean drinking water for the local peoples.

Some of the design factors of importance in the study include water depth, surface
area, colour of the basin, inclination of the glass, insulation, materials, temperature of
the water, air-tightness, wind velocity and temperature differences in the still and
ambient air (Velmurugan et al., 2008.)
7

Some of the useful research work related to this research has been conducted in
Baghdad and in Faryab in Afghanistan (Kolstad, 2014). In Baghdad, three solar stills
were tested. All had black basins, and two of the stills had additionally jute wicks
and in Faryab in Afghanistan three solar still types namely single slope, double
chamber, double sloped solar still and wick type solar still were tested and evaluated
(Kolstad, 2014).

Mwamburi (2012), in her study of factors affecting access to water supply in Kisauni
area, Mombasa County, Kenya, found that water shortage is high in Mombasa
County and recommended that evaluation of a cost effective solar still was the
solution to the water crisis.

2.2 Theoretical operations of solar stills - evaporation and condensation

The solar distillation systems are classified into two groups; passive and active solar
stills, (Fath, 1998). The Principles of operation are the same for all solar stills. The
basic principle behind solar distillation replicates the natural process of water
purification; evaporation (Badran, 2007). Evaporation of water requires energy. The
sun, through direct, diffuse and reflected radiation, supplies this energy to the solar
still.

A solar still is an air tight basin that contains saline or contaminated water (i.e. feed
water). Usually, the basin of the still is filled with brackish or sea water, the incident
solar radiation is transmitted through the transparent cover and is absorbed by a black
surface (basin).
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From a radiative point of view, the following happens inside the distiller unit: Solar
radiation that is not reflected nor absorbed by the cover is transmitted inside the solar
still, where it is further reflected and absorbed by the water mass. The amount of
solar radiation that is absorbed is a function of the absorptivity and depth of the
water. The remaining energy eventually reaches the blackened basin liner, where it is
mostly absorbed and converted into thermal energy. Some of this energy might be
lost due to poor insulation of the sides and bottom. At this stage, the water heats up,
resulting in an increase of the temperature difference between the cover and the
water. Heat transfer takes place as radiation, convection and evaporation from the
water surface to the inner part of the inclined glass cover. The evaporated water
condenses and releases latent heat (Tiwari & Singh, 2004).

Figure 2.1: Passive solar still; Source: (Murugavel et al., 2008).
To maximize incoming radiation, the inclination of the glass and latitude should be
the same. This will give maximum received radiation in a whole year. In the summer
period, the declination angle of the sun is at its highest, due to the tilt of the earth on
its axis of rotation thereby; having a lower inclination of the glass will increase
incoming radiation to the still in the summer period (Al-Hinai et al., 2002).
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As the water is heated, the water bonds that are keeping the water molecules together
breaks, making it evaporate. The vapour transfers from the basin, towards the cooling
glass by convection and evaporation and condenses to water droplets due to adhesion
and cohesive forces in glass and water molecules. Since there is a linear relationship
between latent heat of evaporation and the surface tension of liquid, evaporation rate
increases with increase in latent heat (Armenta-Deu, 1997). The condensed water
(i.e. the distillate) trickles down the cover and is collected in an interior trough and
then stored in a separate basin (Al-Hayek & Badran, 2004; Tiwari et al., 2003). As
the vapour condenses it releases latent heat (Tripathi et al., 2004). The total amount
of energy required to change the water into vapour is termed as the latent heat of
vaporisation (L) and is calculated as shown in Equation (1) (Arnell, 2002).

L  2.501  0.0002361T [ MJ kg  1] …………………………………… Equation (1)

As seen in the Equation (1), the energy required is dependent on temperature, in
degrees Celsius.

There will be no evaporation if the air is saturated. The vapour pressure deficit (VPD)
refers to the amount of moisture in the air, and how much moisture the air can hold
when it is saturated. This value increases with temperature, and when exceeded, the
dew point is reached. For open water surfaces, the evaporation rate increases with the
speed of the wind, thereby leading the saturated air away, and bringing new
unsaturated air to the surface. Together, the humidity and turbidity control how the
water vapour can diffuse into the surrounding (Arnell, 2002).
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For the water vapour to condense into liquid, cooling the air to its dew point, or
oversaturating the air with vapour makes it to condense. The glass cover is the
condenser in a solar still, and it is therefore important to have a temperature
difference between the air inside and outside the still.

The salinity of the water also affects the evaporation rate. As the salinity increase, the
evaporation rate decrease, because of the salt occupying space in the water, makes
fewer molecules available for evaporation. This is why saline water has a higher
saturation vapour pressure than fresh water (Arnell, 2002). Ward et al. (2000),
however, found this effect to be small, about 2 – 3% lower evaporation rate for saline
water over fresh water. Akash et al. (2000), found that increasing the salinity
percentage by 10 to 75 %, gave a decrease in output by 1.5 litres/day.

It is important that the still is airtight, due to heat loss to the ambient air. The outcome
of a still, therefore, depends on both weather conditions and the design of the still.
Weather conditions such as solar radiation, temperature and wind velocity are
important factors that affect the outcome (Murugavel et al., 2008). Radiation and
how it is distributed through the day is the most important parameter to increase the
yield of a solar still (Ray et al., 2011).

To estimate the output of a solar still, the following Equation (2) can be used (Twidell
and Weir, 2006; Badran and Abu-Khader, 2007):

………………………………………………………..…... Equation (2)
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Where E = efficiency L = Latent heat, A = area of still, G= daily/annual global
horizontal solar radiation (MJ/m2), and Q is daily output of water from double slope
solar still.

Equation (2) above can be used both prior and post experiments, to predict the
outcome. A solar still normally has an efficiency ranging between 30 – 60 %,
depending on materials and design (Twidell & Weir, 2006; Badran & Abu-Khader,
2007).

2.3 Analysis of Double sloped solar still

This is a basin type solar still with a triangle shaped glass. The glass is attached to
the basin and two distillation pipes collect the condensed water, on each side of the
rectangular glass to the bucket. The basin is usually made of a good insulator of
heat and painted black to avoid heat losses. An absorber plate is usually used
which is black in color to absorb all incident radiations to the still.

Figure 2.2: Structural design of a double sloped solar still
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2.4 Factors affecting double slope solar still designs and fabrication

The productivity of a solar still is affected by ambient conditions (temperature, the
insulation, and the velocity of the wind), operating conditions (depth of the water, the
orientation of the still and the inlet temperature of the water) and design conditions
(material selection for the still and cover, slope of the cover, gap distance and the
numbers of covers used).

