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ABSTRACT

This paper presents an overview of the recent development trends of solar
photovoltaic (PV) systems and the performance in the Tanzanian context. The two
types of solar power generation that are considered in this paper are: i) solar PV
systems and ii) concentrated solar power (CSP). The two are compared in terms of
cost of energy and energy storage mechanism. Moreover, the effect of ambient
temperature on the solar PV module is analyzed. In addition, a detailed analysis on
using solar axis tracking to increase the power generation is also presented. The
extent to which the cell surface temperature and orientation of the solar module
which determine the power generation is modeled. Since Tanzania has the
possibility to utilize the solar irradiance in the Coastal region to generate solar
power, and therefore it is selected as the case study in this paper.

Keywords: Concentrated solar power, Levelized cost of electricity, Solar photovoltaic
system.

INTRODUCTION programme. The sun can be used for its

heating potential as is the case for

Recently, a continuous sharp growth is
observed in the global solar photovoltaic
(PV) renewable energy sector, especially
in the year 2017, which saw a phenomenal
global PV power generation representing
almost 55% of renewable power
generation (Al-Shetwi et al, 2019).
Currently, 65% of grid generation capacity
of Tanzania is from thermal and 35% from
large hydropower (African Development
Bank Group, 2015), but there is a strong
potential for solar energy contributing
24.7% electrification (Bishoge et al,
2018). Thus, there is an opportunity to
consider the effect of adding solar power
generation to increase the target set out by
the government in the “Electricity for all”

Concentrated Solar Power (CSP) systems
or the photon energy within the light
beams can be harnessed with photovoltaic
(PV) systems (Busse and Dinter, 2016).
Each system has its merits and can be
compared against each other using the
Levelized Cost of Energy (LCOE) (Esram
and Chapman, 2007). Photovoltaic
generation depends on factors such as the
choice of photovoltaic material and cloud
cover, but for this study the focus was the
effect of ambient and module temperature
as well as the mitigation of the power loss
due to module temperature by using single
axis tracking. PV technology is still an
expensive technology to implement in
households and there is a concern related
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to the power quality effects that are caused
by the inverters of solar PV systems (Kasa
et al., 2016). The control of harmonics is
better suited to utilities and not the
individual customer households which
may be of a lower income (Alexander,
2016). Therefore, a comprehensive review
of the factors that affect the
implementation of solar power generation
scheme are presented hereunder.

Concentrated Solar Power (CSP)

Concentrated Solar Power (CSP) systems
are used to capture and concentrate heat
from the sun into heating a fluid that will
be used to generate energy. Like most
renewable energy systems, there is a need
to store the generated energy to be used
when the energy source, which is the heat
from the sunlight in this case, is not
available. For CSP systems, the heat
energy can be stored in liquid salt (Busse
and Dinter, 2016). Based on the research
conducted by Grobbelaar et al. (2014), it
was found that it will eventually be the
case such that CSP technology will be able
to overtake traditional power generation
systems. The current factor that contributes
to the delay in large scale CSP
implementations is  the cost of
implementation, and low maturity of the
technology (Camerada ef al., 2015).

Solar Photovoltaic

Solar photovoltaic systems utilize the
energy of the photons in the sunlight to
generate DC power, which can be fed to
the grid through a simple inverter. Solar
panels can be mounted in a fixed position
or set up to track the position of the sun
via single or dual axis tracking (Solanki,
2015). Typical insolation levels found in
Southern Africa region ranges from 4 to 7
kWh/m*/day (Baurzan and Jenkins, 2016).
The existing energy mix found in Tanzania
is eclipsed by natural gas at 45%, followed
by hydropower at 42%, fossil fuel account
for 12%, and others (Ministry of Energy

and Minerals of Tanzania, 2017).
Renewable energy features very small
percentage in that mentioned mix.
However, there are plans to increase the
share of renewable energy, by placing a
larger emphasis on solar PV ahead of CSP
(Ministry of Energy and Minerals of
Tanzania, 2017). Tanzania has the greatest
potential for solar energy due to its high
solar irradiance (Aly et al., 2017). This is
an exceptional amount of energy available
for the country to utilize and Bahrami et
al. (2016) showed that solar tracking
increases the energy gained from the sun
by 17.7% to 31.2%. Furthermore, it is
argued that a superior performance of PV
system is obtained when integrated to DC
grid (Adly and Strunz, 2019).

