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Techno-economic analysis of an off-grid hybrid system in
Donoussa island, Greece

by
Katsivelakis Michail

Abstract

Hybrid Renewable Energy Systems is an attractive solution for the supply of electric-
ity in remote areas like islands and communities where grid extension is difficult. Hybrid
renewable energy system aim in the electrification of various areas and communities in a reli-
able, sustainable and environmental friendly way. Hybrid systems combine renewable energy
sources with conventional units and battery storage in order to cater energy in an off-grid or
on-grid system. The small isolated power systems cover their load demands by autonomous
power stations which mainly use diesel generators and conventional units. In this thesis a
hybrid renewable energy system is examined in three scenarios with different percentages
of adoption rate (20%, 50% and 100%) for Donoussa island, Greece and a techno-economic
analysis was studied. Primary load demand of 3460.3 day, peak load of 450 kW were involved
during optimization of the hybrid system. The first scenario include system configuration with
five conventional power units of the existing power system in combination with renewable
energy sources (Wind Turbines and PV panels). The second scenario consists of three con-
ventional units of the existing power system, renewable energy sources (Wind Turbines and
PV panels) and battery energy storage. The third scenario is a 100% renewable scenario and
include only renewables (Wind turbines and PV panels) and battery energy storage. HOMER
software was used for detailed simulation and financial analysis and the optimal system con-
figuration between the feasible configurations of each scenario was selected in respect to the
minimum Excess Electricity percentage, lowest NPC (Net Present Cost) and LCoE ( Lev-
elized Cost of Energy). Moreover, for the first scenario the Excess Electricity, NPC and LCoE
was 6.68%, 4.95 Millions e and 0.295 e respectively. For second scenario NPC and LCoE
were found at 4.03 Millions e and 0.240 e , with a zero percentage in Excess Electricity. As
for the third scenario two different cases were examined with a different amount of batteries.
Excess Electricity was 41.8 % and 46.8 % for the two cases with a NPC and LCoE of 3.76
Millions e and 0.224 e and 5.22 Millions e and 0.311 e . Besides, sensitivity analysis was
performed in optimal configuration of each scenario in order to be examined the behaviour of
the selected system in changes in diesel price, average wind speed and average solar irradi-
ation. Finally the purpose of this study is to examine the techno-economical feasibility and
viability of a hybrid system in Donoussa island in different scenarios.
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Chapter 1

Introduction

1.1 Background
Electricity power is vital for people’s daily life and production, social and economic

development. The power systems is composed of four parts: power generation, power trans-
mission, voltage transformation, and power consumption. In some remote areas like villages,
farms and islands is difficult a transmission and transformation system for a small demand
of electricity to be constructed. As a result of this, there are people all over the world who
have no access in electricity. According to IEA (International Energy Agency) a percentage
of almost 13.2% of the global population did not have access to electricity in 2017 the number
of people without electricity access fell below 1 billion, a fall of 97 million compared to 2016.
[1]

Greece is a Mediterranean country located in south-eastern Europe with a population of
10.7 million approximately. An impressive increase in the share of renewables has occurred
in Greece the last years. In Figure 1.1 can be seen the Renewable electricity generation by
source (non-combustible) in Greece from 1990 to 2018. In general Greece is a country with
great potential to RES (Renewable Energy Sources), especially solar and wind power. In
recent years there is a growth in the share in wind and solar photovoltaics. According to IEA
(International Energy Agency) the share of renewables in total primary energy supply (TPES)
reached a peak in 2016 of 12.5% in Greece. Among IEA members Greece is in the 15th
position in share of renewables in TPES ( Figure 1.2 ). In addition, 31% of total electricity
generation was produced from RES (Renewable Energy Sources) in 2016. In Figure 1.3 can
be seen the Renewable energy share of electricity generation, from 1973 to 2016 in Greece.
Furthermore, Greece has some targets including emissions reduction targets (a reduction of
GHG emissions by 20% from the 1990 level by 2020), targets for the share of renewable
energy (a renewable energy share of 20% in the gross final energy consumption beyond the
18% EU target by 2020) and energy efficiency targets (an energy efficiency target of 24.7
million tonnes of oil equivalent (Mtoe) in primary energy consumption or 18.4 Mtoe of final
energy consumption by 2020). [1]

Greece has a unique characteristic of having about 6,000 islands, of which only 227 are
inhabited. The islands of Greece have great potential of renewable energy sources especially
for wind and solar energy. However only a percentage of almost 10% of the total installed
renewable capacity is included on NIIs. The power systems of the non-interconnected islands
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CHAPTER 1. INTRODUCTION

