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Abstract 

Lake Katwe located in Kasese district, is an explosion crater in western rift valley and 
is the largest of the eight explosion crater lakes in the Katwe-Kikorongo volcanic field, 
containing a renewable source of natural mineral salts. Salt is produced for 6 months 
of the year during the dry seasons. There are over 10,000 mud-lined pans of varying 
sizes between an estimated 200-300 m2 and 1m depth. Currently, rudimentally 
methods based on solar evaporation and crystallization to produce raw salt crystals 
are used for salt extraction at the lake. These rudimentary methods used to exploit 
the resource make this endeavor unsustainable.  As a result, relatively small 
quantities of the product are realized and often times of poor quality; therefore, this 
research sought to devise sustainable practical guidelines, procedures or techniques 
that could address the aforementioned problems. 

A methodology was adopted to characterize the site weather conditions, a model to 
mimic the actual solar evaporation process, and an economic analysis to ascertain 
the economic viability of the process. A Davis Pro2 weather station was used to 
monitor the weather conditions. The evaporation rate was also monitored by use of a 
standard class A evaporation pan. In the evaporimeter, the brine layer was very small 
and therefore the lumped heat capacity analysis was employed for the model 
calculations. The Net Present Value (NPV) and the Benefit Cost Ratio (BCR) 
methods were used to ascertain the economic availability of the process. 

Generally, there are four clear cut seasons annually; two wet seasons from May to 
June and October to January and two dry seasons from February to April and July to 
September respectively. With the relative humidity ranging from 36 % to 95 %, very 
intermittent wind regimes with speeds of up to 12 m/s whose direction varies 
considerably, an annual precipitation of 900 mm, evaporation rates of up to 2160 mm 
annually, and ambient temperatures varying from 24°C to 38°C coupled with an 
insolation of up to 965 W/m2. The model predicted evaporation rates increasing with 
increasing brine temperatures. An economic analysis that examined the process for a 
period of three years yielded a BCR that is greater than one and an NPV of about 17 
million Uganda shillings thus ascertaining the huge potential of this venture if more 
efficient expertise and technologies are sought. 
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

Lake Katwe is an explosion crater in western Uganda and is the largest of the eight 
explosion crater lakes in the Katwe-Kikorongo volcanic field, containing a renewable 
supply of natural salts. It is located in Kasese district, 550 km west of Kampala in 
Kabatooro town council. The lake lies at an elevation of 885 m, with a maximum area 
of 2.5 km2, circumference of 9 km, and a depth ranging from 0.4 to 1.6 m. The major 
economic activity at this lake predating colonial times is salt mining.  

Salt is produced for six (6) months of the year during the dry seasons. The salt is sold 
to neighbouring countries for purification and then re-imported at a premium. The salt 
is used for the leather tanning industry but there are also uses in a more pure form 
for human consumption. There are over 10,000 mud-lined pans of varying sizes 
between an estimated 200-300m2 and 1m depth [2]. The salt pans are commonly 
known as “amaziba” in the local dialect. Brine in the pans is allowed to evaporate and 
crystallize by solar radiation to produce raw salt crystals. The salt pan walls are 
shored up by wooden stakes and woven with grass (Figure 1).   

 

Figure 1: Solar pans at Katwe salt lake (Google Earth © Satellite image of Lake Katwe 
showing the surrounding salt pans)  

 
There are a number of salt grades extracted from this lake as shown in Figure 2. The 
salts are classified as grades I, II, and III based on the impurities which can be 
observed physically. These include; sodium chloride (salt grade I washed), “kiwabule” 
(salt grade II), and mahonde (salt grade III). Trona (soda ash) unlike sodium chloride 
is a black substance also sourced from the lake; it is used as a fertilizer and for glass 
making in the neighboring Kenya.  
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Sodium chloride (washed salt) is the most valuable and often times not only of poor 
quality due to co-crystallization with impurities but also harvested in relatively small  
quantities; these shortcomings are further extended to the subsequent actors in the 
value chain and ultimately to the final consumer. Grade one is harvested from the 
clean pans usually during the dry season. This forms mainly due to the natural 
evaporation of the lake brine which makes the process dependent on weather 
conditions leaving the salt winner with no control over both the quality and quantity of 
the harvested salt.  

Second to grade I is grade two that forms as scums on the surface of the brine in the 
salt pan which is muddy salt extracted at the bottom of the pan in preparation for the 
end of the dry season; this has variable composition of the components of the 
constituent compounds in the lake.  

The third grade (rock salt) is as a result of salt crystallizing at the bottom of the lake. 
This is usually harvested manually using iron bars and later placed on wooden rafters 
that transport the slabs to the lake shore followed by drying and sale. At the end of 
the study, practical measures that can improve both the quality and quantity of the 
washed salt were detailed. 

   

 
   

 
Figure 2: Three salt grades produced at Lake Katwe. (A) Grade 1, (B) Grade 2 and (C) 

Grade 3 

Disposal of the waste (such as wooden floaters) from the mining process is a 
problem that exposes the community to the associated health hazards and the 
environment to avoidable degradation; this can easily be rectified with more prudent 
mining procedures with the corresponding recommended disposal mechanisms. 

Prudent harnessing of solar energy to drive the crystallization process is key in this 
endeavor to ensure sustainable energy and land utilization for a sustainable industry. 
Rudimentary methods have been by tradition always employed to reduce the amount 

A B 

C 
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of water in the brine; this explains the numerous salt pans surrounding the lake. For 
the last 100-200 years, the climatic conditions of the Katwe area have been more arid 
than any earlier time [3]. This type of climatic conditions guarantees ample solar 
energy for the evaporative crystallization process at the lake throughout the year 
making efficient use of the resource a feasible option for the process. Therefore, it is 
upon this background that optimizing the use of solar energy for a better quality and 
quantity of the product is inevitable.  

1.2 Problem Statement 

Lake Katwe economically supports a significant number of inhabitants (salt miners of 
which more than 70 % are women)   but the rudimentary methods used to exploit the 
resource make this endeavor unsustainable.  As a result, relatively small quantities of 
the product are realized and often times of poor quality; therefore, this research 
sought to devise sustainable practical guidelines, procedures or techniques that 
could address the aforementioned problems. 

1.3 Objectives 

1.3.1 Main objective 

The research sought to devise ways of optimal utilization of solar energy for salt 
extraction at the salt lake. 

The specific objectives of the research were: 
• To characterize the site specific weather conditions 
• Develop a model to simulate the solar crystallization pond. 
• Determine the economic viability of the solar salt crystallization process 

1.4 Justification 

Despite the enormous research works conducted in the solar salt crystallization area, 
the inhabitants at the salt lake still practice rudimentary mining of salt; this has led to 
the reduction in the lake area from 3.5 km2 to the current 2.5 km2 [4]. Since salt 
extraction is an energy intensive process, no research has been done to this cause; 
hence this thesis work aims at establishing sustainable mining guidelines of the salt 
from the lake. Procedures that are supported and derived from empirical data will not 
only foster economic viability but also socio and economic viability. Improving on the 
quality and increasing the quantity of the mined grade I salt, implies an improvement 
in the house hold incomes of the inhabitants and hence a better standard of living.  

Minimal contact with the brine during the mining process is another foreseen 
outcome of the study due to the intervention that will be recommended. Excessive 
contact with brine has been a categorical problem in this endeavor; it has had a 
significant effect on the health of the womenfolk since 70% of active participants in 
this industry are women [2].  

1.5 Hypothesis statement 

Prudent use of solar energy for the evaporative crystallization of salt at Lake Katwe 
can foster sustainable production of salt.  
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1.6 Scope 

The research was limited to solar evaporative crystallization process at Lake Katwe 
mainly focusing on technical issues and modeling of the system; it excluded the 
commercialization of the products. 
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CHAPTER TWO: LITERATURE REVIEW 

This section reviews vital information on which the thesis work was based, cardinal 
among this information are the salt production methods and technologies, climatic 
factors that affect evaporation, and the various methods that can be used to 
determine  solar evaporation as discussed below.  

2.1 Conventional salt mining methods 

Solar evaporation method 
In this method, solar energy is predominantly the driving force and source of energy. 
The salt is extracted from saline water bodies and oceans by the evaporation of 
water in solar ponds thus crystallizing out salts that are subsequently harvested by 
any majorly mechanical means. It should be noted that the method works where the 
evaporation rate exceeds the precipitation rate. 

Solution mining 
Underground halite is dissolved by pumping water through its deposits and on 
reaching the surface, water is evaporated from the saline solution. This can be done 
by vapor compression evaporators ultimately yielding a thick brine slurry and salt 
crystals.   

Underground mining 
Like any other mineral, here halite deposits are accessed by drilling and blasting the 
solid rock. This can also be called rock salt mining which normally occurs at between 
100 m and over 1500 m below the surface. 

2.2 Salt production technologies 

Phase change technologies 
For phase change technologies, thermal energy is used to evaporate feed water to 
generate a system that is frequently condensed in a process known as distillation. Ice 
and salts are separated from the saline solution by the use of thermal energy in a 
freezing process. 

Non-phase change technologies 
This technology is employed in a number of processes namely: Electro-dialysis, 
reversed osmosis and ion exchange processes. Here dissolved salts are separated 
from feed water by chemical, mechanical or electrical means using a membrane 
between the product and feed water. 