2.4.1 Latitude

Latitude is one of the factors that determine whether single or double slope still
should be used. At latitudes higher than 20°, single slope stills with equator facing
cover are recommended (Murugavel et al., 2008). For the study area, which is
located at a latitude of 4°, double sloped solar still can be successfully used. When
the cover is placed with an inclination equal to the latitude angle, it will receive the
sun rays close to normal throughout the year (Kabeel & El-Agouz, 2011; Khalifa,
2010). In this way, maximum interception is achieved. However, fundamental in the
design is that the distillate condenses on the top cover as a film rather than as
droplets. Droplets might otherwise drop back into the feed water and represent a loss
of output. To prevent this from happening, the cover should be set at an angle of 10º.
This has been observed experimentally by various investigators that the minimum
inclination of the glass cover should be at least 10 0, to avoid the drop back of the
condensate (Meukam et al., 2004).
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2.4.2 Slope of cover and geometry of still angle of inclination

The transparent cover of a solar still should be inclined at an angle () to the
horizontal plane. It is reported that the optimum value of  is 100 which just enables
the distillate to flow downwards on the inner surface of the cover without dropping
back into the basin (Garg & Mann, 1976). So,  >100 is sometimes used depending
on the latitude (ϕ) of the site (Nafey, et al., 2000). Generally, = ϕ -100 for summer
season (ϕ > 10), = ϕ for annual performance and  = ϕ +100 for winter season
(Samee et al., 2007).
Cover inclination of 150 is found to be the best. This may be due to several reasons
such as the area allocated to condensation is increased which allows better exchange
of heat between the cover and the ambient air. In addition, the condensed water drops
on the inner surface of the glass to the channel without falling to the basin, because
of higher gradient of the glass inner surface (Samee et al., 2007).
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2.4.3 Depth of water in still

The performance of a still is considerably affected by the depth of the water in the
still. When the level of the water in the still is low, it has a lower thermal capacity
and this increases the rate of evaporation and thus higher output. Therefore the lower
the water levels the higher the output (Kabeel & ElAgouz, 2011; Tiwari & Tiwari,
2007). When there is low solar energy available in the earlier times of the day, water
depth becomes important as you need to heat water quickly to produce fresh water.
Solar stills with a water depth of 0.02 m resulted to have the highest annual yield
(Kabeel & ElAgouz, 2011; Tiwari &Tiwari, 2007).

2.4.4 Materials for cover

The preferred material for the top cover is glass with a thickness of 3 mm (Kabeel &
El-Agouz, 2011). Glass has a higher solar transmittance and a longer lifetime
compared to plastic, which is advised to be used for the short-term use only
(Murugavel et al., 2008). At the same time, glass is more expensive and fragile. The
window glass has hardness of 6.5 in Mohs scale of mineral hardness (Dieter, 1989).

2.5 Design and fabrication processes of double slope solar still

A conventional solar still consists of the following basic components namely basin,
support structures, glazing, a distillate trough (channel), and insulation. In addition to
these, other components may include sealants, piping and valves, tank for storage, an
external cover to protect the other components from the weather and a reflector to
concentrate sunlight (Gordes, 1985).
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Solar still design, the water depth, black dye injection, reduction of the side/bottom
heat losses and operational techniques are considered to affect the output of solar
stills (Al-ayek & Badran, 2004; Fath, 1998; Tiwari et al., 2003).

In order to build an efficient solar still certain requirements should be met such as to
be easily built with locally available materials, light in weight in order to handle and
transport easily, should not contaminate the collected fresh water, meet the civil and
structural engineering standards and be affordable. The designed solar still should
not require any other power source except solar energy and be strong enough to
withstand prevailing wind conditions.

A solar still efficiency ranges between 30 – 60 %, depending on materials and design
with an effective life span of 10 to 20 years (Twidell & Weir, 2006; Badran & AbuKhader, 2007).

2.5.1 Distance from the water surface to glass cover

A glass cover that is not more than 5 to 7cm from the water surface will allow the still
to operate efficiently. Conversely, as glass-to-water distance increases, heat loss due
to convection becomes greater, causing the still’s efficiency to drop. Some important
stills have been built following the low slope design concept for the glass cover, yet
using a short, steeply sloping piece of the glass at the rear (Connor, 1980).
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2.5.2 Aspect ratio (R)

Capture of solar energy is also affected by the ratio of the length to width of the still
base (R). Effective insolation increased with R but the increase was insignificant for
values of R>2.0 for both the double sloped solar still and single sloped solar still at a
low latitude (Madhlopa & Clarke, 2011).

2.5.3 Absorbing materials

Various approaches for increasing the basin absorptivity have been tested and found
effective in increasing the daily yield of a solar still. These include the use of
charcoal (Naim; et al., 2003), black and violet dyes, which were found to be more
effective than other dyes (Valsaraj, 2002).

2.5.4 Absorbing Area

The rate of evaporation of water in the solar still (solar still water output) is directly
proportional to the surface area of water and efficiency of the still (Velmurugan et
al., 2008; Twidell & Weir, 2006; Badran & Abu-Khader, 2007)). The relationship is
shown in equation 2. The productivity increases with the increase in the exposure
area of the water. The inner surface of the basin is usually blackened to increase the
efficiency of the system by absorbing more of the incident solar radiation (Tiwari et
al., 2003).
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2.5.5 Cooling of cover

Water flow over the still cover at a very low rate has been shown to increase the still
output and film cooling parameters such as increasing wind velocity may increase
efficiency by 20% (Ayoub & Malaeb, 2012).

The convective heat transfer

coefficient also increases with wind velocity, leading to a decrease in the cover
temperature and hence increases in the overall yield (Sarkar et al., 2008). The
productivity of solar still increases with wind speed up to a certain value between
8m/s and 10 m/s for winter and summer conditions, respectively (El-Sebaii, 2007).
This value was independent of the still shape and brine heat capacity; the wind was
more effective in summer and for higher water masses. Similarly, Fath and Ghazy,
(2002), reported that increasing the air flow rate up to 0.5 m3/s increased productivity
to almost double with no further improvement obtained with air flowing beyond this
rate. On the other hand, Fath and Hosny, (2002), found that glass cover cooling by
wet cloth for 1-, 2-, and 6-hour intervals had no effect on productivity and that
continuous cooling is needed to release a significant amount of condensation energy.

2.5.6 Depth of brine

Studies conducted on the effect of water depth in stills have shown that the highest
outputs and efficiencies occur at lower depths of 0.02 m (Tiwari & Tiwari, 2007).
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2.6 Water quality tests

Sea water which has an average salinity of 35 ppt not only cause bad taste but it also
creates stomach problems and laxatives effects (Sukhatme, 1987). The salt contents
should not be above the advised mineralogical quantities shown in table 2.1. Solar
still not only achieve the desired limit of TDS of 500 ppm but it also removes
pathogens, nitrates, iron, chlorides and toxic heavy metals like lead, arsenic,
cadmium and mercury completely (Al-Hayek & Badran, 2004; Zein & Al-Dallal,
1984). The process also proved to be effective in the destruction of microbiological
organisms present in the feed water (Al –Hayek & Badran, 2004). The distillate is
thus high purity water. The advised mineralogical quantities are shown in table 2.1.
Table 2.1: Advised mineralogical quantities (WHO, 2004)

Total

Bicarbonates

Calcium

Magnesium

Hardness

Alkalinity

dissolved

ions (mg/l)

(mg/l)

(mg/l)

(mmol/l)

(meq/l)

30

20

10

40-80

20-30

solids
(mg/l)
Minimum

100

Optimum

250-500

Maximum

2-4
6.5

Storing the distilled water with rain water re- mineralizes th water. If the water seems
to be too low on certain minerals, it is possible to re-mineralizes it in an affordable
and simple way by dissolution of naturally occurring minerals (Hasson &
Bendrihem, 2006; Ruggieri et al., 2008).
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2.7 Parameter that can be measured in designed and fabricated solar still

The intensity of solar energy falling on the still is one of the most important
parameter affecting production (Ray et al., 2011). The output of a solar still has been
measured to be on average 2-5 l/d/m2 (Murugavel et al., 2008; Kabeel & El-Agouz,
2011). The productivity of solar stills is affected by meteorological parameters like
solar radiation, sky temperature, wind velocity and ambient temperature (Kabeel &
El-Agouz, 2011; Tiwari et al., 2003; Garg & Mann, 1976). Other conditions include
geographical location, time of the year, particular solar still design and construction
material used, brine depth, water temperature, and other site-specific factors.

