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Abstract. The challenges to integrating a greater share of renewable
energy, more specifically solar energy into the power grid in tropical
islands are that these islands have a complex microclimate, high humidity
and high cloud coverage. Because of this, the power output from solar
photovoltaic (SPV) plants is severely affected. In this manuscript, the
results of a study carried out on the performance of a 15.2 MW solar
photovoltaic (SPV) plant in the island nation Mauritius is presented. The
net annual yield was 22 162 MWh and has avoided 22 162 metric t of CO2
emission into the atmosphere. An attempt is also made to develop a model
to forecast the power that can be generated from the SPV plants at that
location. The grid operator, the national Central Electricity Board
(CEB) needs to know a priori, the energy mix for the subsequent few
days so that the level of operation of fossil fuel fired thermal plants can be
tuned accordingly to minimize the environment pollution of this pristine
island.
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1 Introduction

The islands face serious problems in meeting the increasing power demand of its citizens.
Most of these islands are dependent on transported fossil fuels for generating power. In
2017, about 79 % of electricity consumed on the island was generated from imported coal
and oil [1]. With increasing concern over the environmental effects of burning fossil fuels,
the call for a more sustainable resource base has never been louder. This explains why most
of the islands are slowly moving towards seeking sustainable energy production and
reduction of greenhouse gas (GHG) emission [2-5]. Hence, renewable energy sources
(RES) play a very important role in distributed power generation. Practically, a sudden or a
complete departure from fossil fuels is not possible and hence, the RES remains as a
subsidiary for the conventional energy sources that are mainly powered by fossil fuels. The
power demand at a location will be a mix of power from many resources which can be
represented as Equation (1)

P = aPg + bPs + cPw + dPo (l)
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where Pg, Ps, Pw and Po are the installed capacities of fossil fuel fired plants, solar
installations, wind parks and other sources like biogas, hydro, CCGT or imports,
respectively. a, b, ¢ and d are the percentage utilizations that are needed to meet the power
demand, P. When b and c are high, a and d could be reduced, decreasing the polluting
gases. It is quite complex to find ways to satisfy the energy needs without wastage. Yield
from SPV plants is dependent on environmental variables. Unless the solar plants are
partially shut down, the generation from them cannot be controlled when there is excess
electricity generation. Hence, having a reliable model to predict yield is very essential for
energy resource management. Attempts have been made to develop empirical models for
predicting power yield from solar plants [6, 7]. There are several tools to predict the power
output of smaller roof-top SPV systems based on the average historical solar radiation input
as it is important to arrive at a forecast model which can be conveniently used by the end
users also. Net-metering mechanism at household level being the recent trend in developing
countries. However, for a larger power generating SPV plants which are integrated into the
grid as dispatchable sources, it is better to adopt a model which involves the major
parameters which cause attenuation of solar radiation at upper atmosphere at a given
location and solar power output at a location. This model must deliver the yield of an SPV
system using the forecast data available on public domain and must be simple to use by the
power vendors.

Mauritius is an island in the Indian Ocean located around latitude 20.35°S and longitude
57.55°E. Being a small island, Mauritius accommodates different micro-climates in terms
of precipitation and temperature. In this paper, we establish an empirical relationship
between yield and atmospheric conditions based on the data from a 15.2 MW SPV plant
with polycrystalline silicon PV modules installed in a tropical island nation Mauritius. The
power production patterns during various atmospheric conditions are studied. A
multivariate regression is used to obtain the best fit expression. This will enable power
producers to predict, in advance, the expected yield under different climatic conditions.
With such predictions, production of electricity from different resources such as coal and
diesel could be minimized and consequently the emissions of greenhouse gases could be
reduced.

2 Experimental details
2.1 Description of the SPV plant

The SPV plant (Figure 1) is located in Bambous village in the western quartile of the Island
of Mauritius. A small tropical island in the Indian ocean, Mauritius has only two seasons:
summer and winter. The former runs from November to April whilst winter is from May to
October. January is the hottest month with an average temperature of 26 °C. There are
small differences in temperature between the two seasons.
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Fig. 1. The solar park in Bambous Village.

