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Abstract

In this study, the potential of solar energy for use in rural households of Kenya
has been investigated. The main objective was to determine the viability of the
solar energy resource as an alternative energy source that would alleviate or
minimize the myriad of environmental and health problems associated with
biomass based fuels predominantly used in the households. The stochastic
behavior of sunny and cloudy spells has been modeled using the theory of
runs, Poisson probability density function of occurrence of the spells and the
geometric distribution of the length of the spells. A major application of the
spells analysis is in the prediction of extended sunny and cloudy durations,
which forms a basis for planning the solar energy use strategies. Results have
indicated that the potential is quite promising and that substantial wood fuel
savings and CO, reductions are envisaged. These translated to environmental
conservation and reduced risks of exposures to health hazards associated with
wood fuel use.
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1. Introduction

Energy is one of the most fundamental needs for sustainable socio-economic de-
velopment of any nation [1]. Over the years, Kenya has experienced a growing
demand for energy for both domestic and industrial activities owing to the in-
creasing population and diversification of economic activities. Hydroelectricity

and petroleum are the major sources of energy for most industrial activities in
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the country. About 87% of the country’s domestic energy demand is met by bio-
mass, in particular wood fuel and agricultural/animal wastes. Wood fuel, how-
ever, provides 90% and 85% of rural and urban households’ energy requirement
respectively [2]. Demand for wood fuel has led to substantial deforestation and
land degradation [3]. Further, biomass cooking on traditional stoves is a major
source of concentrated air pollutants including respirable particulate matter,
carbon monoxide, nitrogen oxides, benzene, formaldehyde and aromatics. In
many African countries, these have been linked to respiratory and pulmonary
disorders including lung cancer, pneumonia, complications associated with
pregnancy and other serious burns as well as eye infection [4] [5]. Abundance of
indoor pests such as flies, termites, mosquitoes and rodents in rural homes is
also related to the collection, storage and combustion of wood fuel as well as
waste disposal. These pests may be vectors of human and other animals diseases.
It is, therefore, apparent that the health, deforestation and environmental
degradation risks associated with biomass energy based cooking are becoming
increasingly clear. This necessitates the search for efficient and appropriate tech-
nologies utilizing renewable sources of energy to reduce the demand on the fast
depleting wood fuel resource and restore the ecological balance. Solar energy
promises to be the fuel for tomorrow because of its multifaceted advantages.
There are no emissions of gaseous pollutants or solid waste deposits from de-
centralised small units like solar cookers, solar water heaters and photovoltaics.
Solar cookers are also labour saving, health saving and sometimes life-saving.
This paper, therefore, investigates the potential of solar energy for use in rural
households of Kenya. One of the key issues in any solar energy utilization is the
duration (in days) of continuous solar energy availability in any given season.
The stochastic behaviour of sunny spells (periods of continuous solar energy
availability) and cloudy spells (periods of continuous solar energy deficits) is
modelled using the theory of runs, Poisson probability density function of oc-
currence of the spells and the Geometric distribution of the length of the spells.
A major application of the spells analysis is in the prediction of extended sunny
and cloudy durations which forms a basis for planning the solar energy use
strategies. The spells also form a basis for evaluating wood fuel savings and
hence environmental conservation as well as health hazards reduction in rural

homes of the country.

2. Justification of This Study

Spatial and Temporal characteristics of global solar radiation have been exam-
ined in Kenya [6] [7]. By applying relatively simple techniques, these researchers
have presented mean monthly values of global radiation which have revealed
that north-western Kenya has the highest solar energy potential. The area main-
tains high radiation values throughout the year even during the month of July, a
month with the largest values of cloud cover and lowest radiation values over
many parts of the country.

However, the practical use of any solar energy system will require knowledge
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of the expected number of hours (duration) of continuous solar energy availabil-

ity in any given day and season. This forms the fundamental basis of this study.