Interfacing PV systems to the grid requires
use of inverters, which deteriorates the
power quality thus results to injecting
harmonics into the grid. Poor power
quality is reported to cause significant
losses amounting to $120 billion/year in
the United States of America (Durisch et
al., 2000). The strategies used to improve
power quality are high frequency
switching, which again comes with the
burden of increasing switching losses
(Tran et al., 2016). Stetz et al. (2013)
outlined five possible solutions to improve
the power quality when using PV systems.
These are as follows: (i) limitation of
active power feed to 70% of the peak
power at standard test conditions (STC);
(i) static reactive power provision to
control the power factor; (iii) automatic
voltage limitation by dynamic active
power control; (iv) automatic voltage
limitation by both dynamic and reactive
power control; and (v) installation of
distribution transformers with On-Load
Tap Changers.

Energy Storage
There are various types of systems that can

be used for energy storage as shown in
Figure 1 where there is a comparison of
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the technologies in operation globally.
Batteries are the most widely wused
technology, followed by pumped storage,
and thermal storage.

In accordance with Anake and Wang
(2015), battery storage technology is a
more mature technology and it can
therefore be considered reliable and more
readily available. Research regarding
batteries is ongoing as the number of
devices that require batteries is increasing
as well as the power requirement of these
batteries. In a household there are laptops,
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cellular phones and tablets that will all
require batteries to be operated and this is
the reason for the strong development of
battery technology. PV technology is still
an expensive technology to implement in
households and there is a concern related
to the power quality effects that are caused
by the power converters like solar chargers
and inverters of solar PV systems (Kasa et
al., 2016). The control of harmonics is
better suited to utilities and not the
individual customer households which

may be of a lower income (Alexander,
2016).
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Figure 1: Energy storage technologies across the globe (Anake and Wang, 2015)

DEVELOPMENT OF A MODEL

This study has wused the weather
(insolation), of Kisiju Pwani in Tanzania.
Data was obtained from the Tanzania
Weather Services and used them in the
simulations. The model of solar energy
calculations was developed and used in the
simulations, to calculate the power drop
due to temperature variations. Further,
solar tracking was implemented and the
declination angle was varied for every
hour. The levelized cost of energy was
used to compare the economy of solar PV
against the CSP and wind.

Cell Shading

The performance of a solar cell can be
affected by cloud cover (Kern et al., 1987).
As a cloud passes over an area, the solar
irradiance transitions from full exposure to
fully shaded whilst passing through
various levels of exposure in-between. The
effects of partial cloud cover have been
shown to generate overcurrent conditions
when by-pass diodes are used in an
overlapping configuration as there is an
alternative path provided for current to
flow (Ziar et al., 2014). When overlapped
cells are partially shaded there will be a
shift in the maximum power point that will
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cause a low voltage but high current (Villa
et al., 2012). Figure 2 shows cells Cj,
C,,..., Cs connected in series, with
overlapping diodes D; and D,. These cells
produce respective currents [;, (i=1, 2, ...,
6) when illuminated. When cell C; is
partially shaded, its current becomes zero.
Therefore, the currents from cells C; and
C, will flow through the overlapping diode
D,. However, the cloud cover effect will
not be considered in this paper due to the
complication introduced by adding a cloud
cover model into the calculations.

The effect of temperature on a solar cell
has also been investigated by Kern et al.
(1987), and it was shown that due to the
application of direct sunlight onto the PV
cell, there is an associated increase of
temperature on the surface of the cell,
which causes a reduction in the power
output. It was confirmed that silicon solar

DIN

cells can experience a decrease of 0.5% in
power output for every degree Celsius
increase in temperature of the PV cell
surface. The temperature of the PV cell
can be calculated as per equation (1).