Hybrid technologies 
These constitute a combination of phase change and non-phase change processes 
in a single unit or in a sequential step. In order to increase the efficiency of the 
system, several conventional technologies have been combined in order to foster the 
salt recovery process. These combinations include; ultra filtration (UF)-nanofiltration 
(NF)–multistage distillation (MSF)-crystallization or ultra filtration (UF)–nanofiltration 
(NF)-reverse osmosis (RO)-multistage filtration (MSF)-crystallization systems [5], 
membrane crystallization (MCr)-nano filtration(NF)-reverse osmosis(RO)[6]. Hybrid 
technologies have desalted solutions of high concentrations beyond the scope of the 
conventional techniques. 
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2.3.1 Solar evaporation of brines for salt producti on 

Global salt Production 

Globally, the annual salt production is over 200 million tons [7] of which one third is 
produced by solar evaporation of sea water or inland brine. Mining of rock salt 
deposits both underground and on the surface contributes the other third and the rest 
produced from solution mining as shown in Table 1 below. 

Table 1: World salt production by method 

Salt Type  World Production  

Solar Salt 80,000,000 tons/yr 

Rock Salt 60,000,000 tons/yr 

Brine 70,000,000 tons/yr 

Source: Sedivy, 2006. 

 

Depending on the process used and area, the purity of washed solar salt can reach 
99-99.5% (NaCl, dry basis) in India and China and 99.7% in Australia and Mexico. 
For processed rock salt, the purity of the salt can be estimated between 97 and 99% 
In the USA and Europe. Vacuum salt is the purest section 99.8%-99.5% pure [7]. 

Salt consumption worldwide 

The largest consumer of salt in the world is the chemical industry with about 60% of 
the total production. In this industry salt is put to use in various ways namely; 
petroleum refining, petro-chemistry, organic synthesis, glass production after 
converting it into chrome, caustic and soda ash. Salt for human consumption (table 
salt) is the second largest with 30% of the total salt consumed. Other functions like 
water treatment, road deicing and production of cooling brines among others 
constitute 10% of the total production as shown in Table 2 below. 

Table 2: World salt consumption by sector 

Salt User  Salt Consumption  

Chemical industry 60% 

Food 30% 

Others 10% 

Source: Sedivy 2006 

In the salt, it is the sodium chloride that is needed not the impurities. Therefore the 
purer the salt, the more valuable it is. Therefore, all endeavors should aim at not only 
increasing the quantity of salt produced but the quality (purity) as well.  

Distillation 

A number of distillation forms are used for salt recovery and are categorised into 
commercial and conventional salt production techniques. Other than solar 
evaporation, other processing techniques are used commercially in the production of 
salts, often times in the production of refined (table salt) and purification of raw salt.  
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Conventional distillation 

One of the most conventional salt production process practiced widely all over the 
world is solar distillation of saline water. Solar pans/ponds which are usually shallow 
are used to easily evaporate the water from the saline water by use of solar energy 
and wind; this ultimately results in salt crystallization. When the surface layer on the 
pond or pan is thick enough, this implies that salt is ready for harvesting. After 
harvesting, the salts are washed to meet the required standards and stockpiled to 
drain and dewater.  

Commercial distillation 

The principle of heating saline feed water which is then evaporated by pressure 
reduction not temperature increment is employed in the Multi stage Flash Process 
[8]. The difference here between the commercial and conventional is that the latter 
relies on temperature increment as opposed to pressure reduction as it is in the 
former’s case. 

In Nigeria, two methods of evaporating brine are employed; in the first method, brine 
is collected from dug pits/holes in calabashes that are transported by a chain of 
people to clay pots where brine is temporarily stored. From here individuals collect 
the saline water/brine to their own homes for processing [9]. While at home, the 
saline water is heated and then let to cool down thus crystallizing out sodium chloride 
in the process.  

The other method involves collection of the saline water and then some intermediate 
solar evaporative crystallization by spraying the raw-saline water on the silty sand 
beds and thus enabling solar crystallization of the salts around the soil materials [9].  
The first method has issues of the need to use firewood to heat the saline water thus 
rendering it unsustainable whereas the second method is weather dependent and 
introduces contamination issues.  

From the above, it can be concluded that in Nigeria like Lake Katwe, better solar 
energy optimization technologies with some mechanization need to be incorporated 
in the system with serious regard of the social-economic and environmental impacts.  

However in Australia and Mexico, solar salt fields are operated by the progressive 
concentration of seawater in a series of huge open ponds called concentration 
ponds, followed by brine concentration ponds, and then crystallizer ponds where 
sodium chloride is precipitated out [10]. The salt is then harvested both manually and 
mechanically and then subjected to upgrading washing processes that improve the 
quality of the product.  

Due to external factors like the uncontrollable variation of the climatic factors involved 
in solar salt production, means have been devised to control the controllable and that 
is the movement of large volumes of brine by use of the Continuous Brine Mass 
Balance over the salt field to ensure harvesting of the salt that meets both quality and 
quantity requirements [10]. 

Before Mexico and Australia emerged as major solar salt producers, historically India 
and China where the dominant forces supplying the rest of Asia including Japan. 
Though still major producers, India and China supplied limited quantities to foreign 
markets due to increased domestic demands [10]. An alternative source of salt had to 
be sought especially by Japan and they turned to Mexico and Australia.   
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By up scaling solar salt production through design of new fields and incorporating 
more efficient operations at the existing fields enabled by cautious monitoring of the 
onsite climatic conditions , these two countries have managed to meet the demand in 
Asia except during periods of adverse weather conditions. Borrowing a leaf from the 
Mexican and Australian experience, both quantity and quality of solar salt can be 
improved for the better of the salt industry in Uganda more specifically at Katwe salt 
lake. 

2.3 Salt Production in Uganda 

Salt production in Uganda has been around predating colonial times [11]; the first 
British visitors to the country towards the end of the nineteenth century attested that 
Katwe salt deposit was a genuine salt mine. The salt production at the lake has been 
unreliable and therefore unpredictable thus failing to attract the necessary 
investment. This was due to the several environmental aspects coupled by political 
factors. Normally, the salt winners used to mine the salt when there is ample sun 
shine when the rain was low and agriculture when the rain is high and the sunshine 
low. 

Agriculture along with hunting and firewood collection as economic activities were 
soon prohibited since the locality had become a national park in the name of Queen 
Elizabeth. Therefore the inhabitants were left with salt mining and fish mongering as 
the only alternatives. This resulted in intensified salt mining that ultimately led to 
famine though often times the money from the salt was used to buy food from the 
neighboring regions. 

Several feasibility studies established the enormous potential the salt lake has for salt 
mining (Arad and Morton 1969, Morton and Old 1968, Dixon and Morton 1970 and 
Kirabira et al., 2013). Despite these studies, the commercial viability of pumping the 
brine from the lake to the processing plant was judged to be low due to the choice of 
the materials for the production line components and this rendered the whole 
endeavor a failure then. Several studies have been carried out to establish the 
chemical composition of various salt grades from Lake Katwe. A number of 
compounds were found in the various salt grades [12] as shown in the Table 3. 

   
Table 3: Analysis of the chemical constituents of Lake Katwe salts, mg/kg. 

Element Sample  
G-1 G-2 G-3 

Dry Solid 
(%TS) 

96.7 95.2 73.3 

Al <200 517 462 
As 0.32 0.278 0.146 
Ba 2.09 12.5 12.1 
Ca 841 1,100 1,320 
Cd 0.0157 0.0625 0.052 
Cl 316,000 314,000 7,050 
Co 0.118 0.665 0.269 
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Cr <10 11.6 <10 
Cu 1.91 2.48 1.83 
Fe 1,070 4,030 <900 
Hg 0.118 0.09 0.0749 
K 2,360 14,400 3,700 

Mg <100 1,890 2,430 
Mn <20 57.9 <30 
Na 367,000 385,000 462,000 
Nb <5 <5 <7 
Ni 0.889 2.77 1.84 
P 42.3 98.5 210 

Pb 0.443 1.04 0.93 
S 47,300 44,800 7,440 
Sc <1 <0.9 <1 
Si 931 3,740 3,010 
Sr 4.86 56.8 54.2 
Ti 12.5 90 77.4 
V <2 3.66 <3 
W <0.4 <0.4 <0.5 
Y <2 <2 <3 
Zn 5.37 17.5 12.6 
Zr 4.92 3.32 3.58 

Source: Kasedde et al., 2012 

2.4 Evaporation 

Evaporation can be defined as the molecular transfer of liquid into gas and 
condensation is the reverse process [13]. Depending on the magnitude of the kinetic 
energy, the molecules will either move away or stay put the former having a higher 
magnitude. This introduces the term vapor pressure that determines how easily the 
molecules will leave the liquid surface, and therefore directly affects the evaporation 
rate.  

Increasing the vapor pressure increases the rate of evaporation, likewise increasing 
the temperature of the liquid increases the vapor pressure of the liquid. Implications 
of increasing the vapor pressure are, decreasing the partial pressure of the liquid in 
the ambient air and increasing the rate of transfer from liquid to gaseous state. For 
this work, focus will be on solar evaporation of water from lake brine in the ambient. 

2.4.1 Factors affecting evaporation 

Surface area 
The larger the surface area of the evaporating surface, the greater the rate of 
evaporation of anybody under consideration. By transferring water in the pond into 
water vapor in the atmosphere above the pond, evaporation ponds accomplish solar 
evaporation with other climatic factors staying favorable [14]. 
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Climatic factors 
Several climatic factors affect the evaporation rate not in isolation to each other but in 
conjunction. Sufficient energy is a prerequisite for this process; changing water from 
its liquid form to water vapor, which is anticipated to come from sunshine in this case. 
Saturated air above the liquid surface has to be removed to foster a continuous 
process. Thus the climatic factors that affect the rate of evaporation are; temperature, 
wind speed, humidity and solar insolation [15]. 