3. Objective of This Study

The main objective of this study was to determine the viability of the solar ener-

gy resource as an alternative energy source that would alleviate or minimize the

environmental and health problems associated with the use of biomass based fu-

els in rural households of Kenya. Specific objectives were:

1. To determine the stochastic characteristics of sunny and cloudy spells for the
four standard seasons experienced in the country.

2. To provide an illustration on quantified environmental benefits likely to be
achieved from the applications of the spells in (1) above with regard to rural

household energy use.

4. Data and Methodology
4.1. Data

Three global solar radiation measuring stations representing the high, moderate
and low solar energy potential regions of Kenya have been chosen for analysis.
These stations, Lodwar, Mombasa and Nyeri (Figure 1) possess daily global so-
lar radiation data for the period 1975-2015. Lodwar station (3.11°N and 35.61°E)
is located in the Arid and Semi-Arid Lands (ASALs). The area is characterized
by a dry and hot climate as well as unreliable rainfall pattern ranging between
150mm and 400mm per annum. It experiences very high temperatures during
the day and moderate temperatures during the night all year round. The tem-
peratures range between 25°C - 35°C all the year round. Mombasa station (4.03°S
and 39.61°E) is located within the coastal region and represents areas close to
large water bodies. The area experiences a warm, tropical climate. The amount
of rainfall depends essentially on season. The rainiest months are April and May,
while in January to February the rainfall is minimal. Total annual rainfall aver-
ages 1072.7 mm. The annual mean temperature is 26.3°C. Nyeri station (0.40°S
and 36.97°E) on the other hand is located within the highland areas of the coun-
try. The area experiences equatorial rainfall due to its location within the equa-
torial highland zone of Kenya. The long rains occur from March to May while
the short rains come in October to December, but occasionally this pattern is
disrupted by abrupt and adverse changes in climatic conditions. The annual rain-
fall ranges between 500 mm - 1600 mm depending on the season. Monthly mean
temperatures in this area range from 12.8°C -20.8°C.

The global radiation dataset for these three locations was obtained from the

Kenya Meteorological Department Headquarters in Nairobi.

4.2. Methodology

Cloudiness is one of the major Meteorological parameters controlling radiation
received at the surface. For purposes of this study, therefore, a day has been de-

fined as being either cloudy or sunny based on the total radiation received and
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Figure 1. Global radiation stations used for sunny and cloudy spells study in Kenya.

some reference threshold radiation value. If T is the reference threshold radia-
tion value and X the total radiation received in a given day, then X < T repre-
sents a cloudy day and X > T represents a sunny day. A threshold daily global
radiation value of 5.4 Kwh/m” has been used to define a day as being either sun-
ny or cloudy. This value corresponds to the minimum daily global solar radia-
tion requirement for moderate temperature activities performed in many rural
households [8] [9].

The sequence of sunny or cloudy days may follow some trend of persistence
or may evolve randomly. In stochastic theory, persistence may be represented by
a Markov process of order one in which today’s state is dependent only up to
one day behind. A process displaying insignificant dependence is termed ran-
dom or independent. Regardless of whether the process is Random or Markov, a
sunny or cloudy duration (spell) may extend to a long period (days). Such peri-
ods (days) of several long spells are of crucial importance in planning solar en-
ergy use strategies.

An important step towards the prediction of extended sunny and cloudy spells

for any season was then to quantify the structure of dependence (Markovian or
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Random) in the occurrence of sunny and cloudy days. This was accomplished by
use of lag one serial correlation coefficient in the radiation series. Values of the
coefficient were computed for the four standard seasons in each year considered.

The significance of the correlation coefficient was tested by a Student’s t-test.

4.2.1. Model Formulation

Let a sunny day be designated as “s” and a cloudy day as “c’. The conditional
probability of any day being sunny given the previous day was also sunny is des-
ignated as p(s/s) and the same connotation may be applied to a cloudy day fol-
lowed by the previous cloudy day e p(c/c). For a random process, the condi-
tional probability p(s/s) equals the simple probability of any day being sunny,
p(s). For a Markov order one process, p(s/s) # p(s). The following notations
have been used in this paper: p(s) = pand p(s/s) = pp.