Figure 1.1: Renewable electricity generation by source (non-combustible), Greece 1990-
2018. [iea]

Figure 1.2: Renewable energy as a share of TPES in IEA member countries, 2016, IEA
(2017a), World Energy Balances 2017

Figure 1.3: Renewable energy share of electricity generation, 1973-2016 IEA. [1]

(NIIs) are small. NIIs are not able to benefit from the cost advantage of large-scale generation
capacity and are in a great extend dependent on on Autonomous Power Stations (APS) which
are equiped with diesel generators and consume diesel or heavy oil (mazut). These APS are
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expensive due to the fuel price and are not environmental friendly as conventional units re-
lease large amounts of pollutants. Average variable electrical energy production cost as well
as average total energy production cost are extremely high for NIIs in Greece. The weighted
average of the variable cost all the NII electrical systems was rated at 130.519 e/MWh, be-
tween 2014 and 2017. [5] The issue of the interconnection of autonomous Greek islands with
the mainland grid is a high priority issue for government’s energy policy which is an expensive
project.

The feasible solution to the high costs of electricity production in NIIs and the stable and
reliable supply of electricity in NIIs are the hybrid systems. The re-structuring of the existing
power systems in combination with the penetration of RES will be an effective solutions to
autonomous power systems. The scope of this thesis is to examine the feasible and viable
infrastructure of a hybrid system using as case study the island of Donoussa in terms of cost
effectiveness , the reduction of emissions and the reliable supply of electricity. The load
profile of the island was provided by HEDNO (Hellenic Electricity Distribution Network
Operator S.A.) and the software that is used for this study is HOMER software. Different
scenarios which include conventional units of the existing power system, PV panels, Wind
Turbines, battery storage and converters are studied in order to achieve 20%, 50% and 100%
renewables adoption in respect to the most effective Excess Electricity rate, NPC (Net Present
Cost) and LCoE (Levelized Cost of Energy).

1.2 Literature Review
Because of the broad research and applied interest towards hybrid renewable energy

systems, a wide range of published literature and work carried out can be met on this field.
There are studies that examine the optimal design of a hybrid system via HOMER software for
Greece. Study in Ref. [5] presents an analytic overview of the autonomous electricity systems
of Greek islands and different scenarios of re-structuring the autonomous electrical system of
Astypalea. The main aim of the energy optimization of this study is to reduce energy pro-
duction costs in a sustainable way. Authors in Ref. [6] present the sustainable planning of
a renewables-based energy system with the scope of replacing the existing diesel generators
with a wind-pv-hydrogen hybrid system in Karpathos island, Greece. In addition, in [7] au-
thors examine the possibility of utilizing a RES-hybrid system for a small Greek island (Agios
Efstratios) by exploring three different case scenarios. They aim in the optimal design of the
microgrid with the less effective cost through an techno-economic analysis. A study on the
island of Lesvos [8] researches the pumped hydro storage renewable energy system by the
use of a computational algorithm, concluding that 25% of the islands energy demand can be
economically met by renewable energy systems. All studies mentioned above used HOMER
software for optimization and simulation. Furthermore, the technical - economic details of a
hybrid power plant, towards 100% electricity production for the autonomous island of Sifnos,
Greece, following the initiative of the Sifnos Island Cooperative (SIC) to claim the island’s
energy independence and a sustainable future for the local community is presented in paper
[9]. The Ref. [10] refer to a HRES in Fournoi island, in eastern Aegean sea, is designed in
order to utilize hydropower for electricity generation and cover drinking and agricultural wa-
ter demands through desalination of sea water. The operation of a hybrid power stations that
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contain advanced sodium sulfur (NaS) batteries as storage medium in the autonomous power
system of Samos Island is studied in Ref. [11]. A flexible power plant is modelled in [12]
associated with a Multi-Objective Particle Swarm Optimization in order to obtain the optimal
size of each plant component and the configuration located in Tilos islands, Greece. Finally,
in Ref. [13] the energy modeling and the life cycle analysis of a generic hybrid power system
installed in the island of Crete, Greece is presented.