Properties of liquid being evaporated 
Due to the decreased chemical composition of evaporated liquid, dissolved salts in 
the water result in a lower saturation vapor pressure and hence a lower evaporation 
rate. Fresh water has a higher vapor pressure compared to saline water and 
therefore a higher evaporation rate keeping all other factors constant. From a number 
of hydrological databases, fresh water evaporation rates are readily available 
whereas for saline solutions a salinity factor is multiplied to the fresh water 
evaporation rate to achieve saline solution evaporation rate [16]. Figure 3 
summarises the factors that affect evaporation. 

 

 

Figure 3: Factors affecting Evaporation 

2.4.2 Methods of determining evaporation rates 

Field testing methods and equations have been developed and available for 
determining evaporation rates. The Penman equation has often been used by 
hydrologists to determine open water source evaporation rates. To determine the 
evaporation rate using this equation the following parameters should be known; field 
location, day of the year, field elevation, mean air temperature, solar radiation, 
relative humidity and average wind speed. Equation one below is the penman 
equation. 

   (1) 

    (2) 

Where; Rn – Net radiation [MJm-2 day-1] 
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             G – Soil flux density MJm-2day-2 which is assumed to be negligible = 0 

             T – Temperature at 2 m height [°C]  

 – Wind speed at 2 m height [m/s] 

            es - Saturation vapor pressure [kPa] 

            ea - Actual vapor pressure [kPa] 

            (es – ea) – Saturation vapor pressure deficient [kPa] 

Slope of vapor pressure curve [kPa°C-1] 

 - Psychometric constant [kPa0C-1] 

            λ- Latent heat of vaporization 

For field tests, normally standard evaporation pans are used to determine the 
evaporation rate according to equation 2 below; 

Evaporation = Pan Factor * Salinity Factor * (Pan Evaporation – Rainfall)             (3) 

The pan factor can be found from the following expression 

 ; where A is the area of the evaporated surface                       
(3a)        

The salinity factor on the other hand can be found by; 

  where S is the salinity in g/l                            (3b)    

2.4.3 Calculation of aerodynamic terms 

The environmental variables governing diffusion of water molecules away from the 
liquid surface of water or brine are the primary result of convective forces that act on 
evaporation. The modified Penman equation for predicting potential evaporation 
rates from a free water surface requires knowledge of several local climate variables. 
The method shown here is for daily calculation steps and uses 24 hour averages for 
temperature, humidity, and wind speed. 

The latent heat of evaporation λ (MJ kg -1)  
This is the energy required to change a unit mass of water to vapor at constant 
pressure and temperature. This varies with temperature and less of it is required at 
high temperatures compared to low temperatures. For normal temperature ranges, 
the latent heat of vaporization varies according to 

                (4) 

Where temperature is in degrees Celsius and is the mean of the daily maximum and 
minimum. 

Saturation vapor pressure 
 This is determined from the average daily temperature and when the dissolved salts 
are present, the saturation vapor pressure lowers therefore there is need to 
incorporate the water activity term to cater for this reduction as shown in the equation 
below; 

               (5) 
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The water activity coefficient term , is a function of the concentrated dissolved 
salts. For sodium chloride, the following correlation was derived from empirical vapor 
pressure data [10]. 

    (6) 

where m is the sodium chloride concentration in moles per liter of water. Between a 
temperature range of 25-45°C and a concentration range of 0-26.2 wt%, the density 
of sodium chloride solutions has been determined by the equation below [17]. 

  (7) 

where D is the solution density (gcm-3), S is the sodium chloride concentration in 
wt%, and Tsol is the solution temperature (°C). 

Slope of the Saturation Vapor Pressure Curve (∆) 

The relationship between the saturation vapor pressure and temperature is required 
to calculate the evaporation rate as well and this is given by; 

     (8) 

Psychometric constant (kPa°C -1) 

This is given by; 

     (9) 

WhereP is the atmospheric pressure that can be determined by the equation below: 

     (10) 

Where z is the height above sea level (m) 

Actual vapor pressure 

The mean vapor pressure to be used is computed as the average of the daily 
maximum and minimum values after determining the respective daily maximum and 
minimum by the following equation 

      (11) 

Extraterrestrial radiation 

The extraterrestrial radiation Ra (MJ m-2day-1) can be calculated for any latitude and 
day of year by adjusting the solar const ant Gsc for the solar declination 

  (12) 

Where; Gsc =0.0820 MJ m-2min-1,  

dr is the inverse relative Earth-Sun distance,   

 is the sunset hour angle (rad), 

 is the latitude (rad),  

is the solar declination (rad).  

the inverse relative Earth-Sun distance is given by 
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     (13) 

where J is the day number of the year . 

the solar declination angle is given by; 

     (14) 

The sunset hour angle is given by 

    (15) 

The number of daylight hours N can be determined by 

      (16) 

The solar radiation is calculated by adjusting the extraterrestrial radiation for the 
relative sunshine duration 

     (17) 

where RS is the solar radiation (MJ m-2day-1), n is the actual duration of sunshine 
(hours), N is the maximum possible amount of sunshine (hours), and aS and bS are 
regression parameters with recommended values of 0.25 and 0.50, respectively. The 
effective solar radiation reaching the ground surface is reduced by solar reflection 
caused by albedo. 

     (18) 

where Rns is the net solar radiation (MJ m-2day-1), and  is the surface albedo. The 
reflectivity of the shallow evaporation pans ought to be considered. 

The flux of long-wave radiation reflected by the ground back into space is given by 
the Stefan-Boltzmann law minus that which is absorbed by clouds, water vapor, dust, 
and carbon dioxide. The net long-wave radiation can be determined by 

  (19) 

where  is the Stefan-Boltzmann constant (4.903×10-9MJ K-4m-2day-1), T is the 
maximum and minimum temperature during a 24 hour period (K), e is the water vapor 
pressure (kPa), as and bs are regression terms, Rs is the solar radiation (MJ m-2day-

1), and Ra is the extraterrestrial radiation (MJm-2day-1). The net radiation Rn (MJm-

2day-1) is  the difference between the incoming solar radiation and outgoing long- 
wave radiation . 

     (20) 

Alternatively, best evaporation estimates have been obtained by the energy balance 
and mass balance methods [18]. For sunken pan evaporimeters, the energy balance 
method is quite difficult due to the heat losses to the surrounding. Therefore, two 
mass transfer equations are the most convenient for this endeavour [19]. The 
modified Meyer and Harbeck equations are therefore shown equations (21a) and 
(21b) below; 

                                                       (21a)                                                 
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                                       (21b) 

Where; E is the daily evaporation (mm/day) 

             V is the wind speed (m/s) 

             es is the saturated vapour pressure (mmHg) 

             ea is the air vapour pressure (mm/Hg) 

             Ta is the air temperature (0C)  

Tw is the solution temperature (0C) 

 

The water molar fraction term can be defined by all the water solutions constituting 
dissolved salts. And is given by the equation 22 below; 

                                                                                             (22) 

Where;  is the water molar fraction in solution  

 is the molarity of the solute (moles/kg of solvent) 

Using the above equation, calibration diagram of the water molar fraction was drawn 
against salinity for the experimental samples as shown in the Table 4 below; 

Table 4:  Water molar fraction as a function of salinity 

TDS (g/l)   

0.2 0.999 

40 0.975 

80 0.950 

160 0.910 

350 0.800 

Source: Kokya & Kokya (2006) 

From the table above, water resources with a solute concentration beyond 400(g/l) 
have an evaporation rate tending to zero. 

2.5 Theoretical crystal yield 

If the mass of the evaporated water is known as well as the initial concentration of the 
brine in terms of the sodium chloride concentration, the mass of the salt crystallized 
can be calculated according to this equation [20].  

   (21) 

where mS is the mass (kg) of salt crystallized, mW is the mass(kg) of the water 
evaporated, and S is the initial salt concentration of the brine in wt% of sodium 
chloride. The assumption made in this case is that the dissolved salt is pure sodium 
chloride. Inland brines occurring naturally often times exhibit higher purity [21]. It is 
expected that traces of other components have minor impact on the simulated with 
the exception of inland lakes containing high concentrations of sulphates. 
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2.6 Solar ponds 

A solar pond is a thermal system that collects and stores energy by use of a large 
water body [22]. They basically convert incident solar radiation into sensible heat in 
the contained fluids [23]. The ponds serve both purposes of collection and storage of 
the accumulated heat though they need a large surface area to collect a significant 
amount of heat due to low temperature levels coupled with intermittent solar radiation 
[23]. 

Solar ponds can be used for a number of purposes including desalination, generation 
of electrical energy and salt refining and mining. The latter being the most feasible 
application due to the several success stories in Australia, Mexico among others [23]. 

Saline solar ponds have three distinctive zones and these are [24]; 

• A stagnant top layer that acts as a transparent layer of insulation sometimes 
known as the upper convective zone 

• A middle non-convective zone  
• A low convective zone usually more saline and records the highest 

temperature due to high solar energy storage 

Despite the stratification discussed above, shallow ponds are generally thermally 
unstratified and stratification occurs in ponds with depths greater than 6-9 m unlike 
water ponds, thermal stratification is reversed that is to say that the temperature of 
the brine increases with depth [25]. 