(Noer +20°)

0.8

Where T, is the temperature of the cell
surface in degree Celsius, T, is the
ambient temperature in the vicinity of the
cell, Nocr is the nominal operating cell
temperature, and S is the solar irradiation.
The choice of laminate on the solar cell
will also have an effect on the efficiency of
the PV cell. The selection of a good glass
can result in an increased efficiency over a
non-laminated PV cell as the glass can
assist in reducing the reflection losses. The
laminate choice will not be considered in
the calculations due to added complexity
in calculations introduced by this factor.
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Figure 2: The overlapping diode configuration shows that when PV cell C; is in a shade
and its current is zero, the overlapping diode D; provides an alternative path for
current to flow (Ziar et al., 2014)

Solar Energy Calculations

The energy available from the sun to the
collector will come from three insolation
sources: direct beam insolation; diffuse
beam insolation; and reflected beam
insolation, which comes from the nearby
surfaces that reflect light onto the

collector. Equations (2) through (7) were
used to describe the insolation beams of
importance (Solanki, 2015):
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k =0.174+0.035sin ﬂ(n—lOO) ..®
365
m= _l ................................ (%)
sin f
sin f=cosLcos H—sinLsino ......... (6)

5=—1 2345 sin[@ (n— 81)} ...... (7)
sin 365

Where: I is the direct beam portion at the
earth’s surface in W/m?; A4 is the apparent
extra-terrestrial flux; & is the optical depth;
n is the day number in the year, where 1 is
January 1*'; m is the air mass ratio; /3 is the
altitude angle; L is the latitude of the site
in degrees; H is the hour angle, where 0°
for midday, -ve for PM, +ve for AM and
15° change for each hour; and 4 is the solar
declination angle.

Although there are six equations to be
processed in order to calculate the beam
insolation at the surface of the earth, there
is only a requirement to have three
variables, namely: the day of the year, the
time of that day, and the latitude of the
site. Using Ig it is then possible to
calculate the insolation striking a surface
based on the direct, diffuse and reflected
beams in the vicinity of the solar panel
collector. To calculate the direct beam
radiation, equations (8) through (10) are
used. To use these equations, the tilt and
azimuth angle of the collector must be
known as additional information.

Tpe =1,C08% i, ()

cosé’:cosﬂcos(@ —¢C)sinZ+sin,6’cosZ

................... 9)

sing —<cososmH (10)
‘ cos 3

Where: 3¢ is the direct beam radiation on
the collector; O is the angle of incidence on
the surface of the collector; ¢s is the
azimuth angle of the sun; ¢, is the azimuth
angle of the collector; and X is the tilt
angle of the collector.
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The diffuse radiation calculations are
defined by equations (11) and (12). To
calculate these values, there are no
additional variables to include beyond
what is already in equations (3) to (10).

I, =Cxl, (#j .................. (11)

C =0.095+0.04 sin[% (n— 100)} (12)

Where Ipc is the diffuse radiation in W/mz,
and C is the approximate sky diffuse
factor. The final component to consider is
the reflected radiation that comes off the
nearby surfaces onto the surface of the
collector in accordance with equation (13).

Lo :pxIB(sin,B+C)(1_coszj .. (13)

where: Izxc is the reflected radiation in
W/m?, and p is the reflectance of the
surface.

Variation in Power due to Temperature

Analysis of effects of temperature on solar
PV generation is done based on equations
(2) through (13) and some assumptions for
the dataset. Tanzania’s highest solar levels
are observed in the Coastal Region which
is a dry and hot place as noted by the
recorded temperature data provided by the
Tanzanian Weather Services (2015). The
solar PV model used in this paper, will
calculate the solar radiation at the point of
a collector including the direct, diffuse and
reflected radiation components. The
temperature at the surface of the PV
module is given by equation (1), and the
effect of the PV module surface
temperature was calculated as a 0.5% drop
in power for every °C above 25°C, which
is described by equation (14), where P is
the actual power incident on the cell, Pz
is the power output from the cell at T,y
temperature. The two graphs will be
compared to show the drop-in power
available for the PV module to utilize.
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PT

o = P[1-0.005(T,,,, —25] .........(14)
The assumptions made for the model are
summarized in Table 1. There are only six
hours of useful sunlight, which means that
the hour angle varies between +45° to -45°
in a day’s calculations. The tilt of the
collector is set to 0° which makes it

Table 1: Assumptions for the Model Variables

parallel to the surface of the Earth. A
subsequent result of this is that the
reflected radiation on the collector will
always be zero. This is mathematically
confirmed by equation (13) where
inserting a zero into the equation will
always result in cos (0°) producing a 1
which will cause the equation to equate to
Zero.