Besides Greece, there are many studies that examine the feasibility on hybrid energy
systems on islands all over the world. Ref. [14] through HOMER software examines the
most cost effective configurations of a hybrid autonomous energy generation system in St.
Martin’s island in Bangladesh. Moreover, Ref. [15] and [16] highlight a hybrid system com-
posed of solar PV, wind turbines, diesel generators, micro-hydro plant and batteries in order
to supply the electricity demand of the Calayan island in Philippine and for Fiji islands re-
spectively. In Ref. [17] the technical and economical viability of of hybrid energy system
in the Masirah Island power system in Oman is examined through HOMER and DIgSILENT
software. A study in Ref. [18] discusses the techno-economic evaluation of a 100% renew-
able hybrid system on a remote island. The research [19] proposes a mathematical model to
analyze the effect of varying saturation for a hybrid PV-wind-battery system for Jiuduansha
island near Shanghai. Moreover, authors in [20] use linear programming or optimal design
of hybrid power generation system (HPS) in which conventional units and renewable energy
generators are incorporated to supply electricity to islands isolated from the national grid. The
paper [21] presents a hybrid system implementation planning as the results of optimal sizing
and operational strategy of hybrid PV-Diesel-battery storage system at Sebira Island, Kepu-
lauan. Authors in Ref. [22] design a hybrid wind-solar-fuel cell power plant and a power
managements strategy is proposed for TUNeIT [TUNisia and ITaly] Project, that involves
the realization of four artificial islands to connect Bon (Tunisia) and Pizzolato (Sicily). Be-
sides the off-grid and autonomous applications, grid-connected hybrid systems are examined.
Ref. [23] proposes an optimal off-grid and a grid-connected hybrid system to cover the load
demands of Bozcaada island, Turkey.

As mentioned earlier hybrid systems provide electricity not only in islands but in remote
areas, communities, houses and buildings (schools, university campus, etc.). Fortuitously, re-
mote areas generally are rich in locally available renewable energy resources. Ref. [24], [25],
[26] and [27] examine microgrids for the support of university building, academic institu-
tion, university campus and of an electric machinery laboratory. Techno-economic analysis
and optimum design of a hybrid grid-independent system for the residential and agricultural
electric load requirements of an energy poor community of Yamunanagar district in the State
of Haryana, India is examined in [28] through MATLAB/Simulink and HOMER software.
Ref. [29] uses a new metaheuristic algorithm called Cuckoo Search is applied for solving
the hybrid energy system optimization problem in a remote area located in Almora district of
Uttarakhand, India. Ref. [30], [31], [32] and [33] make researches for the analysis of off-grid
microgrids for the electrification of remote areas in Greece, Cameroon, Nigeria and Malaysia.

Some of the studies that described above were employed in remote areas with no access
to electricity, others to support buildings and other for islands. The design of each hybrid
system is different and is dependent on the available climatic data and load profile of the dif-
ferent case study. Besides, there are only a few studies which take into consideration for the
optimum design and the techno-economic analysis for the hybrid system the excess electricity
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factor. Excess electricity is a very important parameter which defines the stability, the reli-
able supply of the system and the economic viability of a hybrid system. In Ref. [34] the
authors aim to investigate the existence of excess electricity in an isolated hybrid system in
Nepal and discuss the impact of excess electricity on hybrid system’s cost and performance.
To address aforementioned literature flaw, this thesis targets to the optimal design of hybrid
system for a not-interconnected island in Greece (Donoussa) with the minimum percentage of
Excess Electricity and the most cost-effective NPC and LCoE. In addition, Donoussa island
has higher energy demands from most of the cases that presented above, with a population of
167 inhabitants. This study examines three scenarios of utilization of a hybrid system accord-
ing to renewable adoption rate. Techno-economic analysis ensure the technical and economic
viability of the hybrid system.

1.3 Thesis objective
The main objective of this thesis work is the design of an off-grid, autonomous hybrid

system/microgrid for the electrification of Donoussa island, Greece. Based on the load profile
of Donoussa island (provided by HEDNO) different schemes/scenarios of hybrid renewable
energy systems will be examined including diesel generators (conventional units of the exist-
ing power system), PV panels, Wind turbines, battery, converter with different percentages of
renewable energy sources penetration of each scheme. The hybrid system will be feasible and
cost effective to satisfy the load demands of Donoussa through system design simulation and
optimization. Furthermore, comparison will be applied between hybrid system configurations
for the selection of the optimal system configuration of each scenario based on Excess Elec-
tricity parameter, NPC cost and LCoE. A sensitivity analysis will be conducted in order the
system performance to be examined in different conditions. The goal is the achievement and
the proposition of optimal hybrid systems in terms of reliable power supply and cost.

