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Most islands depend mainly on imported fossil fuels for electricity production while
presenting a considerable potential in renewable energies. However, unlike hydro or
geothermal energy sources that can account for the base load, intermittent renewable
energy sources, such as wind and solar energy, have to tackle the need for energy
storage. Advanced energy planning must be used to combine different intermittent and
regular sources in order to match electricity demand and assure security of supply.

In this study, the Genetic Algorithm (GA) approach is used to determine the optimal
configuration of power generating systems in an island with renewable energy using
hourly data over one year. The energy system analysed is a hybrid system constituted by
a photovoltaic system, batteries and the existing diesel generator in Monte Trigo village,
in the island of Santo Antdo, Cape Verde.

The objective function of the GA is the total cost of the electricity produced over one
year. The result is the least costly electrical power system for the village

1. Introduction

Access to energy is essential to economic and social development. It is also the
aspiration of every human being and they are willing to spend a significant proportion
of their income in better energy (World Bank, 1996). However for small islands
developing states (SIDS) a single unit of energy can cost double even compared to
continental developing countries. Finally, the costs of providing access to energy for
isolated regions in SIDS are often prohibitive.

Nevertheless, in some case, for social or political reasons some isolated villages become
electrified by the means of fossil fuelled electrical generators connected to mini-grids.
The result is often an intermittent supply system conditioned by the scarcity of fuel.
Renewable Energy Sources (RES) are significant in SIDS and Renewable Energy
Technologies (RETs) may have an important role to play in the provision of electricity
with potentially significant economic benefits (Weisser, 2004).

The intermittent nature of RES implies the necessity for a backup system (fossil fuel) or
storage or even both. While the cost of operation and difficulties of fuel provision
would recommend opting for 100% RES supply system, if there is already a fossil
fuelled system, one should analyse the economic aspects in order to chose the best
configuration. In terms of reliability, fossil fuel can be a backup in case of lack of
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renewable resources and the availability of RES can compensate the scarcity and cost of
fossil fuels.

2. The energy system in Monte Trigo

The island of Santo Antdo is located in the Archipelago of Cape Verde, western Africa.
Santo Antdo, as most islands, depends mainly on imported fossil fuels for energy
production (Alves et al, 2000). Monte Trigo is a small village in the southwest of the
island of Santo Antdo. This village has about 300 inhabitants, and is isolated, being only
accessible by boat.

Currently, Monte Trigo is not connected to the main grid, and electricity is supplied
through a mini-grid by a diesel generator with 29 kVA operating only four hours a day
(due to the high fuel cost 0.27€/kWh). This high cost is related to the difficulties to
transport the fuel to the village.

To increase electricity production from the actual 4 hours/day to 24 hours/day we
propose an alternative hybrid supply system based in RES. This hybrid system is
composed by the existing diesel power generating system, to which is added
photovoltaic (PV) panels and batteries. We consider that the generator is able to
function 24 hours per day and that it can be turned on and off according to the demand
needs.

2.1 Monte Trigo’s Electricity demand
In the scope of the European project SESAM-ER (Servicio Energético Sostenible para

Poblaciones Rurales Aisladas mediante Micro-redes con Energia Renovables en la Isla
de Santo Antdo — Cabo Verde), work has been carried out in order to predict the annual
electricity consumption in the village, the daily profiles and the hourly load (Roque,
2008). The projections resulted in an annual electricity consumption of 28,826 kWh
with a peak power of 14.21 kW.

2.2 Photovoltaic System

Solar resources input for the PV station, were derived from data obtained using the
program MeteoNorm for a neighbouring island, Sdo Vicente (which has a
meteorological station).

The electricity output of the PV energy system (PV.) depends of the hourly global
irradiation (Iy) in the PV panels inclined with an angle equal to the latitude, the
efficiency (npy), the area (Apy) and the number (PV,,) of the solar panels considered.

PV, =1, %1, x Ay, x PV, (1)

The solar energy from the PV is stored in a bank of batteries. The depth of discharge
was assumed to be 50%. The DC electricity from the batteries is converted to AC by a
set of inverters connected to the mini-grid. Total losses were estimated to be 20%.

The characteristics of the different equipments are described in the next table, and were
retrieved from the catalogue of the Portuguese company FFSolar. It was considered that
the system needs 5 inverters.