Several heat transfer processes occur in and at the peripherals of the solar pond with 
solar energy the main energy source and evaporation the main cooling processes. 
Other heat transfer processes include; thermal radiant heat transfer at the pond 
surface, heat transfer to the ground, convective heat transfer at the pond surface and 
heat transfer due to ground water seepage where applicable. 

To ascertain the thermal performance the solar pond, several models both numerical 
and analytical have been suggested by several authors. External parameters like 
solar radiation, air velocity, relativity humidity and ambient temperature have been 
considered together with thermal conductivity, mass diffusivity, salinity variation and 
fluid temperature. 

The uniqueness of the different sites due to differences in geology and weather 
patterns necessitates development of site specific models that can thoroughly 
simulate the effect of the different parameters on the pond performance. Despite their 
variability depending on the aforementioned factors, there are general governing 
equations that are used to model solar ponds as discussed below. 

Using the lumped capacitance method, the governing equation of the model 
considers an overall energy balance on the pond as shown in equation (23). This 
equation assumes as earlier noted that temperature gradients within the pond are 
negligible. 

                                                                                           (23) 

Where; is the heat transfer to the pond 

           is the heat transfer from the pond 

            is the pond volume 
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             is the density of the pond water 

            is the specific heat capacity of the pond water 

             is the rate of change of the pond temperature with time 

A number of heat transfer mechanisms have been mentioned, and therefore equation 
(23) can be confidently re-written as shown in equation (24) 

      (24) 

 

Where;  is the solar radiant heat gain to the pond, 

            is the thermal radiant heat transfer at the pond surface, 

           is the convective heat transfer at the pond surface, 

            is the heat transfer to or from the ground in contact with the pond, 

           is the  heat transfer due to ground water inflow or outflow, 

         is the heat transfer due to evaporation at the pond surface, 

The heat transfer processes in the energy balance equation are further described 
with the necessary assumptions stated and the respective parameters defined.  

2.6.1 Solar radiant heat gain 

This is the net solar radiation absorbed in the pond. It is worth noting that not all the 
incident solar radiation is wholly absorbed by the pond; a significant part of it is 
reflected as shown in equation (25) 

                                                                                          (25) 

Where; I is the solar radiation flux, 

           is the solar reflectance, 

           is the pond area, 

2.6.2 Thermal radiant heat transfer 

The heat transfer at the pond surface due to the long wave or thermal radiation is 
modeled as shown by equation (26) 

                                                                      (26) 

Where;  is the sky temperature 

             is the pond temperature 

                                                                                  (27)     

 is the linearised radiation coefficient as defined by equation (27) where  is the 
Stephan Boltzmann constant and  is the emissivity coefficient of the pond water. 
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2.6.3 Convective heat transfer at the pond surface 

This caters for the heat transfer mechanism at the pond surface due to free and 
convection. The pond surface is assumed to be a horizontal surface in all the 
subsequent calculations. Equation (28) models the convective heat transfer at the 
pond surface. 

                                                    (28) 

Where;  is the ambient air temperature 

                                                                                      (29)    

 is the convective heat transfer coefficient, NU the Nusselt number, k the is the 
thermal conductivity of the air evaluated at film temperature and L is the 
characteristic length defined as the ratio of the area to the perimeter for flat plates. 

2.6.4 Heat transfer to the ground 

The heat transfer to the ground is modeled according to equation (30) and this is the 
heat lost or gained by the pond water from the ground. The assumption here is that 
the ground water is considered to be the constant temperature sink. 

                                                   (30) 

Where;  is the ground water temperature (sink temperature) 

                              (31) 

        

 is the ground heat transfer coefficient defined by equation (31) where  
is the ground thermal conductivity,  is the depth to the water table,  
is the pond depth and  the pond perimeter. 

2.6.5 Heat transfer due to ground water seepage 

This accounts for heat transfer due to ground water inflows and out flows. Equation 
(32) models the heat transfer due to this sense. 

                                                       (33) 

Where;                                      (34) 

 is the volumetric ground water flow computed by Darcy’s law as shown in equation 
(34) where k is the hydraulic conductivity rock supporting the pond and i the hydraulic 
gradient. 

2.6.6 Heat transfer due to evaporation 

Evaporation is the main cooling process in the pond and is modeled according to 
equation (35) with several parameters as shown below;  

                                                                            (35) 

Where;  is the latent heat of vaporization of the pond water 
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                                                                                (36) 

 is the water mass transfer due to evaporation defined by equation (36) where  
is the air humidity ratio,  is the  saturated air humidity ratio at the pond surface 
and 

                                                                                                   (37) 

 as defined by equation (37) is the mass transfer coefficient where  is as defined 
earlier,   the  air specific heat capacity at pond film temperature  and  

                                                                                                    (38) 

 is the Lewis number determined by equation (38) where  is the thermal diffusivity 
of the air and  is the binary coefficient evaluated at the pond temperature.  

2.7  Economic Analysis 

A number of methods can be employed to ascertain the economic viability of the 
proposed intervention as they are discussed below 

2.7.1 Net present value  

NPV represents the sum of the discounted project benefits less discounted project 
costs. Under this evaluation criterion, an option is considered to be potentially viable 
if the NPV is greater than zero.  NPV has been calculated using the standard 
formulation:  

NPV = PV (Benefits) – PV (Costs)                                                                           (39) 

  

2.7.2 Benefit-cost ratio  

 The benefit-cost ratio is the ratio of the present value of project benefits to the 
present value of project costs. Under this evaluation criterion a scenario is 
considered potentially viable if the BCR is greater than one.  The benefit-cost ratio 
was expressed as:  

BCR = PV (Benefits) /PV (Costs)                                                                             (40) 

2.7.3 Internal Rate of Return (IRR)  

 Internal rate of return is the discount rate at which the NPV of a project is equal to 
zero. Under this evaluation criterion a scenario is considered potentially viable if the 
IRR is greater than the benchmark discount rate. 
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CHAPTER THREE: METHODOLOGY 

This section entails the various methods, materials, and other equipment that were 
used to facilitate the experiments, model development, and the economic analysis for 
this project. 

3.1 Weather characterization 

As earlier discussed in the literature review, climatic conditions have a significant 
impact on evaporation rates. To characterize these conditions, a Davis Pro2 weather 
station was installed on the roof of the building near the salt lake and the weather link 
software was used to process the data. The weather station was able to monitor the 
variations in the following climatic parameters which included; Relative humidity, 
temperature, pressure, solar intensity, wind speed &direction, and precipitation. 
These were recorded in 30 minutes intervals by the weather station from which 
subsequent hourly, daily, monthly and annual averages could be derived. 

 

 

Figure 4: Davis Pro2 weather station 

 

3.2 Evaporation rate determination 

A standard class A evaporation pan model number 255-200 (Size: Cylindrical, inside 
dimensions 10" deep x 47-1/2" diameter (254 mm x 1026 mm), wall thickness 0.047") 
was employed for this experiment. This was installed on level ground nearly at the 
end of the cause-way into the salt lake. The pan was inspected for leaks before the 
experiment commenced and there was no worry for algae growth since it was brine 
that was being dealt with. The pan was filled with brine to within 2.5 inches of the top 
and the subsequent brine drop in the pan measured by a meter stick. A smart reader 
plus data logger was used to record the temperature with Type K thermocouple 
sensors used for temperature measurement throughout the experimental period.  The 
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trend reader software was used to process the data. Figure 5 below shows the 
evaporimeter used to determine the evaporation rate at Lake Katwe. 

 

Figure 5: Evaporimeter used to determine evaporation 

The brine levels were monitored every after three hours starting at 09:00 hours up to 
18:00 hours. This was done for seven days. This period was too short to have a 
detailed insight into the weather dynamics but sufficient for comparison of the main 
parameters that affect the evaporation process [26]. Table 5 below shows an 
evaporation record sheet that was used to record brine levels. 

Table 5: Evaporation rate record sheet 

 Time of the day  Evaporation  

Day Date 09:00 12:00 15:00 18:00 E(mm) 

1       

2       

3       

4       

5       

6       

7       

3.3 Brine physico-chemical parameters 

The physico-chemical parameters of the brine samples collected at the end of four 
experimental days were measured and these included; the electric conductivity, 
salinity, NaCl%, and total dissolved salts which were measured using an electrode 
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probe meter (HANNA instruments HI 98360, Woonsocket, RI, USA). Brine density 
was measured by a portable densito-meter (DMA 35 Anton Paar, Graz Österreich, 
Austria) Portable Density/Specific Gravity/Concentration meter from Anton Paar.  

3.4 Model development 

The brine layer was very small and therefore the lumped heat capacity analysis was 
employed. The thermal energy balance equation (23) as elaborated in equation (24) 
was used. The heat gain or loss due to ground water seepage was not considered 
due to lack of evidence to support existence of such a phenomenon at Lake Katwe 
and the rest of the processes are elaborated as discussed in the following text. 

The solar radiant gain is the major contributor of energy to this system and was 
modeled according to equation (25). The parameters in this equation included the 
insolation as got from the weather file and the brine reflectance deduced as 0.9 
which is the annual average in this locality. The pond area was circular because the 
experiment was carried out using an evaporimeter and the dimension considered 
was the evaporimeter radius. 

The heat loss or gain from the pond due to radiation was also modeled according to 
equation (26). Worth noting in this equation is the linearised thermal radiant 
coefficient modeled using equation (27). The sky temperature was estimated using 
the equation developed by [27].  