2.9 Economic Analysis of the designed and fabricated double sloped solar still

Many factors affect the cost of distillate obtained from a solar desalination unit. Both
capital and running costs are inﬂuenced by unit size, site location, feed water
properties, product water quality, qualiﬁed staff availability, etc. The main economic
advantage of solar desalination is that it does not require much infrastructure, and it
is simple to locally design, install, operate and maintain. The better economic return
on the investment depends on the production cost of the distilled water and its
applicability (Fath et al., 2003; Kumar & Tiwari 2004; Govind & Tiwari,1984).

The life cycle cost analysis should be done in order to make economic viability
comparison with other designed and fabricated double solar stills for economic
analysis (Kudish et al., 1986; Tiwari, 2011; Garg & Prakash, 2000; Solanki et al.,
2009).
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The CRF (capital recovery factor), the FAC (ﬁxed annual cost), the SFF (sinking
fund factor), the ASV (annual salvage value), average annual productivity (M) and
AC (annual cost) are the main calculation parameters used in the cost analysis of the
desalination unit.

The AMC of the solar still required are regular ﬁlling of brackish water, collecting
the distilled water, cleaning of the glass cover and removal of salt deposited
(scaling). As the system life passes on, the maintenance on it also increases. Finally,
the CPL (cost of distilled water per litre) can be calculated by dividing the annual
cost of the system (AC) by annual yield of solar still (M).

The above-mentioned calculation parameters can be expressed as follows:

Capital Recovery Factor (CRF):

CRF 

i (1  i ) n
………………………………………….…Equation (3)
(1  i ) n  1)

Where i= interest rate, n = number of useful years

Hence the first annual cost (FAC)

FAC  CRFXP ……………………………………………….…….Equation (4)
Annual Salvage Value:

The sinking fund factor (SFF) for a system is given by:

21

SFF 

i
………………………………………………… Equation (5)
(1  i ) n  1)

Therefore, if the salvage value of the system is S then, Annual salvage value(ASV)

ASV  ( SFF ) XS ……………………….………………………….Equation (6)

S =0.2 P (assuming 20% of present value as salvage value; no reuse of salvage
materials)

Further, the system requires some maintenance and it is a varying quantity, therefore
the annual maintenance cost should also be considered.
AMC  0.15 FAC ………………………………………….…………Equation (7)

(Assuming 15% cost of fixed annual cost

Annual Cost/m = (First annual cost + annual maintenance cost –annual salvage
value)

Annual yield = daily output yield (l) x365 days

Annual cost/L (CPL) = [Annual first cost/ Annual yield]
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Assuming the reuse of various components even after the useful life of the system is
over; the salvage value can be estimated to be 35% of the initial cost, useful life 10
years, interest rate 12% and maintenance cost as 15% of the annual first cost. Where
P is the present capital cost of desalination system; i is the interest per year, which is
assumed as 12%; n is the number of life years, which is assumed as 10 years in most
analysis. Solar stills represent a low-cost technology with low-cost maintenance,
which can be carried out by unskilled manpower (Tiwari et al., 2003).

2.10 Economic viability analysis

The factors that influence the systems economic viability are the outputs and costs of
the solar still systems, the cost of alternative energy source, cost of operation and
maintenance, and the geographic location of the system, i.e. solar intensity,
environmental temperature and humidity.

The net present value method used for cost analysis is a comparison between the
investments made at present using the present value of money considering interest
rate over a period of time. The net present value analysis was made according to
Equation (8) below (Wolpert, 2003)

t
Ft
………………………………………… Equation(8)
NPV  I o  
j  1 (1  i t )

Where: I= capital cost, F= running cost, i= interest rate, t= time in years
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The net present value (NPV), usually shows the sum of the present worth of the cash
flows within the considered analysis period, results > 0 validates the project as being
economically feasible.

The Savings-to-Investment (SIR); evaluates the ratio of the savings to investment,
where result = 1 shows that the initial cost is totally recovered, results > 1 shows that
the savings will be more than investments and results < 1 shows that the cost would
be greater than savings over the analysis period.

The Internal rate of return (IRR) is the discount rate that makes the net present value
of the initial investment equal to zero.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study design

The study was conducted to determine if the solar energy potential available in Kilifi
County can be used for desalination processes at household levels using locally
available materials and the variation of other parameters (water salinity, ambient
temperature, humidity and season variation). It was based on quantitative data where
the relationship between various parameters was determined. The study uses
correlation and linear regression to determine relations between various variables
that affect desalination process.

3.2 Study area

The study was carried out in Kilifi County with a targeted population of people
living in Kilifi County. Kilifi County is one of the 47 counties in the Republic of
Kenya. The County lies between latitude 2° 20’ and 4° 0’ South of the Equator and
between longitude 39° 05’ and 40° 14’ East of the Greenwich Meridian, (SOK,
2012). The County is located in Kenya’s Coastal region and borders Kwale County
to the south west, Taita Taveta County to the west, Tana River County to the north,
Mombasa County to the south and the Indian Ocean to the east. It covers an area of
12,609.7 km2. Kilifi has the cold season from March to June and hot season
between November and February. Kilifi town is the County headquarters and data
was collected at Mtwapa agro-metrological station. The location of Kilifi County
within the republic of Kenya is shown in Figure 3.1 (SOK, 2012).
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Kilifi

Figure 3.1: Location of Kilifi in Kenya, Source Survey of Kenya maps 2012.
The annual temperature ranges between 21°C and 30°C in the coastal belt and
between 30°C and 34°C in the hinterland. The average annual temperature is 26 °C.
The county experiences relatively low wind speeds ranging between 4.8 km/hr and
12 Km/hr. The highest evaporation rate is experienced during the months of
January to March (dry season) in all parts of the County (Kilifi, 2013; Kenya
meteorological department, 2018).
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3.3 Design and fabrication of double slope solar still

The design factors considered were slope of cover and geometry of the still, angle
of inclination (), depth of water in the still, materials for cover, vapour leakage and
insulation, distance from the water surface to glass cover, aspect ratio(R), absorbing
materials, absorbing area, material for basin and collection channel.

The designed and fabricated double slope solar still consists of a basin made of block
board which is painted black with an absorbing plate made of a damp proof
polythene paper, black in colour that is used in the construction of houses foundation.
The double slope solar stills basin was wooden box with dimensions of 1.5 m long
and 0.79 m width and height of 150 mm. The total height of the still was 244 mm,
including the glass cover. The distance of glass cover from water surface was set as
9.4 cm with Aspect ratio (R) greater than 2. To minimize vapour leakage a sealant
(silicon) was applied at the various joints on the basin which is made of block board
which is a good insulator. The bottom and sides of the basin were polished and
painted black. The block board also consists of channels attached to it and a tap drain
the concentrated brine after desalination.

The cover material was glass of 4 mm thickness which has a Mohs hardness of 6.5.
This was hard enough to avoid breakage when lifting the glass cover. The cover was
inclined at an angle of inclination 150. This catered for latitude, giving maximum
solar radiation absorption, avoiding the droplets to fall back and allows easier
cleaning of the sloped surface. Water depth used was 0.02 m for easier evaporation.
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The condensed water was collected with the help of a plastic channel which is
installed underneath the lower side of the glass. It collects the fresh water into the
channel and is connected to an external storage bottle with a plastic pipe/hose pipe.
Detailed technical drawings on designed and fabricated double slope solar still are
found in Appendix 18.