If a time series of daily radiation (X) during a season is plotted, events of un-
interrupted sunny (X > T) and cloudy X < T will emerge along the time axis. The
uninterrupted sunny or cloudy events are referred to as “runs”. In a season of n
days, there will occur runs of sunny and cloudy days. The number of sunny runs
is designated as N, N, is given values 0,1,2,---,i. A sunny spell shall last for L,
days and such duration of a spell is called the length of a run or spell. L, shall
take on values 0,1,2,---, j . For planning and optimum utilization of solar en-
ergy, such spells as well as the longest spell are of crucial importance in planning
the solar energy use strategies. The spell that has the longest Z, will be designated
as L,

The probability density function (pdf) of occurrences of sunny spells may be
regarded as following the Poisson distribution [10] while the distribution of the
length of a run can be regarded as following the geometric pdf [11]. The mathe-
matical expressions for these processes under Markovian dependence can there-
fore be written as follows:

L) eTI!O[-np(l— pp)]

p(Ly<j)=1-pp’™ or p(L>j)=pp'* )

(1)

where nis the sample size.
The longest period of sunny spells can be deduced by applying the theorem of
extremes of random numbers [12]. Using this theorem, the relationship for Z,

in terms of probabilities can be written as:
P(Lu <)=pP(N=0)+ X p(L <) p(N; =) ®)
i1
Sen [13] has derived the following relationships for the expected values of N,
and L denoted by E(V,) and E(L)) respectively for Markovian runs:

E(N,)=np(1-pp) (4)
E(L)=1/(1-pp). (5)

The mathematical simplification of Equation (3) involving Equations (1) and
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(2) leads to the following:

p(Lyy < §)=exp[-np(L1-pp). p(L, > j)] (6)

P(Lyy < ) =exp[—np(1- pp). pp’* | (7)

since: p(Ly, =j)=p(Lyy < j+1)—p(Lyy < §)- (8)
Hence:

p(Lur = 1) =exp[-np (1~ pp) pp’ ] exp{np (- pp)’ pp’*} -1 ©)

The expected value of the longest duration £(Z,,) can be obtained from the rela-
tionship:
E(Lw) =2 ip(Len = ). (10)
In the context of Equations (1) tllzllrough (10), the following need mentioning:
1) That for an independent or random process, the relationships remain the
same except pp is replaced by p.
2) That for a cloudy day, the relationships remain the same except p is replaced
by g ppby q¢, N;by N and L, by L,

4.2.2. Data Analysis

In order to implement Equations (1)-(10), values of p, pp, g and qq are required.
These were approximated by estimates of relative frequencies of the data sets for
each year. Since there are N years (N= 41 for each station), NV values of the
aforesaid probabilities were obtained by a simple counting procedure. Finally,
the values of p, pp, g and gq were ranked for each season and the median value

substituted in equations 1 - 10 to generate the seasonal statistics.

4.2.3. Quantification of the Likely Environmental Benefits

Using this classical Chemical equation: CH, + 3/20, - CO, + H,0, the follow-

ing sequence illustrates how the benefits were computed:

1) Assume a typical family’s firewood consumption is X Kilograms per day.

2) X Kilograms of firewood when burnt would generate Y Kilograms of CO,.

3) 1 Kilogram of firewood when burnt would therefore, generate Y/X Kilo-
grams of CO,.

4) In a season of Z days, a typical family consumes ZX Kilograms of firewood
which translate to Z Y Kilograms of CO, pollution.

5) Assuming a sunny spell of L days and that solar energy will be the only alter-
native source of energy for the firewood, then the percentage firewood saving
will be (L/Z).100. Similarly the percentage of CO, reduction will be
(L/Z).100.

5. Results and Discussions

5.1. Model Simulation Results
Applying the Student’s T-test, a significant correlation coefficient assumes a

value of at least 0.21 at 5% level of significance for each of the four standard sea-

sons ,each of which is three months length (22 = 90 days). Results obtained are
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tabulated in Table 1.