The convective heat transfer at the pond surface was determined using equation (28) 
and the corresponding convective thermal coefficient estimated using equation (29). 
A similar approach was used to estimate the convective heat transfer between the 
soil and the brine in the pond; because the impact of the heat transfer from the soil to 
the brine is small compared to others, such a relatively easy approach was suitable. 

The heat transfer due to evaporation was determined using equation (35). The 
subsequent equations from (36) to (37) were used to estimate the various 
parameters in the evaporation heat transfer equation. All this modeling was done in 
the Engineering Equation Solver (EES) environment. 

3.4.1 Solving the overall energy balance equation 

Equation 24 was used in the EES environment and was treated as a differential 
equation that was integrated with the initial temperature got from the measured brine 
temperature 310C which were all converted to Kelvin. Most of the heat transfer 
equations needed the mean brine temperature at that particular run to be known 
such that the respective heat transfer quantities are determined. The respective brine 
temperature were determined iteratively with a convergence criterion of 8.9×10-3 K 
was used. 

3.4.2 Computer Implementation 

Using the weather data in the parametric table in the EES environment, the 
equations in the code (Appendix A) were solved. As seen in Figure 6, the ambient 
temperature, wind speed, dew point temperature, solar radiation flux and relative 
humidity where used as inputs for the model to manipulate the model parameters that 
yielded the outputs. 
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Figure 6: Computer Implementation of the model 

 

3.5 Uncertainty Analysis 

The manuals and data sheets of the various instruments and gadgets used in the 
measurement of the respective measurands were reviewed and the various accuracy 
and precision values extracted. These were used to calculate the uncertainty of the 
subsequent derived/calculated values. 

3.6 Model Validation 

The model was validated by comparing the observed/experimental results and 
analytical; this was done by having both data on the same graph (see Figures 7, 11 
and 12). 

3.7  Economic analysis 

The major activity in this locality is salt mining where the revenues are derived from 
selling the three salt grades mentioned earlier. The prices at which these grades are 
sold were estimated from available literature and some interviews during the several 
encounters with the miners. The investment and expenses incurred were also 
estimated and the subsequent economic analysis done. 
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The Net Present Value (NPV) and the Benefit Cost Ratio (BCR) methods as shown in 
Equations (39) and (40) respectively were used to ascertain the economic viability of 
the mining process. The status quo cannot be accounted for economically due to lack 
of record keeping in the area. Moreover, the people in this locality do not quantify a 
number of things such as labour, maintenance to mention but a few. 

Therefore to come up with an economic analysis, a number of assumptions were 
made as will be elaborated later in the discussion. The costs and benefits were all 
estimated from the interviews with miners. A period of five years was used in the 
calculation because in the Ugandan Economy a lot changes within those years and 
after that the terms and conditions of operations always have to be reviewed. 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

This section entails a detailed analysis of the results obtained from the experiments 
showing the effect of different atmospheric variables on evaporation and ultimately 
salt production. 

4.1 Safety precautions of the salt winners 

The beliefs are not the only local constraints to the winning process; the strong 
alkaline nature of the brine in the lake is another one that calls for thorough safety 
precautions. The hypersaline water sucks moisture from their bodies and infuses 
them with toxic chemicals, the dead lake taking a toll on their health. 

The locals have however devised crude safety precautions in their wisdom that 
include; protecting the private parts by wearing condoms/plastic bags for men and 
padding for women sometimes using flour, wearing multiple clothing, gumboots for 
the legs, rubber wrappings as shin guards, super glue and paddex for the wounds to 
avoid wound worsening. 

 

 

Figure 7: A salt Miner using super glue to treat his wound and the multiple clothes used to 
protect the private parts 

 

4.2 Site specific weather conditions 

Lake Katwe is located in the Katwe - Kirongoro volcanic field in western Uganda on 
the floor of the western rift valley. Since the objective of this study was weather 
dependant, the research involved characterizing site specific weather conditions and 
the following were deduced. Generally, there are four clear cut seasons annually; two 
wet seasons from May to June and October to January and two dry seasons from 
February to April and July to September. With the relative humidity ranging from 36 
% to 95 %, very intermittent wind regimes with speeds of up to 12.1 m/s whose 
direction varies considerably, an annual precipitation of 900 mm, evaporation rates of 
up to 2160 mm annually [28] and ambient temperatures varying from 24°C to 38°C 
coupled with an insolation of up to 965 W/m2, the place is hot and dry unlike other 
equatorial climates that are hot and wet. 
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4.2.1 Evaporation experimental investigation 

Relative Humidity of over 80 % and solar insolation of up to 965 W/m2 was recorded; 
this ascertained the availability of the solar resource in the area and therefore this hot 
and dry climate was deemed favourable for the concentration of brines in solar ponds 
[28]. Table 6 shows the recorded brine levels after every three hours during the 
experiment period. The actual evaporation rates were determined using equation (3). 

Table 6: Evaporation results 

 Time of the d ay Observed  

Evaporation  

(mm)  

Analytical  Evaporation  

(mm)  Day Date 09:00 12:00 15:00 18:00 

1 12-03 - - - - 4.8 2.6 

2 13-03 17.8 16.7 14.3 12 5.8 2.4 

3 14-03 16.9 16.7 15.5 13 3.9 2.2 

4 15-03 15.6 14.6 14.5 13.7 1.9 2.3 

5 16-03 14.6 14.0 13.3 12.7 1.9 2.9 

6 17-03 14.1 13.8 12.0 11.2 2.9 1.8 

7 18-03 13.6 13.2 12.7 11.7 1.9 1.8 

 

From Table 6, it is evident that the evaporation rate decreased with time. This can be 
attributed to the increase in salinity in the evaporimeter and therefore confirms the 
effect of evaporation in the solar crystallization process in salt mining. The anomalies 
in the trends are attributed to the variation in the weather patterns. The physico-
chemical parameters of the brine samples collected at the end of four experimental 
days were measured and are presented in Table 7. 

 

Table 7: Brine Parameters 

Sample ID  EC (mS/cm)  TDS (g/l)  NaCl (%) Density(g/cm 3) 

LJ15 127.0 63.4 24.84 1.220 

LJ16 127.1 63.5 24.88 1.213 

LJ17 127.0 63.6 24.86 1.234 

LJ18 127.4 63.7 24.95 1.227 

 

As seen from Table 7, the values of all the parameters increased with time; therefore 
the values of the rest of the experimental days were extrapolated following this trend 
and therefore used in the subsequent calculations. Using the parameters in Table 7 
in the equations (1) to (20), the calculated evaporation rates were determined and 
compared with the experimental evaporation rates in Table 6. Figure 8 shows the 
comparison of observed daily evaporation trend in the evaporation pan during the 
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experimental period to the analytical evaporation rates at the salt lake. It is evident 
from the trend that the evaporation rate gradually declines with time due to increase 
in salinity of the brine. 

The observed and analytical evaporation rates are within the same range with the 
exception of day one and day two. This anomaly can be attributed to the 
extrapolation done for the parameters of these two days; but as seen from Figure 8, 
for the last for days, the values differ slightly due to measurement errors and 
equation precisions. Generally, the evaporation rates registered are acceptable due 
to the minimum discrepancies noted.  

 

Figure 8: Observed and analytical evaporation rates 

A summary of the Lake Katwe meteorological data is shown in Table 8. The 
variations in the meteorological data are also shown in Figures 8-10. The data 
summarized will be used in the subsequent models and breakdown that require the 
weather data. 

Table 8: Lake Katwe meteorological data 

Day Wind(m/s) Solar 
radiation 
(W/m2/ 

day) 

Solar 
evaporation 

(mm/day) 

Temperature(0C) Humidity (%) 

 Mean Direction Mean Max Min Mean Max Min 

1 1.47 ENE _ 4.8 31.15 34.9 27.4 45.0 51 39 

2 2.05 ENE 4,617 5.8 28.60 33.3 23.9 55.0 62 48 

3 1.47 NW 4,512 3.9 28.95 33.1 24.8 52.0 59 45 

4 1.58 E 7,063 1.9 28.65 33.3 24.0 49.5 54 45 

5 2.25 N 3,394 1.9 29.75 33.1 26.4 47.5 51 44 

6 0.73 W 4,635 2.9 29.25 33.6 24.9 51.5 57 46 

7 1.34 W 1,840 1.9 26.80 28.8 24.8 57.0 63 51 
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Figure 9: Graph showing mean temperature and humidity during the experimental period 

 

Figure 10: Graph showing mean radiation and solar evaporation during the experimental 
period 
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Figure 11: Wind speeds during the experimental period 

 

 

Figure 12: Evaporate water Vs Crystallized salt 

The theoretical salt crystallized out after evaporation was estimated using equation 
(21) and Figure 12 shows the relationship between the evaporated water and the 
crystallized salt; it can be deduced the more water evaporated the more salt 
crystallized and huge quantities of water are needed to crystallize a smaller quantity 
of water. With time, salinity increases, less water evaporated and therefore less salt 
crystallized. The model predicts less salt crystallised compared to the water 
evaporated though the trend is similar. 
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4.3 Brine Temperature variation (Measured) 

Figure 13 shows the temperature variation in the brine throughout the entire 
experimental period recorded for six days starting with day one. The brine 
temperature is important for solar pond technology because it is a clear indicator of 
the quantity of solar energy collected and stored by the brine. It is also worth noting 
the period and duration when the solar energy is trapped most. Further discussion of 
these trends is done in the Appendices B-F. The maximum and minimum measured 
brine temperatures were 34.4°C and 28.0°C respectively. 