1.4 Thesis Layout
Chapter one gives the background, reviews the related work and bibliography, intro-

duces the thesis objective and describes thesis layout. The literature review is normally based
on applications and optimization methods of hybrid systems all over the world. Chapter two
analyzes different hybrid systems/microgrid configurations and describes briefly HOMER
software. Scenarios, Modelling and Optimization of the hybrid system, which include the
methodology of the optimization, electrical load data, wind and solar data, sizes and costs
of all components as well as economic inputs, constraint inputs, and sensitivity variables are
described in Chapter three. In Chapter four are examined optimization results of the different
scenarios, then sensitivity analysis results are analyzed and Excess Electricity assessment is
presented. Finally, in Chapter five are included the final conclusions and some suggestions
for future work.
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Chapter 2

Hybrid Systems/Microgrids and HOMER
Software Tool

Hybrid system is defined as the combination of two or more renewable/non-renewable
energy sources (like diesel generators, PV panels, Wind turbines). In addition, the basic
components of the hybrid system include energy sources (AC/DC), AC/DC power electronic
converters and load as wells as energy storage like batteries, flywheels, pumped-storage hy-
dro. [35] In the case renewable energy sources generate power that exceeds the energy load
demands, surplus power is used in order to charge the battery. In contrast due to intermittent
nature of renewable energy sources when the power from renewables is insufficient to meet
the load, battery and conventional machines are used as back-up resources to meet the load
demands. Hybrid Renewable Energy Systems (HRES) have the capability to operate in stand-
alone mode/islanded/off-grid and on the other hand on-grid/grid-connected. In grid-connected
mode HRES are used in places like universities, hospitals, factories and town. In on-grid situ-
ations when grid electricity prices are low the HRES meets the load from the grid and charges
the energy storage with renewable resources. In contrast when the prices are high, the load
is met with the HRESs resources and sells the extra energy to the grid. [36] As for Hybrid
systems in an stand-alone mode, are used mostly in remote, rural areas and islands. A HRES
in a stand-alone mode is a appropriate mean to provide electricity areas where grid extension
is difficult, costly and electricity transmission from centralized utility is difficult. For islands
and remote areas HRESs are able to generate electricity in a sustainable way and make com-
fortable people’s standard of living. As it mentioned earlier HRES use both renewable energy
sources and conventional diesel generators in order to ensure the viability, reliability and af-
fordability of the supply. Drawbacks are observed of using renewable sources exclusively as
off-grid/stand-alone power systems or conventional generators (intermittent nature of RES,
fuel costs, high transportation fuel costs, climate change). So HRESs use a combination of
both conventional and RES with a lot of advantages like diesel fuel reduction as well as the
reduction of greenhouse gas emission, increase of penetration of renewables, the exploitation
of locally available resources, decrease in the CoE (Cost of Energy) and electricity access in
remote areas and during periods waiting for grid extension or grid damages. In this particular
study a stand-alone hybrid system is going to be studied for the island of Donoussa (an off-
grid Greek island) which consists of diesel generator, wind turbine, PV panels, batteries and
a converter. Some of the components generate AC and others DC power directly.
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2.1 Hybrid Systems Configurations
Hybrid energy systems designs can be categorized according to their voltage and their

load demands in different configurations. The main configurations for hybrid energy systems
are 3: DC coupled, AC coupled and mixed-coupled hybrid power systems.

2.1.1 DC-coupled configuration
In the direct current configuration, all the energy conversion systems are connected ei-

ther directly or through a DC/DC power converter, to a DC bus line to which the DC loads are
connected. All the AC power sources are converted to DC power sources through converters.
In addition, this configuration is able to support and supply AC power to the AC loads through
a DC/AC converter. As far as energy storage of the hybrid system is concerned, is also con-
nected to the DC bus line through a bi-directional converter in order to meet the energy needs
to the DC loads in response to the demand. Main merits of DC coupled configuration is that
there is no need for the synchronization of the system that can be used for DC micro-grid
and that the demand is satisfied without interruptions. Despite the merits, there is a main
disadvantage in the conversion system. If there is a failure in the DC/AC converter the whole
system could not supply AC power to the AC loads. A typical DC-coupled configuration can
be seen in Figure 2.1. [2] [37] [38]

Figure 2.1: DC-coupled configuration. [2]

2.1.2 AC-coupled configuration
In this configuration all the components (generating and storage technologies) of the

hybrid system are connected to AC bus line either directly with the loads or in line with the
loads. Moreover, there are two subcategories for the AC-coupled configuration of hybrid
systems which are: centralized AC coupled hybrid systems and decentralized hybrid systems.