No. | Variable Assumption
1 Hour angle There is only sunlight from between 9 a.m. and 3 p.m.
2 Tilt 0°
3 Area of collectors | 10 m”
4 Tracking There is no solar tracking
5 NOCT 47°C
6 Site Latitude -28.409893°
7 Collector Azimuth | 180° (Facing North)

Levelized Cost of Energy for PV

The Levelized Cost of Energy (LCOE) is a
technique used to compare technology
costs, including the operating and
maintenance costs, with amount of energy
produced. The equation for the LCOE is
given in the following (Baurzan and
Jenkins, 2016).

i 1+ FOC,+VOC,

t
rcog="a U0 (15)

El
Z (1+r)

t=1

where in year t, [, is the investment
expenditure, FOC, is the fixed operating
expenditure, VOC,; is the variable operating
cost, E,is the energy produced in kWh, r is
the discount rate, and » is the operational
lifetime of equipment in years.

RESULTS AND DISCUSSION

The results of the calculations using the
assumptions in Table 1 are displayed in
Figure 3. The purpose of the graph is to

trend the behaviour of the data based on
the inputs. Specific considerations are
listed in Table 2 for further discussion.

Data shown in Figure 3 begins from 1
January 2015 and ends on 31* December
2015. It was shown that there is a drop in
the available power during the rainy
seasons, but also that the colder climate
yields a smaller gap between the available
power and the powers after the
temperature effects are considered. This
implies that the solar cells are more
efficient during rainy periods. However,
the positive effect of this efficiency during
the rainy months is offset by the lower
overall power available during those
months.

On average, the drop-in power due to
temperature is approximately 18.1%. The
largest drop in power is 25.7% which
occurs on the 7th day of the year during
the hours between 2 p.m. and 3 p.m. where
the ambient temperature was at its highest
in the year at 42°C. The lowest drop in
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power was 7.9%, which occurred on day
211 when the ambient temperature is 7°C.

Table 2: Values for consideration

Power | Ambient | Cell Power
W) Temp Temp | after temp
(°C) (°C) loss (W)
Average 7624 27 61 6194
Minimum | 3243 7 40 2706
Maximum | 11287 | 42 76 9507

The drop in overall power can be
attributed to the reduced solar radiation in
the rainy months as the solar declination
becomes more positive. The shape of the
graph in Figure 4 to that of the power
graphs in Figure 3, shows the inverse

Jackson J. Justo and Aviti T. Mushi

relationship that exists between the power
available and the solar declination. In
Tanzania, the negative solar angle that
occurs in the dry months will produce
more direct sunlight beams on the surface
of the collector and hence the increased
power availability. Therefore, the change
in solar declination causes a drop in power
available at the collector, but since this
change in solar angle also corresponds to
colder climate conditions, it can be said
that the effect of power loss due to the
positive solar declination is reduced by the
colder climate as shown in Figure 3 as the
gap between the 2 graphs is smallest
during the coldest rainy months.

200
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Time (Effective daylight hours)
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@ ® ® @ @ oPoly. (Netpoweraftertemperature)

Figure 3: The comparison of the power available with and without consideration for the
temperature
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Figure 4: The solar declination angle of the sun for a year starting in January and
ending in December, when compared to the shape of Figure 3 it shows an inverse
relationship

Implementing Solar Tracking

To test the effect of solar tracking, the
model parameters were changed for
months from the start of April (day 90) to
end of September (day 272) where the tilt
was changed to a fixed 45° and the
collector azimuth was set to change by 15°
every hour between 9 a.m. and 3 p.m.
starting at 90° at 9 a.m. and changing to 0°
as summarized in Table 3.

Table 3: Solar Tracking Configuration

Angle Hour (Degrees) | Azimuth of Collector
(Degrees)
45 90
30 75
15 60
0 45
-15 30
-30 15
-45 0

The results of these changes are shown in
Figure 5, which shows a less defined dip in
shape which indicates a smaller drop in
power for both the available power and the
power after considering temperature. It is
worth to note that during the colder
months, the gap between the graphs is still
there and just like Figure 3, the gap
between the graphs is smallest during the
coldest months. It was also observed that
there is the additional reflected radiation
component that can add some extra power
since there is a tilt to the collector. This is
shown to be in the region of between 19
and 35 W.

Table 4 shows the wvalues for
consideration, this time with solar tracking
being implemented for 6 months of the
year. The maximum values have not
changed at all as these occur in the dry
season, but the minimum values have now
increased by 41% from 3243 W to 5498 W
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of available power striking the surface
collector. The overall increase in minimum
power after taking into account the effect
of temperature is approximately 41%. A
substantial increase in power can be
realised by implementing a simple single
axis tracking system set at 45° and rotating
at this tilt.
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Table 4: Values for Consideration

Power | Ambient | Cell Power
W) Temp Temp | after temp
(°C) (0C) loss (W)
Average 8510 27 61 6945
Minimum | 5498 7 40 4623
Maximum | 11287 42 76 9507
- - -

! | |
1:00p.m. 2:00p.m. 3:00p.m.