 

Figure 13: Brine temperature variation for the six days 

4.4 Model results 

4.4.1 Brine temperature variation with time 

The brine temperature was highest between 1215 to 1400 hours and lowest between 
0500 to 0700 hours. During 1200 to 1400 hours, the radiant solar energy incident on 
the brine surface has accumulated for some time and coincides with peak radiant 
solar energy though for some days these peaks do not coincide; between 0500 to 
0700 hours in the morning most of the heat has beem lost due lack of sunshine that 
chiefly supplies the energy required to keep the temperatures high. The solar 
radiation is highest between 1330 to 1430 hours and this shows there is  a time lag 
between the highest brine temperature and the ambient conditions. The brine 
temperarature was highest when the the radiant solar energy was highest, relative 
humidity lowest and ambient teamperature lowest. 

Figure 14 shows the variation of the brine tempearture with time for the experimantal 
period. The model result here shows troughs, the rate of addition of solar energy had 
reduced in some cases upto zero and the peaks show the maximum brine 
temperatures (presence of solar radiation). These maxima(peaks) and 
minima(troughs) varry because the different days had varrying weather conditions 
and it should be reiterated that these do not coincide with the ambient conditions; 
there is a time lag. 

Compared to the meaured brine temperatures, the maximum brine temperature 
predicted by the model was 33.90°C compared to 34.42°C and the minimum 
temperature predicted by the model was 21°C compared to 27.97°C measured data. 
The disperities in the results posted by the model can be attributed to the physical 
model used which was the solar pan whose behavior was not as for the real pond.  
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The temperature of the brine fell considerably during the night because the pan depth 
was small and therefore sufficient energy was not stored in the brine. 
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Figure 14: Brine Temperature variation with time 

 

4.4.2 Comparison between analytical temperature and  the measured 
temperatures 

As seen from Figure 15; both the model and measured temperatures lie within the 
same range which ascertains that the model fairly predicts the brine temperature. 
The two troughs evident in the figure are as a result of the model interation at these 
points not solving within the set tolerance.   

 

Figure 15: Comparison between Measured and Model Temperatures 
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4.4.3 Uncertainty  Analysis 

HANNA instruments HI 98360, Woonsocket, RI, USA measured Salinity and 
Electrical Conductivity with an accuracy of +/- 0.5% and the portable densito-meter 
(DMA 35 Anton Paar, Graz Österreich, Austria) measured density with an accuracy 
of +/- 0.001g/cm3. The brine temperatures in the salt pan were measured Type K 
thermocouple loggers with an accuracy +/- 0.5% and resolution of 0.3oC. For the 
Davis pro 2 weather station, Table 9 summarises its specifications. 

 

Table 9: Davis Pro2 weather station data sheet 

Specifications 

Product Type  Davis Vantage Pro2 

Barometric pressure range  26 to 32 in Hg ( 880 to 1080 mbar) 

Barometric pressure 
accuracy  

±0.03 in Hg (1.0 mbar) 

Dew point range  -105 to 130°F (-76 to 54°C) 

Temp accuracy (inside) 1°F (0.5°C) 

Temp accuracy (outside) 1°F (0.5°C) 

Temp range (inside) 32 to 140°F (0 to 60°C) 

Temp range (outside) -40 to 150 °F (-40 to 65°C) 

RH range (inside) 10 to 90% 

RH range (outside) 0 to 100% 

RH accuracy (inside) ±5% 

RH accuracy (outside) ±3% 

Dew point accuracy  ±3°F (1.5°C) 

Wind speed range  2 to 150 mph; 2 to 130 knots; 1 to 67 m/s; 3 to 241 
km/hr 

Wind speed accuracy  ±5% 

Wind direction range  0 to 360° 

Wind direction accuracy  ±3°F (1.5°C) 

Rain fall range  0 to 99.99 in 

Rain fall accuracy  ±4% 

Time range  24 hours (12 or 24 hour format) 

Time accuracy  8 sec/month 

Display  LCD 
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Dimensions  Display console: 9.5 in W x 6 in H x 1.5 in D 
Sensor assembly: 8.25 in W x 7.25 in H x 7.75 in D 

Power  110 VAC 

CE Compliance  Yes 

Brand  Davis Instruments 

Wind chill range  -110 to 130°F (-79 to 54°C) 

Wind chill accuracy  ±2°F (1°C) 

Model  6152 

Manufacturer number  6152 

Source: Davis Pro2 Manual 

Using the aforementioned accuracies and specifications, EES was used to calculate 
the uncertainty of the brine temperature as this is the most important parameter in the 
evaporative crystallisation process. Figure 16 below shows the results of the 
temperature uncertainty analysis as calculated using EES. The uncertainty of the 
model temperature ranged between 0.088-0.557oC; this implies that the values 
posted by model are relatively accurate. 
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Figure 16: Uncertainty analysis of the model temperatures
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4.5 Correlation of the model parameters 

 

Table 10: Correlation of model parameters 

  Time T_a U_o DP1 I phi_a  T_sky  T_B_A T_B q_convection  q_evaporation  q_ground  q_sol ar q_thermal  

Time 1 -.084 -.033 .074 -.016 .192* -.070 .089 -.022 -.072 -.068 .151 -.020 -.059 

T_a -.084 1 .209** .793** .248** -.637** 1.000** -.198* .691** -.075 -.077 .204* .257** .316** 

U_o -.033 .209** 1 .197* .105 -.061 .176 -.100 .317** -.062 -.019 .179 .062 -.211* 

DP1 .074 .793** .197* 1 .351** -.072 .798** -.381** .529** .021 -.020 -.017 .355** .288** 

I -.016 .248** .105 .351** 1 .035 .254** -.194* -.016 .040 .025 -.092 1.000** .333** 

phi_a .192* -.637** -.061 -.072 .035 1 -.666** -.144 -.483** .143 .096 -.341** .030 -.173 

T_sky -.070 1.000** .176 .798** .254** -.666** 1 -.117 .692** -.074 -.077 .204* .254** .315** 

T_B_A .089 -.198* -.100 -.381** -.194* -.144 -.117 1 .183 -.131 .092 .236* -.103 -.389** 

T_B -.022 .691** .317** .529** -.016 -.483** .692** .183 1 -.028 -.096 .332** -.016 -.467** 

q_convection -.072 -.075 -.062 .021 .040 .143 -.074 -.131 -.028 1 -.012 .065 .040 -.057 

q_evaporation -.068 -.077 -.019 -.020 .025 .096 -.077 .092 -.096 -.012 1 -.195* .025 .034 

q_ground .151 .204* .179 -.017 -.092 -.341** .204* .236* .332** .065 -.195* 1 -.092 -.202* 

q_solar -.020 .257** .062 .355** 1.000** .030 .254** -.103 -.016 .040 .025 -.092 1 .333** 

q_thermal -.059 .316** -.211* .288** .333** -.173 .315** -.389** -.467** -.057 .034 -.202* .333** 1 

 
*  .Correlation is significant at the 0.05 level (2-Tailed) 

** .Correlation is significant at the 0.01 level (2-Tailed) 
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4.5.1 Correlation Discussion 

In the design of the solar concentrators and other devices that will aid the 
evaporative solar crystallisation process, understanding the interaction of the various 
weather parameters is key and therefore a correlation of these parameters was 
made.  

A number of parameters mainly weather parameters had a profound effect on the 
system. A correlation was done in SPSS using the Pearson method and the 
subsequent results posted. This section therefore highlights those parameters that 
had a significant effect on others. 

The ambient temperature (T_a) had a strong correlation with the dew point 
temperature (DP_1) having posted a value of 0.793. It had moderately strong 
correlation with both the relative humidity and the brine temperature posting -0.637 
and 0.691 respectively and a weak relation with the thermal heat loss (q_thermal) 
from the pond. The dew point temperature being the temperature below which the 
water vapour in humid air condenses into liquid water at a given pressure renders it 
dependent on both the ambient temperature and the relative humidity and this 
explains the correlations posted.  

The thermal heat loss correlation with the ambient temperature was weak due to a 
number of other parameters such as the heat transfer coefficient that affects this type 
of heat transfer. The brine temperature increased with increasing ambient 
temperature; this ensured a net heat gain in the pan and a net heat loss when the 
ambient temperatures dropped. 

The insolation (I) had a weak correlation with the ambient temperature, due point 
temperature, sky temperature (T_sky) and the thermal heat loss. It is worth noting 
that it had a perfect correlation with the heat gain due to insolation.  The brine 
temperature had a weak correlation with the relative humidity correlation with the 
wind speed, heat gain from the ground (q_ground) and the thermal heat loss. The 
weak correlation of the insolation and the ambient temperature is as well due to a 
number of the other parameters that will affect the variation of the ambient 
temperature with insolation.  

The brine temperature had a weak correlation with the relative humidity because high 
relative humidity impedes evaporation and therefore evaporative cooling is also 
limited. In this process a number of parameters are involved which explains the weak 
correlation. The wind speed is another parameter that fosters evaporation but as 
discussed earlier, it is one out of the many parameters in this process and therefore 
its contribution is significant but not enormous. Therefore, the correlation between the 
wind speed and the brine temperature exists though weak 

4.6 Results Economic analysis 

As mentioned earlier, the pan sizes vary between 200-300 m2 in area and depth of 
about 1 m. The pans are maintained by removing mud from the bottom every two to 
three weeks followed by pan overhauling (rehabilitation) every three years. Each pan 
yields about 24 bags monthly. It was estimated that each bag contains about six 
basins each containing about 25 kg of wet salt or 22 kg of dry salt.  
 