2.1.2.1 Centralized AC-coupled

In Centralized AC-coupled all components are connected directly to AC bus line before
they are connected with the loads. Generating components are able to be connected either
directly to the main AC bus line or through a AC/AC converter. For the control of the battery
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a master inverter is required and DC electricity can be succeeded with the help of batteries.
Figure 2.2 depicts a centralized AC coupled configuration. The main advantage of centralized
AC-coupled hybrid system is that battery life is expanded due to the presence of central control
system for the overcharging and deep discharging. Furthermore, it is also compatible with
utility grids and the surplus electricity is able to be exported during minimum load demands.
[2] [37] [38]

Figure 2.2: AC-coupled centralized configuration. [2]

2.1.2.2 Decentralized AC-coupled

In this type of architecture energy conversion systems are not connected to any of the
bus, in contrast are connected individually directly to the load. Energy sources is not manda-
tory to be located near to each other but are able to connect to the load from where renewable
energy sources. Merit of configurations like this is that the components that generate power
are able to be installed directly from the location renewable energy sources are available.
On the contrary drawback can be observed in such decentralized AC-coupled systems to the
power control of the system which can be face difficulties. Centralized system is preferred
due to the controllability that presents. In Figure 2.3 can be seen decentralized AC-coupled
system. [2]

Figure 2.3: AC-coupled decentralized configuration. [2]

2.1.3 Mixed-coupled configuration
Mixed coupled configuration is a mix of DC-coupled and AC-coupled configuration.

Some components like PV panels along with the battery (energy storage) are connect to DC
bus line while other renewable energy components are connected to AC bus line along with
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conventional machines like diesel generator. In Figure 2.4 can be observed a mixed-coupled
configuration of a hybrid system. [2]

Figure 2.4: Mix-coupled configuration. [2]

2.1.4 Series/parallel Hybrid Systems
Another categorization for microgrids/hybrid systems is based on the type of the supply

provided by diesel generators and renewable energy sources. The two categories that emerge
are series and parallel hybrid microgrids.

2.1.4.1 Parallel Hybrid systems

In parallel hybrid power systems configuration, AC components like wind turbines and
diesel generators supply power directly to the consumers. Some of the merits of this config-
uration are the greater diesel efficiency, the decrease of the cost of diesel and the capacity of
battery and the possible optimal generation. Parallel hybrid power systems are divided into
two sub-categories: DC-couple systems and AC-coupled systems. These two categories were
already discussed in subsection 2.1.1 and 2.1.2 respectively. [2]

2.1.4.2 Series Hybrid systems

The main characteristic of this configuration is that DC power that is generated from the
components is directly supplied to the battery. As a result of this all the generated power from
PV panels, wind turbines and diesel generators is used to charge the battery. A charge con-
troller is responsible and connected with each component except the diesel generator which is
equipped with a rectifier. The AC demands of the loads are satisfied with the help of an inverter
which converts DC power into AC power. Deep charging of the battery bank is avoided due
to the presence and operation of the charge controller, which also ensures that battery is not
overcharged from PV panels and wind turbine. Another name for this topology is centralized
DC bus configuration. This name is justified from the fact that all sources are connected to
DC bus line and the load is fed through a single point. Figure 2.5 shows such a configuration.
Despite the simple configuration of these systems there are some drawbacks. The efficiency
of the system is decreased due to the fact that all power is stored in the batteries. In addition,
continuous charging and discharging reduce battery lifetime and the power control of diesel
generator is difficult as the main purpose of diesel generator is the charging of battery. [2]
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Figure 2.5: Series hybrid system configuration. [2]

2.2 Modelling Software: HOMER Pro
HOMER is considered to be a powerful tool which is suitable for the design of HRES

(Hybrid Renewable Energy Systems) and carry out techno-economic analysis in order to de-
termine through this optimal size of its components. HOMER is a software which has been
developed by National Renewable Energy Laboratory (NREL), United States. Wind turbines
(WT), PV array, fuel cells, small hydropower, biomass, converter, batteries and conventional
generators are some various resources that HOMER software is able to model. Furthermore,
this software considers HRES in grid connected and off-grid power systems and uses the
NASA (National Aeronautics and Space Administration) weather database for the measure-
ments of the renewable devices that user is able to add to the system.