This SPV plant is the first high scale solar park in Mauritius with 15.2 MW capacity and
is situated at a longitude of 57.4147 East and latitude 20.2619 South over 34 ha in the
western district of Riviére Noire. The plant includes 60 800 polycrystalline solar panels.
Each panel is of efficiency 15.3 %, 1 640 mm? x 992 mm? in size and has 60 cells
connected in series with power output of 250 w. Open circuit voltage is 37.8 V while short
circuit current is 8.9 A. Maximum power voltage is 30.5 V and maximum current is 8.2 A.
An inverter of 1 MW has eight combiner boxes connected in series. Each combiner boxes
may contain 20 to 23 strings, which are connected in parallel. The Berlin-based Skytron
Energy Bambous solar plant feeds into country’s 66 kV grid and meets all the challenges
that an island grid with its inherent imbalances typically entails.

The SPV modules are oriented towards the North with an inclination of 20°, which is
the latitude of the location. A remote monitoring system records the real-time data. The
global horizontal irradiance (GHI), power output and module temperature and humidity,
data are collected at an interval of 30 min. The cloud cover factor is collected every four
hours. GHI is measured at high frequency sampling rate of one minute using 1ISO 9060
secondary standard broadband EKO MS 802 pyranometers. Ambient temperature is
measured with a calibrated platinum thermistor Pt100.

3 Results and discussions

3.1 Performance of the SPV System

The monthly yield of the SPV system during May 2017 to April 2018 is shown in Figure 2.
The highest monthly yield was in October (2 325 MWh) and the least in August
(1 379 MWh) corresponding to summer and winter months, respectively. The net annual
yield during this period was 22 162 MWh. Since in Mauritius, power generation is by the
combustion of both coal and diesel by almost equal amounts, the SPV plant has avoided
over 22 162 metric t of CO, emission into the atmosphere in 1 yr assuming an average of
1.0 kg kwh of CO, emission from both coal and diesel-fired thermal plants [8, 9].

Capacity utilization factor (CUF) is an indicator of the overall performance of the SPV
system. CUF of a SPV system is the ratio of actual energy generated in a day to the energy
generated if the system works 24 h a day, as Equation (1) and Equation (2)

Annual Yield 22162 MWh
x 100 = X 100 = 16.64 % 2

CUF T152MW x24h x365d 15.2MW x 24h x365d
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CUF (Equation 2) of the SPV plant under study is 16.64 %. CUF is dependent on the
location as GHI and panel efficiencies play a major role in determining it. The average
CUF of SPV system located in Iran, where highest capacity factor was found at Bushier and
lower at Anzali, i.e.,, 26.1 % and 16.5 %, respectively [10]. A solar plant located in
Navrongo, in the northern part of Ghana, has an average monthly capacity factor in the
range of 13.9 % in August and 18.2 % in October [11].

5 Monthly Yield and GHI T 230
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Fig. 2. Monthly yield and GHI for the year. The columns refer to the monthly yield and the stacked
area is the GHI.
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Fig. 3. Daily yield as a function of GHI, the solid line is the linear fit.
3.2 Climatic condition that affect the SPV plant yield
3.2.1 Humidity

Scattering and reflection of radiation occur from the surface of water droplets in addition to
the absorption. Water has very strong absorption bands in the near infrared region. The
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humidity in the atmosphere affects the GHI that falls on SPV modules. According to a
study by Panjwani and Narejo [12], for an increase in humidity of 25 %, the yield from the
solar panel dropped by close to 30 %. The average humidity (H), as measured at the SPV
plant under study, in winter was ~68 % and in summer ~58 %. This seasonal variation in H,
in addition to the intraday variations due to the presence of microclimate in the island,
affects the yield from SPV system accordingly. As shown in Figure 4, Yield decreases at a
rate of 37.5 % with increase in H displaying a strong correlation between these two factors.