Halite goes for about two thousand and a hundred Uganda shillings (UGX 2,100) 
each bag in the dry season and over seventeen thousand and five hundred shillings 
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(UGX 17,500) in the rainy season, every 100 kg of rock salt was estimated to be sold 
at twenty five thousand Uganda shillings (25,000). The construction of each salt pan 
was estimated to be between eight hundred thousand Uganda shillings (800,000) to 
seven million Uganda shillings (7,000,000). This variation results from the varying 
size of the salt pans as well as their productivity. Table 12 summarizes the average 
product prices per tonne as estimated using the aforementioned text and Table 13 
summarizes the annual production in tonnage of the different salt Grades. 
 

Table 11: Average Prices of the Salt Mineral products 

Product  Pric e(UGX/tonne) 
Grade One  80,000 
Grade Two  60,000 
Grade Three  250,000 

 
Table 12: Annual Production of the different salt grades in tonnage 

Product  Annual Production(ton nes) 

Grade One 41.472 

Grade Two  24 

Grade Three  329.4 

 

Before production commences, there is always an investment interns of constructing 
the salt pan and acquiring the necessary equipment to foster the project. As well, a 
number of costs are incurred in the running of the day today activities of the salt 
production process which are summarized in Table 14; 

Table 13: Costs and Expenses for the salt production process 

Item Cost(UGX ) 

Salt Pan  10,650/m2 

Operations Cost  48,074/tone 

 

To determine the present worth of the costs and benefits, an interest rate of 16.8 % 
(Bank of Uganda) was used which is an average of the three previous years (2011- 
2013). The present worth was found using equations (41) and (42). 
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Where i is the interest rate 

          n is the number of years 

          p is the present worth 

          f is the future worth 
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A period of three years was used to evaluate the project since this is the period until 
when an overhaul is done on the system. It was estimated that by this time, the salt 
pan will have depreciated from about three million to two million Uganda shillings. 
The three million shillings is a capital cost that is incurred during the construction of 
the salt pan where an average area of 300m2 used. Table 15 summarizes the annual 
expenses and expenses derived from interviews with the natives. 

Table 14: Annual estimates of revenues and expenses 

Annual  Amount(UGX  in millions)  

Revenues  3.32 

Expenses  2 

 

4.6.1 Net Present Value and Benefit Cost Ratio calc ulation 
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11.168
2  3.19  NPW(C) = 7.62 million 

NPV = 24.11 – 7.62 

NPV = 16.49 million 

B/C = 24.11/7.62  

B/C =3.16 

After estimating all the costs and revenues, the actual economics analysis using the 
Net Present Value (NPV) and Benefit Cost ratio methods were used to ascertain the 
economic viability of the project and justified the economic viability of the project and 
are summarized in Table 16; 

 

Table 15: Summary of the economic analysis (Halite) 

 BCR NPV 

Halite  3.16 16.49 

4.6.2  Project future performance (March 2012 – Mar ch 2022) 

The future performance of the salt production process was estimated assuming 3.2 
% annual increase in the operating costs and a 1.7 % annual increase in the 
revenues from all the salt grades; this was done in excel (Appendix C). Figure 21 
shows a gradual increase in the revenues of all the salt grades with Grade III posting 
the biggest amount while Grade II is expected to post the lowest. Grade III posts the 
highest revenues due to its readily available market (animal feeds) while the other 
grades continue to struggle despite their potential due to poor quality. This therefore 
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requires better refining procedures to make these grades more palatable and 
valuable. 

 

 

Figure 21: Projected Revenues from the three salt grades 

The total annual costs and net present worth of the project over a period of ten years 
were projected as seen in Figure 22. The net present worth of the project is expected 
to increase steadily with increasing costs. This is due to the expected demand for the 
products (due to population growth) and the increased interest in the resource by the 
authorities. The operating costs are expected to increase as better expensive devices 
and methods will be employed (see chapter five). 

 

Figure 22: Projected costs and Net Present worth. 
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Generally, there are four clear cut seasons annually; two wet seasons from May to 
June and October to January and two dry seasons from February to April and July to 
September. With the relative humidity ranging from 36% to 95%, very intermittent 
wind regimes with speeds of up to 12.1m/s whose direction varies considerably, an 
annual precipitation of 0 to 15 mm, evaporation rates of up to 165 mm annually and 
ambient temperatures varying from 24°C to 38°C coupled with an insolation of up to 
965W/m2, the place is hot and dry unlike other equatorial climates that are hot and 
wet. The lake lies at an elevation of 885 m, with a maximum area of 2.5 km2, 
circumference of 9 km and a depth ranging from 0.4 to 1.6 m. 

The model predicted evaporation rates increasing with increasing brine temperatures 
and a negative evaporation due to the low relative humidity at that instant. When the 
brine temperature was higher than the ambient temperature, sky temperature and 
soil temperature; the heat due to convection, radiation and ground were lost to the 
surrounding and vice versa. The brine temperatures where highest when; the 
ambient temperature was high, relative humidity was low and high solar radiant 
energy. The correlations showed that ambient and sky temperature had a perfect 
correlation as well as the solar radiation and the heat gain due to solar radiation. The 
ambient temperature, sky temperature and the dew point temperature had strong 
correlations. 

For a period of three years, the salt mining at Katwe salt lake is economically viable 
due to the favorable climate and the cheap labour as well as a readily available 
market for the products. This was deduced from the results yielded by an NPV of 
16.49 million which shows that the project is economically sustainable. A benefit cost 
ratio of 3.16 which is more than one that justifies the indulgence in the venture.   

5.2 Recommendations  

5.2.1 Technical recommendations 

To characterize the climatic conditions at this location, the weather station at this site 
should be stationed at this site for a relatively long period of time; at-least three years 
if not permanent to have a clear pattern of the weather conditions. 

The model should be refined by having the physical model as the salt pan not the 
evaporimeter and the subsequent measurements done on this physical model and 
monitored for at-least three years. In this, a model that can almost accurately predict 
the salt pan parameters can be developed. 

Solar energy being intermittent and sometimes insufficient, setting up of solar dryers 
and concentrators is highly recommended to aid the process. In the process of 
designing devices and equipment to foster the crystallisation process, manipulation of 
the relative humidity with respect to both ambient and dew point temperatures will be 
vital since these parameters were significantly correlated and they directly affect the 
evaporation process. 

From Table 7, it is evident that the density of the brine increased with time due to 
evaporation; therefore frequent monitoring of the brine density will help in tracking the 
progress of the process and subsequently foster timely mining.  
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Miners should consider wider ponds over deeper ones; this is because wider ponds 
trap more solar energy and it is easier for solar radiation to penetrate shallow ponds. 
It is upon this observation that future researchers should come up with optimum 
depths and breadth of the solar ponds. It is worth noting that at lower operating 
depths, coarser and denser salt is produced and a harder bed compared with those 
operating at greater depths. This fosters mechanical operation of salt harvesters as a 
result of the high load bearing capacity of salt.   

The activities involved in the mining process should be mechanized to expand the 
scale of harvesting and delivery of the products. This can be achieved by using 
tractors with conveyors that can cut the salt and then automatically deliver it for 
washing. In this regard, salt miners will have minimum contact with the salt. Before 
this is done, the salt miners and other need to be exposed the outside world where 
this process is undertaken differently. 

The mud-line salt ponds subside in the lake during a storm, this contaminates the 
lake. It is therefore recommended to consider constructing permanent salt pans to 
avoid lake contamination, minimise the leakage through the pond floor, retaining 
banks, floodwaters diverted away from the ponds or channelled safely to discharge 
locations. Multiple ponds prior to both the nurse pond the crystalliser are highly 
recommended to ensure continuity of the process and to foster evaporation. And 
these will reduce on the operating cost. 

5.2.2 General recommendations 

During the course of this research, it was noted with serious concern that the safety 
and health of the miners was at a great risk. Therefore informing them about use of 
protective gear during mining is essential. 

Miners should be organized into a cooperation that invests in this venture at a larger 
scale than individual efforts that have ruined the lake. This will ensure easy access to 
the more efficient & modern technologies and expertise that will be used to 
sustainably run the salt making process. 

During the course of the year, there is a rainy season(s) where solar insolation is not 
sufficient for solar production. The miners should use this time to carry out major 
maintenance and rehabilitation on the solar pans and also prepare for the new salt 
production season. 