From the table, it is evident that at 5% level of significance, occurrence of
sunny and cloudy days can be regarded as following a Markov process because
in more than 50% cases, the computed value of the correlation coefficient ex-
ceeded the critical value.

The levels of persistence in the spells in Lodwar and Mombasa were found
strongly Markov whereas in Nyeri, they tended to be random in 50% cases during
the June-August season. The correlation coefficient does not seem powerful
enough to dictate whether one should proceed with Markov or random modelling
for Nyeri for this particular season. To clarify the anomaly, the Cumulative Dis-
tribution Function (CDF) of the sunny and cloudy spells was predicted using
Equations (1)-(10) with the parameters of the Markov model as well as those of the

random model. The predicted and observed CDFs are presented in Figure 2 and
Figure 3.
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Figure 2. CDF of critical sunny spells in Nyeri during June-August season.
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Figure 3. CDF of critical cloudy spells in Nyeri during June-August season.
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Table 1. Spells characteristics as inferred from lag one serial correlation coefficient.

Location Dec.-Feb. Season March-May Season  June-August Season ~ Sept.-Nov. Season

Markov Random Markov Random Markov Random Markov Random

Lodwar 95% 5% 100% 0% 83% 17% 92% 8%
Nyeri 100% 0% 79% 21% 50% 50% 83% 17%
Mombasa 83% 17% 100% 0% 92% 8% 100% 0%

Figure 2 and Figure 3 depict the remarkable performance of the Markov
model in simulating the observed behavior of the spells. It is also observed from
the figures that the random model generally underestimates the observed beha-
vior. Occurrence of sunny and cloudy days in Kenya can therefore be regarded
as following a Markov process. Some statistics of the sunny and cloudy spells for
each season and region were therefore computed using the Markovian expres-
sions already given in Section 4.2.1. The statistics computed include the expected
spell lengths (L, and Z_in days) as well as the expected length of the longest spell
(L,,and L, in days). These statistics are presented in Table 2.

From Table 2, it is evident that the statistics are season and region dependent.
However, the longest sunny spells are experienced in the December-February
season while the shortest sunny spells are observed in the June-August season.
In the moderate and low solar energy potential areas represented by Mombasa
and Nyeri respectively, expected sunny spell lengths (L) never exceed 7 days in
all the seasons while in all the regions, expected cloudy spell lengths (Z,) never
exceed 4 days in all seasons apart from Nyeri where a cloudy spell would assume
a value of 13 days in June-August season. In Lodwar, (a high potential area),
sunny spells are generally long all the year round. The expected longest sunny
spell (Z,,) in this location ranges between 27 days and 47 days in all seasons
while the expected longest cloudy spell (Z_,) assumes durations of between 2
days and 5 days. In Nyeri, the expected longest sunny spell (Z,,) takes values of
between 3 days and 14 days in all seasons while the expected longest cloudy spell
(L., assumes durations of between 5 days and 29 days. In Mombasa, the ex-
pected longest sunny spell (Z,,,) takes values of between 4 days and 20 days in all
seasons while the expected longest cloudy spell (Z_,) assumes durations of be-
tween 3 days and 13 days.

In solar energy applications, given the threshold radiation value, the expected
sunny spell length (Z,) represents the optimum duration (in days) a solar pow-
ered system can be put into use. The expected longest sunny spell (Z,,) repre-
sents the maximum possible duration a solar powered system may be put into
use. On the other hand, expected cloudy spell lengths (Z_) as well as the expected
longest cloudy spell (Z_,) represent optimum durations and maximum possible
durations respectively during which back-up systems or supplementary energy
sources have to be used in a given season. Therefore in planning for solar energy

use, all these parameters need to be taken into account.
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Table 2. Some statistics of sunny and cloudy spells in Kenya.