Humidity vs Yield
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Fig. 4. Variation of yield with relative humidity, the solid line is the linear fit.
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Fig. 5. Variation of yield with cloud cover fraction, the solid line is the linear fit.

3.2.2. Cloud cover fraction (CF)

Cloud cover refers to the fraction of the sky obscured by clouds when observed from a
location. It is estimated that 20 % of solar radiation are reflected by the clouds and therefore
this factor is crucial while selecting a site to install a solar plant. The role of clouds in
climate is still not well understood; they have two opposite effects. On the one hand they
tend to cool the climate by reflecting short-wave solar radiation back into space, and on the
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other to warm the climate by trapping the long-wave radiation emitted from the Earth’s
surface. The simple equations to calculate the effect of Cloud cover fraction on incident
solar radiation are insufficient to explain radiation loss in the atmosphere [13].

Daily average CF data are available from Mauritius Meteorological Services. Cloud
cover is measured in Okta and is an integer between 0 to 8. If there is no cover, the value is
nil. If the sky is totally covered by cloud, the value is 8. If 50 % of the total slay has clouds,
the value is 4 (4/8:50 %). The CFq thus obtained is plotted against the yield per unit area
(Y) of a day from the SPV system in Figure5. As CF increases, Yield decreases at a rate of
about 50 % indicating a strong correlation.
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Fig. 6. Yield is plotted as a function of maximum temperature of the SPV panel, the solid line is the
linear fit of the data.

3.2.3. Panel temperature:

One of the major challenges for developers and users of SPV plants is the overheating of
panels due to high solar radiation and higher ambient temperatures. Increase in temperature
of panels decreases their efficiency leading to lower power output from the SPV panels
[14]. This is because the open circuit voltage decreases linearly with increase in panel
temperature. Solar modules perform comparatively well at low temperatures [15].

The module operates over a wide range of temperatures throughout the year. This
causes power output of the module to vary. For a module installed in a field, the module
temperature at which the module attains maximum efficiency varies with seasons and the
module efficiency is known to decrease with increase in module temperature [14, 16].
However, the daily yield (Y) is the summation of power output of the day, which is
dependent on solar insolation and module temperature. Figure 6 shows the variation of
Yield corresponding to the maximum temperature attained by the panel in a day. On clear
sunny days, the modules attain higher temperatures and the number of sunshine hours will
also be more resulting in higher yield. At the location under consideration, variation in
panel temperature has a smaller effect compared to other climatic parameters. This may be
the reason for the large scatter in the data and poor correlation.

3.2.4. Empirical equation:

The yield from a SPV plant is collectively influenced by many climatic variables such as
solar irradiance [17], albedo [18], number of sunshine hours [19], wind, humidity [20],
precipitation, dust [21], etc. Presence of aerosols in the atmosphere can also scatter the
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incoming solar radiation. However, aerosol data was not available at the specific site under
study, this effect is not considered. The above site-specific factors at a location are difficult
to predict a priori with sufficient precision, more so in islands. Even within the island there
can be differences at different regions due to the presence of microclimate as seen in Jeju
island [22]. This makes predicting yield from a photovoltaic plant difficult.

As seen from Figure 4 and Figure 5 yield of the SPV system in Mauritius is dependent
on relative humidity in the atmosphere and cloud cover fraction because of their effect on
incoming solar radiation. These factors also have a seasonal variation; for instance, the
relative humidity is high during summer season while during winters daily irradiance is low
because of shorter days. To understand the influence of various factors on the overall output
of a SPV system, a multivariate regression is carried out using the data from the system to
come up with a consolidated expression, which is of the form, in Equation (3):