Table 1 Characteristics of the equipments (FFSolar)

PV panels, batteries and inverters

Model of the PV panels BP 3230 N
Rated power 230 W
Efficiency 14%
Area 1.667 m”
Cost 1,192 €
Life time 25 years
Maximum number of equipments 63
Model of the batteries Autosil E12-255
Nominal voltage of the batteries 12V
Capacity of the batteries 255 Ah
Minimum state of charge of the batteries 50%
Cost of the batteries 397¢€
Life time of the batteries 5 years
Maximum number of equipments 20
Model of the inverters OutBack VFX 3048E
Nominal DC Input Voltage of the inverters 48V
Cost of the inverters 2,165 €
Life time of the inverters 10 years

3. Problem Formulation

The objective function of this problem is the total cost of the electricity generated in one
year by a hybrid system composed by PV panels, batteries and a diesel generator to
make face to the projected needs of the village of Monte Trigo. The total cost of the
energy system for one year (Tc) is the sum of the installation costs of the PV and
batteries facilities, including the cost of inverters, and the operational costs of the diesel
generator (Dc), for one year. The operational costs of the photovoltaic and batteries
facilities are neglected. The installation costs of the diesel generator are not considered
because this equipment is already installed in the island.
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Regarding the PV panels, the batteries and the inverters, their yearly costs are obtained
dividing the total cost of the equipments (PVc, Bc and Ic) by their life time (Ypy, Yp
and Y)). The operational costs of diesel are the fuel costs. PVn, Bn and In are the
number of PV panels, batteries and inverters, respectively.



4. Optimal configuration: the Genetic Algorithm

The aim of this work is to determine the optimal composition of a hybrid energy system
with minimum yearly cost, the goal is to find the optimal number of PV panels (PVn)
and batteries (Bn) that are able to meet the electricity demand, together with the diesel
generator, with least costs. The optimization method used is the Genetic Algorithm
(GA) and the objective function is the total cost. Firstly, the GA creates randomly the
initial population with n individuals composed by a random number of PV panels and a
random number of batteries. For each individual, the energy system is simulated and the
total cost is estimated and evaluated. Each individual is represented by a string of
twelve binary digits. The two individuals with lower total cost are selected as clones for
the next generation. The remaining generation is obtained based on one-point crossover
and mutation, with a mutation rate of 2%. The selection of parents and the position of
the point from which the one-point crossover is done, are made randomly.

The simulation is based in the hourly data over a year of global irradiation and
electricity demand. The flowchart of the energy system’s simulation is showed in the
following figure:
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Figure 1 — Flowchart of the system operation

To determine the optimal configuration the algorithm performs iteratively the following
steps:

1% step: Verify if the charge remaining in the batteries (Br) is equal to the total
batteries’ capacity (Bes); if yes go to the 3™ step, else go to the 2™ step.

2" step: Charge the batteries with electricity from the PV panels until they become full
and go to the 3 step.

3 step: Compare the electricity demand (Ed) with the energy available in the batteries
(Ba); if Ba is lower than Ed go to the 4™ step, else go to the 5™ step.



Considering that the minimum state of charge of the batteries is 50%, Ba is equal to the
energy remaining in them (Br), minus 50% of their total capacity.

4™ step: Discharge the available energy in the batteries and start up the diesel generator
to meet the electricity demand. Go to the 6" step.

5" step: Discharge the batteries to cover the electricity demand. Go to the 6™ step.

6" step: If hour, H, is lower that the number of hours in a year, go to the 1% step (new
iteration), else end the simulation.

5. Results

This simulation was made with populations of 20 individuals. The total number of
generations (iterations) chosen was 1,000. The following graphics present the best
individual of each generation, that corresponds to the number of PV panels (PVn) and
batteries (Bn) that minimize the objective function — the total cost (in Euros).
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Figure 2 — Number of equipments for each generation
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Figure 3 — Minimum total cost for each generation

Considering the diesel system already installed in the island and the addition of PV
panels and batteries, the configuration that minimizes the costs of the production of



electricity for one year is 20 PV panels and 10 batteries. This total cost is 5,653€. The
yearly penetration of RES is about 64%.

As mentioned above, the use of a hybrid energy system to meet the electricity demand is
the most sustainable solution for these realities; on the other hand, with these results we
can conclude that this solution is economically viable.

5.1 Sensitivity analysis
A sensitivity analysis was performed varying some of the cost variables. Firstly, the

diesel cost was increased to 0.40€/kWh maintaining the cost of the PV panels, batteries
and invertors. A second sensitivity analysis was done considering a grant in the order of
50% to finance the solar energy system. The results obtained are summarized in the
following table.

Table 2 Sensitivity analysis results

Results Reference values Dc =0.40 €kWh 50% grant
PVn 20 42 42
Bn 10 20 20
Cost per year (€) 5,653 7,008 3,903
RES penetration 64% 80% 80%

With an increase of diesel costs, the optimal configuration of the energy system is
modified; the optimal number of PV panels and batteries becomes two times higher,
leading to a significant increase of the yearly penetration of renewable energy. This
occurs because the price of diesel is very high and balances the price of the solar energy
system. As expected, the 50% grant to finance the solar energy system, results in a
significant increase of the number of PV panels and batteries.
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