Location Dec.-Feb. Season March-May Season June-August Season Sept.-Nov. Season

Sunny Cloudy  Sunny Cloudy Sunny Cloudy Sunny Cloudy

L, Ly L L, L Ly Lo Ly Ly Ly Lo Loy Ly Ly, Lo L,
Lodwar 40 47 1 2 36 41 4 3 19 27 3 5 33 37 2 2
Nyeri 4 14 2 5 3 7 4 11 2 3 13 29 2 7 3 9

Mombasa 7 20 2 3 3 9 3 9 2 4 4 13 4 13 2 4

5.2. Quantified Likely Environmental Benefits

We start with the fact that a typical family’s firewood consumption is 4 tonnes
per year which translates to about 11kg per day [14]. This quantity of firewood,
if burnt would generate 20.57 kg of CO, (from the chemical equation CH, +
3/20, - CO, + H,0, 1 Kg of firewood generates 1.87 Kg of CO,). In a season of
about 90 days, a typical family consumes 990 kg of firewood which releases a to-
tal of 1851.3 Kg of CO, pollution.

By using the sunny spell lengths tabulated in Table 2, the percentages of fire-
wood savings and CO, reductions are evaluated based on the procedure pre-
sented in Section 4.2.3. The evaluation assumes that solar energy will be the only
source of energy for cooking and performing any other related household activ-
ity that consumes firewood. The results obtained are presented in Table 3.

From Table 3, it is evident that substantial firewood savings and CO, reduc-
tions are envisaged. It is revealed that in a single sunny spell, firewood savings
and CO, reductions range from 21% - 52% in Lodwar, a high solar energy po-
tential area. In, Mombasa, a moderate solar energy potential area, the values
range from 2% - 22 % while in Nyeri, a generally low solar energy potential area,
the values range from 2% - 17%. All these quantities translate to reduced forest
destruction activities and improved environmental conservation. The quantities
also translate to reduced risks of exposures to health hazards associated with
firewood use such as Acute Respiratory Infections (ARI), eye infections and
burns as well as diseases brought about by vectors associated with firewood, its

storage and waste disposal among others.

6. Conclusions and Recommendations

6.1. Conclusions

This study has revealed that the solar energy resource is viable for use as an al-
ternative energy source in rural households of Kenya. A Markov model has been
found adequate in estimating sunny and cloudy spells in the country. Estimates
of sunny and cloudy spells based on this model have therefore been provided for
some locations in the high, moderate and low solar energy potential regions.
These estimates are crucial in any planning for solar energy utilisation in the
country.

Substantial firewood savings and CO, reductions are envisaged. These trans-
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Table 3. Potential firewood savings and CO, reductions in Kenya’s rural households.

Location Dec.-Feb. Season March-May Season ~ June-August Season  Sept.-Nov. Season
X aximum . Maximum . Maximum X Maximum
Optimum . ptimum . Optimum . Optimum .
%) possible %) possible %) possible %) possible
(%) (%) (%) (%)
Lodwar 44% 52 40 45 21 30 37 41
Nyeri 5 17 3 8 2 3 2 8
Mombasa 8 22 3 10 2 4 4 14

late to reduced environmental degradation risks as well as exposures to health

hazards associated with firewood use.

6.2. Recommendations

1) The knowledge on the stochastic behaviour of the solar energy resource as
revealed in this study would be useful to government policy makers for purposes
of planning for its effective and efficient tapping.

2) With regard to the relevant technologies, constructing systems using cheap
and locally available materials and designs which may easily be maintained by
even semi-skilled personnel will make the systems more attractive to the rural
folk who currently are faced with a multitude of economic challenges.

3) A detailed evaluation of the implications of switching from traditional fire-
wood to solar technology is required in rural households of Kenya. This is be-
cause fire also has a multipurpose lighting and social function.

4) A major issue which must be addressed with regard to solar technology is
the relevancy of the technology to rural women. This is because practically eve-
rywhere, women, and not men, do the cooking and therefore, such technologies
directly affect them. Consequently, a general requirement for all measures is that
the technology contributes directly towards improving the situation of women in
their roles as housewives/mothers and towards advancing their social self-deter-

mination.
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