Yield=K + aVy + BVZ + YV3 + 0V, (3)

where K, a, B, y and & are constants and Vi, V2, V3 and V4 are the variables. The
variable inputs for the regression are daily Yield (Y), Relative humidity (H), daily extra-
terrestrial radiation (ETR) at the latitude/longitude of the location, Cloud cover factor (CF)
and maximum panel temperature(T). ETR at the location under study was used instead of
GHI because ETR calculations are accurate and can be computed easily in advance. Data
from May 2017 to March 2018 were used and the regression equation obtained in
Equation (4):

Y =1.2653-0.00429 x ETR-0.006850 x H-0.2844 x CF+0.00120 x T 4)
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Fig. 6. Measured (orange line) and calculated (blue line) Yield for 3 wk in April 2018

Three more weeks data in April 2018, which were outside the data used for regression,
became available and were used for validating Equation 4. However, Figure 7 shows the
comparison of the computed yield for these days with the measured yield. Deviation from
this model for most of these days is under 15 % with 4 d under 20 % indicating that the
Equation 4 holds good. The large error is mostly for a few days with low GHI due to
extreme weather conditions like high CF or H. Almost all the countries around the world
have weather forecasting systems that can predict the atmospheric conditions for about 48 h
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quite precisely. Many models have also been developed for forecasting multilevel CF [23,
24], solar radiation [25], ambient temperature and humidity [26]. Most of the countries,
have weather forecasts available on the public domain, which are normally precise and
reliable. Thus, by analyzing data from one SPV installation in a location and deriving an
empirical equation of this type, it is possible to predict the yield from all other SPV systems
in that location in advance. If the energy conversion efficiencies of SPV panels in different
plants are different, a multiplication factor of ratio of the test panel efficiency and the
measured panel efficiency must be applied to the yield calculated from Equation 4.

It is not common to measure the panel temperature in most of the SPV plants. On one
system if module temperature data are collected, a relationship between maximum panel
temperature (T) and daily average ambient temperature can be derived for the location that
can be used for prediction. For the present location, T = 1.093 x T (ambient daily avg)
+ 22.983 relation fitted the data and with these calculated T, all calculated yield were
within 15 % error except for 4 d where there was a deviation in the range of 15 % to 19 %.

With such models that can predict the yield from an SPV plant a priori, it is possible to
tune the polluting sources of electricity generation to just the required level when multiple
resources are used in the grid. Thus, if the weather prediction for a day is with certain
average ambient temperature, specific amount of humidity and CF, the yield from all the
SPV plants in that location can be predicted. Based on the weather prediction, even 24 h in
advance, enough usage of fossil fuel can be avoided because the term b in Equation (1)
would be known. There have been many models [27, 28] to predict power that can be
generated from a wind turbine and hence the term c in Equation (1) is also known and the
terms a and d can be fine-tuned amounting to minimum level of usage of thermal power
plants using fossil fuels.

4 Conclusion

Power management in islands has many challenges as most of them do not have their own
coal mines or oil wells. All the fossil fuel resources are transported and used on these
islands leading to pollution of the pristine locations. Many of the islands are opting for
renewable energy resources to generate electricity, as it is available in plenty on the
location itself. In this paper, data from a 15.2 MW SPV plant in the island nation Mauritius
is analyzed. Meteorological data for the duration of study is also considered. Correlations
are drawn between the daily yield from the SPV plant and the meteorological parameters
like cloud cover fraction and relative humidity. It is observed that the yield from the SPV
plant decreases linearly with increase in humidity and CF. The panel temperature did not
significantly influence the yield. An empirical model is developed based on the
performance of the SPV plant and the climatic parameters at the location to predict the
yield from the plant for future. With this prediction, electricity generation from fossil fuel
fired thermal plants can be minimized to control the pollution on the islands. For most of
the days, the model provides a less than 15% deviation from the measured values and for a
few days with randomly changing weather or extreme weather conditions, it is in the range
of 15 % to 19 %. The accuracy of this model is dependent on the precision of forecast data
available and weather conditions that are favorable for solar power generation.
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