Time (effective daylight hours)

wm wm == Poly. (Power available)

® ©® @ @ o oPoly. (Netpoweraftertemperature)

Figure 5: The effect of tracking during the colder months showing a less pronounced
dip in the graphs

Comparing the Costs of CSP against PV

Equation (15) was used by Landry and
Gagnog (2015) to compare various energy
generation costs and the results are
summarized in Table 5. The study shows
that there is a benefit of using CSP when it
comes to the cost. The cost of the solar PV
system varies greatly depending on the
choice of batteries as well as axis tracking
system used. The cost of solar PV will
affect the implementation as a distributed
generation (DG) technology as noted by
Baurzan and Jenkins (2016). Solar PV may
still be an attractive solution for utility
power generation instead of DG
implementations as the lower income
consumers in Tanzania cannot afford to
invest in the stand-alone solar PV system.

Table 5: LCOE For Generation
Technologies
Technology LCOE (8/yr)
Solar PV 0.16 - 0.63
CSP 0.13-0.36
Wind (on shore) 0.04 - 0.09

When comparing the use of CSP and PV,
it was observed that both CSP and PV
require that the energy generated must be
stored as thermal or electrical energy,
respectively.  Within  the Tanzanian
context, there is a greater emphasis on the
planned implementation of PV systems as
opposed to CSP systems. The LCOE is the
quantity that can be used to compare the
financial benefit of using a particular
technology. Such a comparison is useful as
it includes hidden costs including
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operations and maintenance, and it was
shown that CSP has a benefit over PV
when comparing the LCOE. When
comparing the energy storage technologies
across the world, it was seen that electrical
energy storage via chemical batteries is the
most mature technology based on the
number of active implementations across
the world. This is a major benefit for PV
systems over CSP as it shows there is
security and safety in using the required
energy storage of PV systems as the
technology is mature. PV technology is
still an expensive technology to implement
in households and there is a concern
related to the power quality affects that are
caused by the inverters of solar PV
systems (Kasa et al., 2016). The control of
harmonics is better suited to utilities and
not the individual customer households
which may be of a lower income
(Alexander, 2016).

CONCLUSIONS

When comparing the use of CSP and PV,
it is found that both CSP and PV require
that the energy generated must be stored as
thermal or electrical energy respectively.
Within the Tanzanian context, there is a
greater emphasis on the planned
implementation of PV systems as opposed
to CSP systems. In terms of LCOE
comparison which is useful as it includes
hidden costs including operations and
maintenance, it is shown that CSP has a
benefit over PV. When comparing the
energy storage technologies across the
world, it was seen that electrical energy
storage via chemical batteries is the most
mature technology based on the number of
active implementations across the world.
This is a major benefit for PV systems
over CSP as it shows that there is security
and safety in using the required energy
storage.

The effect of temperature on the power
output for PV module has been tested by
using a mathematical model made in

Microsoft Excel. It was observed that the
power available decreases with ambient
temperature and that the power available
also decreases during the rainy months due
to the solar declination. The effect of
temperature is such that there is
approximately 25% drop in the dry months
and approximately 8% drop in available
power in the rainy months. Single axis
solar tracking implemented to compensate
for the solar declination during the rainy
months was found to increase the power
generated by the PV system.

Based on the conclusions above, it is
recommended that solar PV systems only
be considered for utility generation and not
stand-alone DG energy plans as the cost of
such implementation would be far too
significant for the lower income users.
Since Tanzanian sunlight radiation is good
throughout the country, which is not as
densely populated as other regions, it is
better for the utility to harness the energy
of the sun and transmit this power via a
transmission network to the regions of the
country that require the power. This utility
will have the required resources including
finance and technical skills to better
overcome the harmonic and power quality
issues associated with solar PV generation.
Solar axis tracking produces a more
consistent level of power but also raises
the cost, which will prevent it from being
used by the lower income households in
the most effective manner. Therefore, it is
a further economic justification for the
utility to generate the power in bulk and
not the individual household.
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