3.4 Measurements

3.4.1 Research instruments

The experiment was conducted using the following research instruments:
thermometer graduated flask, stop watch and a clock.

Gunn- Bellani Radiation Integrator

The pyranometer is a type of actinometer that can measure solar irradiance in the
desired location. Figure 5 shows Gunn- Bellani radiation integrator used in the study.

Figure 3.2: Pyranometer
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3.4.2 Measuring equipment accuracies

Table 3.1 presents the accuracies and errors for the instruments used. The maximum
possible error occurred in any instrument is equal to the ratio between its least count
and minimum value (within the range given).

Table 3.1: Accuracies of the instruments
Instrument

Accuracy

Range

1oC
 10ml

 1ml


0-100 oC
0-1000ml
0-100ml

%
Error
0.5
10
10

0-25000W/m2

0.5

Thermometer
Measuring jar(1000ml)
Measuring jar(100ml)



Gunn-Bellani radiation
integrator(MJ/m2/day







20 W/m2

3.4.3 Parameter Measured

The parameters that were measured and recorded in order to characterize the double
sloped solar still were, the intensity of solar energy, the water output of a solar still,
solar radiation, wind velocity, ambient temperature and time of the year.
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3.5 Method

3.5.1 Experiment set up

The experiment was conducted during the month of September and October 2016;
with data collection done during the day. The solar still was facing North-South
direction and was filled with salty water up to a level of 20 mm.

Hourly measurements of radiation, water output, relative humidity, weather, rainfall,
and dry bulb temperatures were recorded between 08:00 am and 4:00 pm ( at an
interval of one hour) and between 4:00 pm to 8.00 am cumulative water outputs was
measured in total at 08:00 am and recorded.

3.5.2 Water quality testing

To ensure water quality in terms of cleanness the double slope still was rinsed with
collected distilled water. Water analysis was conducted on different days in the
Mombasa government chemistry laboratory using different samples. Physical and
chemical parameters recorded were appearance, colour, odour, pH, total alkalinity,
total hardness, chloride content, electrical conductivity (EC), salinity, free carbon
dioxide, phosphate, fluorides, oxygen absorbed, bicarbonates, non carbonates
hardness, carbonate hardness, heavy metals (copper), iron, sodium, potassium,
calcium, magnesium and total dissolved solids (TDS).
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The pH was measured by first calibrating the pH digital meter scale using the
standard procedure, then water was put in a beaker, electrodes inserted (care was
taken to avoid contamination by use of distilled water to clean electrodes) and pH
measured.

Chemical properties were analyzed by putting test water in the beaker, adding the
required test reagent and following the standard procedures for each chemical
properties like total alkalinity, total hardness, chloride content, electrical conductivity
(EC), salinity, free carbon dioxide, phosphate, fluorides, oxygen absorbed,
bicarbonates, non carbonates hardness, carbonate hardness, heavy metals (copper),
iron, sodium, potassium, calcium, magnesium, and total dissolved solids (TDS). The
instruments were calibrated before the test. The results obtained were tabulated in
results tables, chemical report generated and analyzes carried out according to Kenya
standards procedure (KS 05-459 part 1:1996). Appearance, colour and odour are
recorded pre and post distillation by physical examination of the samples.

In bacterial test, water samples were collected in sterile bottles and taken to
government chemist for analysis. The water was then tested according to Kenya
standards (KS 05-459 part 1:1996) procedure for testing (kept for 48 hours).

Bacteriological contaminants parameters such as Escherichia coli (before distillation)
and product water (after distillation by a solar still) were analyzed using Kenya
standards (KS 05-459 part 1:1996) and recorded. A report on the level of water
contamination before and after distillation was developed.
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3.6 Data processing and analysis

Microsoft excel as statistical tools and software was used to analyze statistically the
data collected i.e linear regression and correlation was used which gave various
properties of double slope solar still. For example, a linear regression model was
developed to estimate expected output (response) when solar irradiation increased in
the double slope solar stills. The data obtained was plotted in a graph, where solar
still water output was the dependent on the y axis and the solar irradiation was the
independent in x axis. Using the linear regression function on Microsoft excel,
correlation factor and linear regression equation was obtained. The correlation factor
and linear regression equation obtained were used to characterize the double solar
still by getting solar still water output using data obtained from the metrological
departments.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Results

The data was gathered from 19.09.2016 to 9.10.2016 under the local weather
conditions of Kilifi County (35.12° N latitude and 33.95° E longitude). Parameters
that were measured are dry bulb temperature (˚C), solar radiation (W/m2) solar still
Output (ml), registrations on wind and weather conditions which are in Table 4.1 for
an extract of typical data collected on 21st, Sept 2016.
Table 4.1: Typical data collected on 21st, Sept 2016
still
output
(ml)
318.75

Cumulative
solar still
outputs

sunny

( mm)
0

solar
irradiation
(MJ/m2)
8.94

60

sunny

0

8.86

0

318.75

6

59

sunny

0

11.43

15

333.75

28

8

60

sunny

0

12.02

53.75

387.5

12.00

28.6

3

59

sunny

0

11.21

123.75

511.25

13.00

28.7

6

56

sunny

0

12.5

220

731.25

14.00

29

10

55

sunny

0

11.9

216.25

947.5

15.00

27.8

6

62

sunny

0

10.59

187.5

1135

16.00

27.8

6

62

sunny

0

9.59

131.25

1266.25

wind

relative

Time

dry
bulb
temp

velocity

humidity

weather
-sky

8.00

26.3

4

66

9.00

27.5

8

10.00

28

11.00

Rainfal
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318.75

Table 4.1 presents data collected on 21st, September 2016 between 8 am to 4 pm. The
cumulative solar still output were worked out and increased from 318 ml at 8 am to
1266 ml at 4 pm. The whole day was sunny. Data on dry bulb temperature, wind
velocity, relative humidity, weather, rainfall, solar irradiation and double slope solar
still output between 19th September, 2016 to 9th October, 2016 are found in Appendix
20.

4.2 Water output (Yield) from the double slope solar still

The daily output of a solar still depended on weather conditions and the amount of
solar energy available. The fabricated double solar still was able to produce 1.652
litres per day per square meter during the period which data was collected
(September and October 2016). The solar still output obtained agrees very well with
research work carried by Hamed et al., 1993, who found out that the daily yield usually
never exceeds 4-5 liters/m2/day due to the heat losses. An extract of the data on 21st

September 2016 is shown in Table 4.1.
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4.3 Graphical representations showing various relationships-characteristics of
double slope solar still

Figure 4.1, Figure 4.2, Figure 4.3 and Figure, 4.4 presents the various characteristics
of the designed and fabricate double slope solar still.