Lake Katwe is home to a precious resource that needs to be exploited with utmost 
soberness; this will require aiding of solar energy harnessing in times of insufficiency 
and thorough environmental and health precautions. Having adhered to the 
aforementioned, commercialisation of the products will be easy as a steady supply 
will be ascertained. 
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Appendix A (Working Code) 

$UnitSystem SI MASS RAD PA K J  
$Tabstops 0.2 0.4 0.6 3.5 in  
"Brine Evaporation Model " 
Function Nusselt(u_o, Re, Pr, Ra_1) 
 if (U_o>0) then 
  Nusselt=0.664*Re^0.5*Pr^(1/3) 
 else 
   if ((U_o = 0) and (Ra_1>=10^5) and (Ra_1 <= 10^7)) then 
     Nusselt=0.54*Ra_1^0.25 
   else 
     Nusselt = 0.15 * Ra_1^(1/3) 
   endif 
 endif 
END 
$IfNot ParametricTable 
 I = 781[w/m^2] 
U_o = 3.5[m/s] 
T_a = converttemp(C,K,28 [C])                                                          
phi_a = 0.50 
DP[1] = converttemp(C,K,20 [C])  
$EndIf 
"! Input Parameters" 
p=1 [atm]*convert(atm,Pa) 
C_p_B = SpecHeat(NaCl,T=T_B,C=8.7[%])                                                                   
c_p_a = SpecHeat(Air,T=T_a)                                                                                            
r = 0.6096[m] 
D_w = 0.1905[m] 
mu = viscosity(Air, T = T_film) 
nu = mu/rho_a_s 
mu_b = Viscosity(NaCl,T=T_film,C=8.7[%]) 
nu_b = mu_b/rho_b 
T_film = (T_B+T_a)/2 
T_soil = 1.02 * T_a - 5.738{converttemp(C, K, 25[C])} 
alpha_w = k/(rho_b * c_p_b) 
alpha_a = k/(rho_a_s * c_p_a) 
 k = 0.0259[w/m-k] 
{n_s = 8} 
{N = 12} 
rho_b = 1227[kg/m^3] 
rho_a_s = density(Air, T = T_film, P = P) 
D_AB = D_12_gas('Air', 'water', T_film, P) 
Re = U_o * L/nu 
Pr = c_p_B * mu/k 
Sc = nu/D_AB 
"The  thermal  balance  equation  for  the  brine layer of a  unit area is" 
 dT_Bdt = (q_solar +q_thermal + q_convection + q_ground + q_evaporation) / 
(V_pond * rho_b * c_p_B) 
A_pond = Pi# * r^2 
V_pond = A_pond * D_w  
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"! Heat Transfer Equations" 
"Integrate dT_Bdt to find T_B as a function of time" 
T_B =T_i + integral(dT_Bdt,Time) 
T_i = converttemp(C, K, 30.62[C]) 
"Rate  of  solar  energy  absorbed  by  the  brine" 
q_solar = I * (1 - psi) * A_pond 
psi = 0.9 
"Rate of  heat  transferred  from  the surface  of  the salt  pan to  the  air  by  
convection" 
q_convection = h_c_B * A_pond *  (T_a - T_B) 
h_c_B= Nu_l * k / L 
L = A_pond/Peri 
Peri = 2 * Pi# * r 
Nu_l = Nusselt (Re, Pr, Ra_1, U_o) 
Ra_1 =  g# * beta_a  *(T_b - T_a) /(nu * alpha_a) 
beta_a = 1/T_a 
"Rate  of  heat  loss  from the  brine  to/from  the ground by conduction" 
q_ground = h_c_g * A_pond * (T_soil - T_B) 
h_c_g = (k/D_w) * 0.069 * Ra^(1/3) * Pr^0.074 
Ra = g# * beta * D_w^3 * (T_soil - T_B)/(nu_b * alpha_w) 
beta = 1/T_B 
"Rate of heat loss from the brine to the sky by radiation" 
 q_thermal = h_r * A_pond * (T_sky - T_B) 
h_r = 4 * epsilon * sigma# * ((T_B + T_sky) / 2)^3  
T_sky = 0.055 * T_a^1.5 
epsilon = 0.96 
"Rate of heat transfer due to evaporation" 
q_evaporation = m_dot_w * A_pond * h_f_g 
h_f_g = 2257000[J/kg] 
m_dot_w = h_d * (omega_air - omega_surf) 
omega_air=HumRat(AirH2O,T=T_a,D=DP[1],P=P) 
omega_surf=HumRat(AirH2O,T=T_film,D=DP[1],P=P) 
h_d = h_c_B/(c_p_a * L_e^(2/3)) 
L_e = alpha_a/D_AB 
 
 
Appendix B; Heat due to evaporation variation with time 

The heat transfer due to evaporation was very small as seen from Figure 19 due to 
the small dimensions of the evaporimeter used as the physical model. Most of the 
evaporation happened during the day and therefore positive heat rates due to 
evaporation posted and when  the ambient  temperature is  lowest  and  relative  
humidity highest  in  the simulated days, in  the meantime, a negative evaporation  
(water condenses onto the surface of brine layer) occurs and subsequently a 
negative heat rate due to evaporation noted. It should be noted that because of the 
heat storage in the pan some evaporation occurred overnight. The values posted 
were posted where very small but still we could realize the trend evaporation 
followed. The rate of evaporation closely followed the ambient temperature and solar 
radiant energy. 
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Figure 17: Heat Due to evaporation variation with time 
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Figure 18: Evaporation mass flow rate variation with time 

 

Appendix C; Heat flow rate due to convection as a f unction of time 

The brine temperature posted was always greater than the ambient temperature; 
therefore the pan always lost heat to the surrounding which explains the negative 
values posted by the model. This was more pronounced (see Figure 21) at night as 
the brine temperatures where significantly higher than ambient temperature. The 
values are huge compared to the one due to evaporation because the metallic pan 
was not insulated and therefore had a high heat transfer coefficient. 

The convection heat rate was hugely determined by the wind regime on the site. 
These where intermittent with huge surges at times that explains the surges in the 
convective heat transfer. The rest of the values relatively remained constant due to 
the prevailing still air that was predominant at this location 
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Figure 19: Heat due to convection variation with time 

Appendix D; Heat flow rate from the ground (pan bas e) as a function of time 

The average soil temperature at this locality was averagely higher than the brine 
temperature which resulted in net heat gain in the pan. When the ambient 
temperature varies, the soil (heat sink) does not vary significantly. As stated earlier, 
the metallic pan has a high heat transfer coefficient which results into the large net 
heat gains as shown in the Figure 22. 

0 100000 200000 300000 400000 500000 600000
0

10000

20000

30000

40000

50000

60000

Time  [sec]

q
gr

ou
nd

  [
w
]

 

Figure 20: Heat gain from the ground variation with time 

Appendix E; Radiant heat transfer with respect to t ime 

Generally as seen in Figure 23, the pond surface radiated heat to the surrounding 
because the sky temperature was always higher than the brine temperature. This 
was more pronounced at night as the brine temperatures where significantly higher 
than the sky temperature. In this locality which is almost semi-arid, in the night the 
skies are open and therefore the sky temperature drops drastically in the night and 
increase steadily during day. 
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Figure 21: Thermal heat variation with time 

 

Appendix F; Solar energy gain variation with time 

The solar radiation incident on the brine surface was highest between 1300 and 1430 
hours and therefore the resulting heat gain due to this radiation was as well highest 
in the aforementioned duration. Figure 24 shows the peaks that correspond to the 
high insolation during the day and none during the night. The variations in the values 
are as a result of varying insolation on the respective days and the relatively low 
values are due to the high reflectance of the brine. It should be noted that these 
peaks coincide with the high insolations during the day. 
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Figure 22: Solar gain energy variation with time 
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Appendix G  (Evaporated water and crystallized salt; Mw and Ms respectively.) 
 

 

Day Pan Area Pan Factor TDS Salinity Factor Brine drop Evaporation Volume Density Mw Salinity Ms 

1 1.76714587 0.983488 

63.1 

0.9821633 0.005 0.004829731 0.0085348 0.00197 1.68136E-05 23.95 5.29146E-06 

2 1.76714587 0.983488 

63.2 

0.9821256 0.006 0.005795455 0.0102414 0.00121 1.23921E-05 23.99 3.90827E-06 

3 1.76714587 0.983488 

63.3 

0.9820879 0.004 0.003863488 0.0068273 0.001214 8.2884E-06 24.81 2.72901E-06 

4 1.76714587 0.983488 

63.4 

0.9820502 0.002 0.00193167 0.0034135 0.00122 4.16452E-06 24.84 1.37333E-06 

5 1.76714587 0.983488 

63.5 

0.9820124 0.002 0.001931596 0.0034134 0.001213 4.14047E-06 24.88 1.36822E-06 

6 1.76714587 0.983488 

63.6 

0.9819746 0.003 0.002897282 0.0051199 0.001234 6.31798E-06 24.86 2.08562E-06 

7 1.76714587 0.983488 

63.7 

0.9819368 0.002 0.001931447 0.0034131 0.001227 4.18793E-06 24.95 1.38891E-06 
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Appendix H (Economic Analysis) 

  Present Value Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 

Benefits                       

Grade One (million UGX) 3.32 3.55 3.80 4.07 4.35 4.66 4.98 5.33 5.70 6.10 6.53 

Grade Two (million UGX) 1.44 1.54 1.65 1.76 1.89 2.02 2.16 2.31 2.47 2.65 2.83 

Grade Three (million UGX) 82.35 88.11 94.28 100.88 107.94 115.50 123.59 132.24 141.49 151.40 161.99 

Total Benefits 87.11 93.21 99.73 106.71 114.18 122.18 130.73 139.88 149.67 160.15 171.36 

                        

Costs                       

Capital Costs                       

Construction of the salt pans 3.195 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total Capital Costs 3.195 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                        

Operating Costs                       

Operating Costs 6.3 6.50 6.71 6.92 7.15 7.37 7.61 7.85 8.11 8.36 8.63 

Total Operating Costs 6.3 6.50 6.71 6.92 7.15 7.37 7.61 7.85 8.11 8.36 8.63 

TOTAL COSTS 9.495 6.50 6.71 6.92 7.15 7.37 7.61 7.85 8.11 8.36 8.63 

NPV 77.615 86.71 93.02 99.79 107.04 114.80 123.12 132.03 141.57 151.78 162.73 

BCR 3.16                     

 