Figure 4.1: Cumulative Solar still output against time of the day (21st Sept 2016)
Figure 4.1 presents cumulative water output in ml against time in day from 8 am to 4
pm. The graph in Figure 4.1 shows that the volume increased from 318 ml at 8 am to
1266 ml at 4 pm. The results for double solar still water output in millimeters against
time of the day from 19th September, 2016 to 9th October, 2016 are found in
Appendix 20
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Figure 4.2: Dry bulb temperature against time of the day (21st, Sept 2016)

The whole day was sunny and from graph in Figure 4.2 above, it is evident that the
dry bulb temperature increases from 8 am to 2 pm and starts decreasing. As the
temperature increased, the output of the double slope solar still increased and at 2 pm
the production continued to increase due to the heat absorbed by the water until 4
pm. The graphs for dry bulb temperature against time of the day from 19th
September, 2016 to 9th October, 2016 are found in Appendix 20
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Figure 4.3: Solar irradiation against time of the day (21st Sept 2016)

The whole day was sunny and from the results, it is evident that a graph exhibits the
same type of curve for all the days with an increase from 8 am to maximum solar
irradiation at the 1 pm and decrease of irradiation from midday to 4 pm. The results
for solar irradiation in MJ/m2 against time of the day from 19th September, 2016 to
9th October, 2016 are found in Appendix 20
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4.4 Correlation and regression analysis

Figure, 4.3 and Figure, 4.4 presents correlation and regression analysis

Figure 4.4: Double slope Solar still output against solar irradiation (19th Sept
2016)
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Figure 4.5: Solar still output against solar irradiation (27th Sept 2016)

From the two sample graphs in Figure 4.4 and 4.5, it is evident that there is a strong
correlation between the solar still output and solar irradiation Rsq (%) of 99.94 and
99.99. The results for double slope solar still water output in millimeters against
solar irradiation in MJ/m2 from 19th September, 2016 to 9th October, 2016 are found
in Appendix 20. Table 4.2 presents the summary of correlation factor (Rsq (%).
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Table 4.2: Correlation between water output and solar irradiation
Date

Water output in

Efficiency

Correlation

millilitres (Q)

(E) %

Rsq (%)

19th September

1072

13.51

99.94

Cloudy and sunny

20th September

726

9.15

99.96

Cloudy and sunny

21st September

1266

15.95

94.58

Whole day sunny

22nd September

771

9.72

99.82

Cloudy and sunny

23rd September

1652

20.82

89.98

Whole day sunny

24th September

958

12.07

86.38

Cloudy and sunny

25th September

998

12.58

96.53

Cloudy and sunny

26th September

635

8.00

99.82

Cloudy and sunny

27th September

504

6.35

99.99

Cloudy and sunny

28th September

1003

12.64

99.99

Whole day sunny

29th September

1008

12.70

99.51

Cloudy and sunny

30th September

212

2.67

99.01

Cloudy and sunny

1st October

884

11.14

97.47

Cloudy and sunny

2nd October

805

10.14

98.34

Cloudy and sunny

3rd October

7725

97.34

99.93

Rainy and sunny

4th October

938

11.82

99.93

Cloudy and sunny

5th October

517

6.51

99.89

Cloudy and sunny

6th October

948

11.95

99.54

Cloudy and sunny

7th October

210

2.65

99.03

Cloudy and sunny

8 October

588

7.41

96.21

Cloudy and sunny

9th October

228

2.87

96.5

Whole day rainy

th
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Weather

From the Table 4.2 it is evident that there is a strong correlation between solar still
output

and

solar

irradiation

and

the

Equation

(valid during the day and y
represent solar still output in milliliters and x represent the solar irradiation in
MJ/m2) where Rsq is 99.9% can be used to approximate solar still output where solar
radiation is known.
An increase in correlation is found when excluding rainy days, 23rd and 24th
September 2016 and 3rd October 2016 with a value of R square greater than 90%. An
increase in solar still output in rainy periods was due to water droplets entering the
collection channel; contributing to a lower correlation with solar irradiation. Solar
still water output and solar irradiation are correlated and can be noted that that
evaporation rate increases with an increase in the amount of solar energy available.
Cloud cover affected the availability of solar irradiation by absorbing and
diffusing some radiations thus to greater extent affected the output and
correlations.
4.5 Efficiency

The efficiency was calculated for a sample day taking the annual global horizontal
radiation set to be 5.5 kWh/m2/day (19.8 MJ/m2/day), approximate area 1 m2 and
latent heat of evaporation is 2.494MJ/kg. The total amount of energy required to
change the water into vapour, latent heat of vaporisation (L) is calculated using
Equation (1)
Where for sample day 21st September 2016 mean temperature is 27.97oC and thus
latent heat of vaporisation is 2.494MJ/kg.
Equation (2) gives the efficiency calculated as shown for a sample day 21st
September 2016.
.................................................................................................Equation (2)
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E = efficiency, L = Latent heat, A = area of still, G= daily/annual global horizontal
solar radiation (MJ/m2), and Q is daily output.
L=2.494MJ/kg A = 1.185m2 G=19.8MJ/m2/day thus efficiency is
E=15.95%
Using the above-worked example; the value for efficiencies of double sloped solar
still were worked out and shown in Table 4.3.

42

Table 4.3: Mean dry bulb temperature, water output, efficiency and weather
Date
2016
19th September
20th September
21st September
22nd September
23rd September
24th September
25th September
26th September
27th September
28th September
29th September
30th September
1st October
2nd October
3rd October
4th October
5th October
6th October
7th October
8th October
9th October

Mean dry
bulb
temperature
27.56
26.78
27.97
27.71
27.44
27.9
27.83
27.9
28.07
26.08
27.8
27.74
28.28
27.7
28.07
28.7
28.46
28.47
28.24
28.96
27.98

Water output
in millilitres
(Q)
1072
726
1266
771
1652
958
998
635
504
1003
1008
212
884
805
7725
938
517
948
210
588
228
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Efficiency (E)
%

Weather

15.83
9.15
15.96
9.72
20.82
12.07
12.58
12.78
8.54
12.64
13.71
2.67
11.14
10.14
9.73
11.82
6.51
11.95
2.65
7.41
2.87

Cloudy and sunny
Cloudy and sunny
Whole day sunny
Cloudy and sunny
Whole day sunny
Cloudy and sunny
Cloudy and sunny
Cloudy and sunny
Cloudy and sunny
Whole day sunny
Cloudy and sunny
Cloudy and sunny
Cloudy and sunny
Cloudy and sunny
Rainy and sunny
Cloudy and sunny
Cloudy and sunny
Cloudy and sunny
Cloudy and sunny
Cloudy and sunny
Whole day rainy

From the experiment, the double sloped solar still has an efficiency that ranges
between 12 % and 20 % for a whole day sunny and below 12% if cloudy. On the
19th September 2016 the weather was cloudy and rainy with occasional sun gaps,
and is, therefore, in reality, receiving reduced amount of radiation. Clouds also
reduce the amount of solar irradiation reaching the solar still. On 9th October the
whole day was rainy. It is also evident that at an average temperature of 28oC and
the whole day is sunny the double slope solar still has high efficiency and high
production with the highest production on 23rd September 2016. On 3rd October the
production is high due to the presence of rain water that trickled to a collection
point.
From table 4.3 on mean dry bulb temperature, water output, efficiency and weather
it was found out that the efficiency of double slope solar still agrees very well with
the work done in New Delhi climate by Dwivedi & Tiwari, 2008, on double slope
solar still which had an efficiency of 25% to 34%. Badran et al., (2013) found out the
highest temperature developed inside the distilling device was 51°C at ambient
temperature of 24°C, with daily water production of 1.2 liters/m2/day, and the
efficiency of the solar still was 15%.
Samee, et al., (2007) reported that the efficiency and daily productivity of the simple
basin-type solar still under study are 30% and 3.1 litres/m2/day. The double slope
solar stills have low efficiencies as this is well reported by Malik et al., (1982), who
analyzed the reason for lower energy efficiency of solar stills. It was found that the
radiation loss from the saline water surface to the cover was the largest heat loss of
26% of the incident solar radiation, heat loss resulting from reflection (11%) and
absorption (5%) of solar radiation by the glass cover. The ground and edge losses
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were only 2% with re-evaporation of distillate and other unaccounted losses found to
be 17% (Malik et al., 1982).
Considering mean efficiency of 16%, annual average temperature 26 °C, solar
irradiation 19.8 MJ/m2/day (5.5 kWh/m2/day), L=2.494MJ/kg, A = 1.185m2,,
G=19.8MJ/m2/day for Kilifi County (Kenya meteorological department, 2018) and
using Equation (1) and (2) the output of double slope solar still is calculated as
follows:
……………………………………………………..... Equation.(2)

1.51 liters
Using

correlation

equation

with

R

sq

as

99.9%

, the output from the double slope
still is calculated as 1.52 liters.
From the above calculations, it is evident that the approximate mean water output of
double slope solar still is around 1.5 liters.

4.6 Cost estimations

When choosing materials for the solar stills, the availability and price were
considered. Block board, silicon glue, PVC pipes, garden hose, paint, wood,
polythene and glass were all easy to obtain in Kilifi County. An overview of
material cost and the total cost for the double slope solar still is presented in Table
4.4.
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Table 4.4: Material cost estimates
Sno:

Material

KSHs

USD$

1

Block board

3000

29.13

2

Labor costs-carpenter

2000

19.42

3

Damp proof Polythene paper (100mm
width,3m length and 0.7mm
thickness )
Ordinary Glass 4mm thickness
Paint 2 litres
Collecting jar
Glue and silicon
Plastic, distillation channel/garden
hose

500

4.85

3000
500
100
150
80

29.13
4.85
0.97
1.46
0.78

4
5
6
7
8

9350

Total

90.78

1USD =Ksh 103(as at 19th, January 2017 Central Bank of Kenya)

For cost effective analysis as shown in Table 4.4, no consideration was made for
certain costs such as packaging and transport cost to the site. Other costs such as that
of raw water and concentrated salt disposal are not included.

The total fabrication cost is 90.78 USD and the cost could be lower when
produced in large quantities for commercial purpose.

4.7 Economic analysis

The double slope solar still water output analysis was based on the data obtained
from the chemical, physical and bacterial analysis which shows that the water is
within the Kenya standards (KS 05-459 part 1:1996). Table 4.5 presents water
quality parameters of water pre and post distillation process.
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For the designed double sloped solar still, economic analysis was carried out using
Equations (3), (4), (5), (6), (7) and (8) and calculated values are presented in Table
4.5 and Table 4.6.

Table 4.5: Costs parameters

S.No

Parameter

Value

1

CRF

0.177

2

SFF

0.057

3

P (Kshs)

9350

4

S (Kshs)

3272.5

5

FAC (Kshs)

1654.95

6

ASV (Kshs)

186.53

7

AMC (Kshs)

248.24

8

M(annual yield) (L)

351

9

Cost/L (Kshs)

4.89

LCC analysis for the fabricated double slope solar still
Life Cycle Cost analysis (LCC) for modified solar still is given as:
Estimated annual clean water output = average daily output x 365 day
= 0.96158litres/day x 365days
= 351 litres
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The annual savings = annual output x water price (Kshs 50/ litre), which is = Kshs
17548.84


Total annual savings = Kshs 17548.84



The initial investment = Kshs 9350



analysis period =10 years



Discount rate = 4%

Table 4.6 presents the result of the LCC analysis for the fabricated double slope solar
still.
Table 4.6: LCC analysis for the fabricated double slope solar still
Economic evaluation

Results

Net Present Value (NPV) in Kshs

132,987

Savings to Investment Ratio(SIR)

15

Pay back

0.5

Internal Rate of Return (IRR)

249.20%

From Table 4.6 above it is evident that: NPV was Kshs 132,987 which is greater than
zero hence the project is valid and economically feasible, Savings-to-Investment
(SIR) is equal to 15 which are greater than one hence the savings will be more than
investment cost and payback period of still is 0.5 years which are 195 days to recover
initial investment cost.
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4.8 Payback Period

Daily distilled water production per unit area (mean for September to October) =
0.962 L/m2/day

Cost of distilled water in Kenyan market = kshs 50/L

Saving on distilled water produced everyday (gain) = 0.962 x 50 = Kshs 48.1/ day
Initial cost of present still = Kshs 9350/ m2

So pay-back period of still is = 195days.

4.9 Comparison with other designed solar still world wide

The designed double slope solar still under Kenyan climatic condition (Kilifi
County) with average daylight hours of 6.9 hours (2525 hours of sunlight per year)
had an area of 1m2, annual yield in litres (M) 0.962L, investment cost (P) Kshs 9,350
(USD$ 90.8) and cost per litre (CPL) of Kshs 4.89 (0.05 USD$).

It is evident that cost per litres agrees very well with other designed solar stills with
approximate area of 1m2 (Samee et al.,2007, Pakistan climate, CPL 0.063 USD$;
Abdel-Rehim &Lasheen, 2007, Egypt , CPL 0.058 USD$; Velmurugan et al., 2008,
India, CPL 0.054 USD$; Sadineni et al., 2008,USA, CPL 0.054 USD$; Elsebaii et
al., 2008, Egypt, CPL 0.052 USD$; El-Bahi &inan, 1999, Turkey, CPL 0.06 USD$).
See Appendix 16 for more detailed comparisons by Kabeel & El-Agouz, 2011.
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4.10 Water quality
The values of EC < 375 (Ω/cm3) were measured in the distilled water which is
found to be within the Kenya standard ranges (KS 05-459 part 1:1996). The still was
successful in removing pathogenic bacteria by more than 80%. Coliform were some
of the bacteria that were not completely eliminated. This is shown in the government
chemist report on bacterial analysis found in Appendix 10,13 and 14 on government
chemist lab results on processed water bacteria analysis. These obtained parameters
of the product water were then compared with Kenya drinking water standards (KS
05-459 part 1:1996) and World Health Organization standards (WHO, 2004) and
found that most of the values obtained were within the acceptable ranges provided by
the Kenya and WHO, 2004 standards.The summarized comparison is found in Table
4.7 on parameters on water quality of borehole and distilled water samples pre and
post distillation process.

The distilled water was run through the free air to allow re-mineralization as shown
in Figure 4.6.
Free air
Water output from
the still

Water output from
the still

Figure 4.6: Schematic diagram showing re-mineralization
This had a detrimental effect as it may have come into contact with coliform bacteria
present in the air through the dust. In order to make the water safe and clean for
drinking, chlorination is advised as an option.
50

Controlled use of lime, chlorine, carbon dioxide or air bubbling has been proposed
and practiced by various researchers for portable drinking water (Khawaji, et al.,
1994; Kirby, 1987; World Health Organization, 1979; Liberman & Liberman, 1999;
Gabbrielli, 1981; Ludwig et al., 1986; Yamauchi, et al., 1987; AlRqobal &AlMunayyis, 1989; Kutty et al.,1991).

Chlorine is easily available at no cost from the Kenyan ministry of health at public
health office all over the County. Chemically the water is found to conform to the
standard set by KEBS and WHO on water quality.

Table 4.7 presents a typical summary report of government chemist showing
borehole water and solar still water output quality in terms of bacteria and chemical
properties.
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Table 4.7: Water quality parameters of borehole and distilled water samples
Parameter

Distilled water

Distilled water

Borehole sample

Kenya Standards (KS

sample 1

Sample 2

3

05-459 part 1 1996)

26/10/2016

31/10/2016

31/10/2016

ppm)

Appearance

Clear

Clear

Clear

-

Within limits

Color (hazen units)

10

16

10

25

Within limits

Deposits

NIL

NIL

NIL

-

Within limits

Odour

unobjectable

Unobjectable

unobjectable

-

Within limits

3.77

16.2

0.54

5

Within limits

52.9

375

972

2500

Within limits

Date sample collected

Remarks

(maximum limits

( values measured in PPM
mg/L)

Turbidity (NTU)
o

Electrical conductivity at 25 C
(ohms/cm3)
Free carbon dioxide

38

1

50

-

Within limits

PO-34

0.96

0.1

0.41

2.2

Within limits

oxygen absorbed ,four hours

0.8

0.8

0.8

1

Within limits

NIL

NIL

NIL

-

Within limits

Methyl Orange (Bicarbonate)

44

16

380

300

Within limits

Chloride (Cl-)

20

8

84

250

Within limits

0.07

0.4

0.5

35

Within limits

Phosphate
o

27 C (O)
Alkalinity as CaCO3
Phenolphthalein (carbonate)

-2-

Nitrates(/NO N)

52

Sodium(Na)

10

2

69

200

Within limits

Potassium(K)

1

2

3

100

Within limits

Calcium(Ca)

1.54

1.7

0.38

150

Within limits

Magnesium(Mg)

1.25

1.9

2.31

100

Within limits

Total Dissolved Solids, residues

36

26

660

1000

Within limits

PH

6.28

6.7

6.9

6.5-8.5

Within limits

Total Coliform Count

>2400

>2400

>2400

NIL

Above limits

o

dries at 180 C

(MPN/100ml)

Chlorination to be
done

Faecal Coliform (E.coli) Count

91

3

16

(MPN/100ml)

NIL

Above limits
Chlorination to be
done
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From Table 4.7 on parameters of borehole and distilled water samples pre and post
distillation process, it is observed that the samples of the distilled water collected on,
6th October,2016 and 31st October, 2016 are conforming to maximum limits parts
per million on Kenya standards (KS 05-459 part 1 1996) and World health
organization standards, 2004 on advised mineralogical standards.

Physical and chemical parameters for the distilled water samples were tested and
recorded like appearance, colour in hazen units, odour, pH, total alkalinity, total
hardness, chloride content, electrical conductivity (EC), salinity, free carbon dioxide,
phosphate, fluorides, oxygen absorbed, non carbonates hardness, carbonate hardness,
heavy metals (copper), iron, sodium, potassium, calcium, magnesium and total
dissolved solids (TDS) were found to be within the Kenya standards maximum limits
(KS 05-459 part 1 1996).

From Table 4.7 on water quality parameters of borehole and distilled water samples
pre and post distillation process, double slope still is able to reduce the chemical
concentrations in the bore hole water sample 3 done on 31st October, 2016 to low
levels as presented in sample 2 for distilled water on 31st October, 2016. Although
the double slope solar still is able to reduce coliform bacteria from a high level to
lower level, it does not remove them completely as per the set Kenya standards
maximum limits (KS 05-459 part 1 1996) and chlorination is advised to remove
them.
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4.11 Impacts of the double slope solar still to the environment

The use of solar irradiation brings about carbon savings and reduced pollution to the
environment. The desalination replicates a natural process similar to evaporation and
condensation thus has fewer impacts to the environment as no carbon dioxide or
equivalent Green House Gases are released to the atmosphere. This can be quantified
in terms of carbon credits which can be traded in open market. One carbon credit is
equivalent to one tonne of carbon dioxide or its equivalent Green House Gases
(GHG). Saleable credits are known as the certified emission reduction (CER) price
which is equivalent to a tonne of CO2 (t-CO2e). The prices of CER or t-CO2e are
normally quoted in Euros (€) per tonne of CO2 equivalent. The market of carbon
trading value was € 25 per tonne during 2008 (Carbon credits, 2012). If the concept
of carbon trading suggested under clean development mechanism (CDM) of the
Kyoto Protocol, (2012) is included in the techno-economic analysis of the solar
distillation system for developing countries, the unit cost of desalination of saline
water will certainly reduce and become competitive with other technologies.

A 6 kWh/m²/day of solar energy is equivalent to 0.6 litres/m²/day of oil
(Koschikowski, 2011). This means that the double slope solar still receiving 5.5
kWh/m2/day is able to save 0.6 litres/m²/day of oil. The concentrated brine as the
byproduct of the processes can be disposed of by pouring it back to the source (ocean
or borehole or a well) where sedimentation and other natural filtration will occur and
remixing with brackish or sea water reducing the environmental impacts.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

As part of the objective of the study a double slope solar still was designed and
fabricated in Kilifi climatic conditions, using block board of length 8 feet, 3 feet
width and 0.75 inch thickness for the basin, an ordinary glass of 4 mm thickness for
the glass cover at an inclination angle of 15o.

The daily output of a double slope solar still depends on weather conditions and the
amount of solar energy available. The fabricated double solar still is able to produce
1.652 litres/day/m2 during the period which the study was conducted (September and
October 2016).

Double slope solar still output was found to increase from 8 am to 4 pm as radiation,
temperature and wind velocity increased. There is a strong correlation between
double slope solar still output and solar irradiation and

the equation

(valid during the day where y
represent solar still output in millimeters and x represent solar irradiation in MJ/m 2)
where Rsq is 99.9% can be used to approximate solar still output where cumulative
radiation is known. This cumulative solar irradiation is available in metrological
stations all over the country and various counties.

The double slope still has an efficiency that ranges between 12 % to 20 % for a
whole day sunny and below 12% if cloudy.
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The water extracted from the collecting jar was expected to be within the
bacteriological and mineralogical advised quantities. Under mineralogical advised
quantities, it was found to be within the range but found to be bacteriological
contaminated. The bacteriological contamination could have arisen from sanitation
and handling of double slope solar still or environmentally trapped bacteria in the air.
The water can be made safe for drinking by use of chlorination where chlorine is
given freely at public health departments all over the coastal region. To improve
mineral content; the distilled water can be remixed with other clean and safe drinking
water like rain water.

The total cost of the double solar still is 90.78 USD and if production was done in
large scale for commercial purpose the cost on labor and materials can be reduced
due to economies of scale.

The LCC analysis shows that the double slope solar still has an NPV of Kshs
132,987 which is greater than zero hence the project is valid and economically
feasible, Savings-to-Investment (SIR) is equal to 15 which is greater than one hence
the savings will be more than investment cost and a pay-back period of 195 days to
recover initial investment cost.

The results presented above show that the use of double slope solar still using
brackish water is an economically viable and feasible measure for the improvement
of the water quantity and quality in Kilifi and the surrounding coastal counties.

The study has also revealed that the cost per litre was Kshs 4.89 which ensures the
acceptability of passive double slope solar still in rural and economically challenged
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areas since the retail market price for clean and safe bottle water in the region is Kshs
50 per litre. Considering the world recommended daily water consumption for an
individual as 2 litres per day, it can be concluded that the double slope solar still with
an area of one square meter is able to feed an individual during the cloudy and low
sunny radiation conditions.

5.2 Recommendations

Based on the study information and on the estimates made, the recommended design
for Kilifi county and surrounding coastal climatic condition is double slope solar
still, with a north south facing glass cover inclined at an angle of 15º. The
approximated efficiency is 12-20% with an output yield of 1.266 -1.652 litres/
m2/day. The double slope solar still can be produced in large quantities to cater for
clean water demands. This can be achieved if non-governmental organizations,
national and counties government can fund the acquisition of the double slope solar
stills.
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5.3 Further research work

A study to be conducted to evaluate the amount of Electric energy needed to
desalinate the same water under the same climatic and other study condition similar
to the double slope solar still to be able to evaluate the cost of electric energy which
can be used to determine the carbon saving to the environment (quantified in terms
of carbon emissions in kilogrammes of Carbon dioxide). The carbon savings can be
computed in terms of carbon credits to the project which can be traded in open
market.

The modification needs to be done on design to improve the efficiency of the double
slope still by either use of concentrating lenses, evacuated tubes, pre-heaters or to
design a bigger system to increase clean water output.

A study to be carried to establish the best way to dispose off concentrated brine after
the desalination process.
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Appendix 2: Double slope solar still views
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Appendix 3: Double slope solar still views
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Appendix 4: Water analysis Equipment (PH) in government laboratory
Mombasa
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Appendix 5: Manual cleaning work is done on the double slope solar still
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Appendix 6: Storage tank for Brackish water
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Appendix 7: Data collection on solar irradiation and dry bulb temperatures
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Appendix 8: Study area in Kilifi County Mtwapa agro metrological station
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Appendix 9: Chlorination process
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Appendix 10: Government chemist lab results-processed water bacteria analysis
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Appendix 11: Government chemist lab results-processed water chemical
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Appendix 12: Government chemist lab results-Brackish water chemical analysis
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Appendix 13: Government chemist lab results-processed water bacteria analysis
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Appendix 14: Government chemist lab results-Brackish water bacteria analysis
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Appendix 15: Cost comparison of different solar stills

No.Ref

Type
of Area
solar still
m2
Single slope 1527

Climatic

P

CRF

FAC

S

SFF

ASV

AMC

AC

M

275

0.177

49

55

0.057

3.5

7.5

53

1511 0.035

0.54

Pakistan

190

0.177

34

38

0.057

2

5

37

585

0.063

1

India

10-19

250

0.177

44.2

50

0.057

3

6.6

47.8

343

0.14

With solar 1
collector
With solar 1
collector

India

9-17

1144

0.177

202.5

228.8

0.057

13

30.4

1203 0.18

Jordan

9-17

480

0.177

85

96

0.057

5.5

15.3

219.
9
93

806

0.115

With solar 1
concentrator

Egypt

8-18

300

0.177

53.1

60

0.057

3.4

8

57.7

990

0.058

With
sun
tracking
Pyramid
shaped
Pyramid
shaped
Pyramid
with
collector

1

Jordan

9-19

300

0.177

53.1

60

0.057

3.4

8

57.7

250

0.23

1.527

Egypt

7-18

250

0.177

44

5050

0.057

3

7

48

1533 0.031

1

Oman

6-18

106

0.177

18.7

19

0.057

1.1

2.8

20.4

0.922

Jordan

8-20

450

0.177

79.6

90

0.057

5

12

86.7

1511 0.013
5
844 0.103

Fath et
al.,2003
Samee et
Single slope
al.,2007
Kumar&
Single slope
Tiwari , 2004
Kumar&
Tiwari, 2004
Badran&
Tahaineh,
2005
Abdel-Rehim
&Lasheen,
2007
Abdallah &
Badran, 2008
Fath et al.,
2003
Al-Hinai et
al., 2002
Badran et al.,
2005

Egypt

Daylight
hours
6-8

84

CPL

Velmurugan
et al., 2008
Velmurugan
et al., 2008
Ismail, 2009

Velmurugan
et al., 2008
Abdallah et
al., 2008
Sadineni et
al., 2008
Velmurugan
&Srithar,
2007
Elsebaii et
al., 2008
El-Bahi
&inan, 1999

With
fin
type
With wick
and fin type
Transportab
le
hemispheric
al
Stepped
with fin and
sponges
Stepped
with
sun
tracking
A weir type

1

India

8-17

200

0.177

36

40

0.057

2.5

5.5

39

720

0.054

1

India

9-17

250

0.177

44.3

50

0.057

3

6.6

47.9

731

0.065

0.5

Canada

9-17

958

0.177

170

191.6

0.057

11

25.5

184.
5

1026 0.18

0.5

India

9-17

180

0.177

32

36

0.057

2

4.8

34.8

546

0.064

0.48

Jordan

8-18

350

0.177

62

70

0.057

4

10

68

958

0.071

0.969

USA

8-22

280

0.177

50

56

0.057

3.2

7.5

54.3

1001 0054

With sponge 1
and pond

India

8-17

350

0.177

62

70

0.057

4

9.3

67.3

837

With
shallow
solar pond
With
separate
condenser

1

Egypt

8-18

320

0.177

56.6

64

0.057

3.65

8.5

61.4
5

1183 0.052

1

Turkey

8-18

350

0.177

62

70

0.057

4

9.3

67.3

1116 0.06

(Kabeel & El-Agouz, 2011)
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Appendix 16: Life cycle cost analysis of double slope solar still
Discount rate(in decimal points)
Annual savings in Kshs
Analysis period
Residual value in Kshs
Life Cyle Investments
Multiplying factor

0.040
17548.84
10 years
0
9350
0.961538462

Year
Annual savings
Pv annual savings
Total sum PV annual savings
Year
PV Life Cycle Investments
Total sum PV Life Cycle Investments
Net cash flow
Net Present Value in kshs
Saving to Invest Ratio
Simple Pay Back Period
The Internal Rate of Return

0
1
0
17549
0
16,874
142337
0
1
9350
0
9350
9350
17548
Kshs 132,987
15
0.5
249.2

2
3
4
5
6
7
8
9
533
533
533
533
533
533
533
533
16,225 15,601 15,001 14,424 13,869 13,336 12,823 12,330

10
533
11,855

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

10
0

17548

17548

17548

17548

17548

17548

17548

17548

17548
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Appendix 17: Economic analysis for the fabricated double slope solar still

Designed double solar still designed double solar still with Fath et al., samee et al., Kumar and Tiwari,
with S =0.35P
S=0.2P(USD$)
2003
2007
2004

Average daily yied in
litres
0.962
351.13
Annual yield in litres
0.12
interest rate
Maintenance and
15%
Operation cost
10
Useful life in years
35%
Salvage value
CRF
0.177
0.057
SFF
9350
P
3272.5
S
1654.95
FAC
186.5325
ASV
248.2425
AMC
1716.66
Annual Cost/Yield
351.13
M
0.04746561
CPL

0.962
351.13
0.12

0.962
1511
0.12

0.962
585
0.12

0.962
343
0.12

15%
10
20%
0.177
0.057
9350
1870
1654.95
106.59
248.2425
1796.6025
351.13
0.050

15%
10
20%
0.177
0.057
275
55
48.675
3.135
7.30125
52.8412
1511
0.035

15%
10
20%
0.177
0.057
190
38
33.63
2.166
5.0445
36.508
585
0.062

15%
10
20%
0.177
0.057
250
50
44.25
2.85
6.6375
48.0375
343
0.140
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Appendix 18: Technical drawing of the designed double slope solar still
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Appendix 19: Isometric views
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Appendix 20: Data and graph for various days
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