For this particular study the software version of HOMER that is used is HOMER Pro
(version PRO x64). HOMER software is composed of 3 major features which are Simulation,
Optimisation and Sensitivity Analysis. Regarding Simulation, techno-economic calculations
are offered from this tool and more specifically offers calculations as the Net Present Cost
(NPC), initial Capital Cost (CC), Cost of Energy (COE) produced, Cash Flow, Renewable
Fraction of energy consumed by the load, Grid Import and Export rates and many more.
As for Optimisation, HOMER gives the user the opportunity to determine the best solution
of performing system according to the inputs. Through a great number of simulations of
different components tool gives the best feasible solutions. Another one major feature of
HOMER is Sensitivity Analysis. Real values of some parameters of the system might deviate
from the values of the simulated system parameters. Sensitivity analysis is defined as the
the measurement of performance of an estimation for different inputs, so the users are able to
examine and test the designed system with different initial values and conditions. HOMER has
a large number of inputs as climate data, electrical load, technical and economic parameters
of the equipment used for generation and storage, sensitivity variables, dispatch strategy, and
some more constraints. Then software simulates the operation of the system, calculating the
energy balances for each one of the 8760 hours of the year, resulting in the the optimal system
size and control strategy based on the lowest net present cost (NPC). [36] [39]
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Chapter 3

Modelling and Optimization of the hybrid
system

3.1 Donoussa island Background

3.1.1 Study Area
Greece is a country with a great numbers of islands, approximately 6000. Islands are

the main morphological feature of Greece and only 227 of the 600 are habitable. Coastline of
Greece is about 13,676 km.

Donoussa island is a small Greek island which is situated in the Aegean sea, in the
southeastern Cyclades, 10 miles north of Amorgos and east of Naxos. The island is about 14
square kilometers, has a diameter of almost 5.5 kilometers and has a maximum altitude of 385
meters. Donoussa’s permanent population is 167 according to last census and is considered
to be a popular tourist destination especially during the summer months and as a result of this
the energy demands of the island are increased during the summer. The main occupation of
the permanent habitants of Donoussa is fishery and livestock. Donoussa island consists of 4
settlements (Donoussa, Mersini, Charavgi and Kalotaritisa). In addition, the first inhabitants
which settled on the island came from the island of Amorgos and founded the village of
”Stavros”. Donoussa is administratively part of the Naxos municipality. In Figure 3.1 can be
seen a characteristic view of the main settlement of Donoussa.

3.1.2 Power system of Donoussa
As for the power system of Donoussa, the island is one of the 32 non - interconnected

Greek islands. The peak hours according to HEDNO (Hellenic Electricity Distribution Net-
work Operator) for the island are 11:00 to 14:00, 18:00 to 21:00 during winter and 10:00 to
14:00, 18:00 to 23:00 during summer. As it mentioned earlier Donoussa is a tourist attraction
so energy needs and peak hours increase during the summer. The energy system of Donoussa
is basically based on one main thermal plant and as a result for the production of electricity,
diesel oil is used. Until now no RES (Renewable Energy Sources) are used for production in
the island of Donoussa. The types of generators and their characteristics of the thermal plant
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Figure 3.1: View of the main settlement of Donoussa [pigi]

can be seen in the Table 3.1. The sum of output power of all generators is 0.940 MW. The
total production of the thermal plant of the island for electricity for the year 2017 according
to HEDNO was 1012.66 MWh. In addition, the average annual variable cost of conventional
units of the Donoussa power system is equal to 250.02 e/Mwh for 2017. Indicatively, it is re-
ported that for 2017 the average weighted annual diesel purchase cost ranged to 796.40 e/klit
and the average annual additional operating and maintenance costs are estimated for each unit
and equal to 4.04 e/MWh. The total operating and maintenance costs for the conventional
system power plant was 662.71 e/MWh. Furthermore, the total load for the year 2017 was
1263 MW. Finally, no RES are used for the energy demands of Donoussa, so a hybrid system
would be a great solution for the island.

Table 3.1: Types of generators and their characteristics of Donoussa thermal plant provided
by HEDNO.

No. Type of Generator Fuel Pmax (MW) Pmin (MW)
1 MAN D2566ME DIESEL 0.080 0.045
2 MAN D2566ME DIESEL 0.080 0.045
3 MAN D2566ME DIESEL 0.080 0.045
4 VOLVO PENTA TAD 1345GE DIESEL 0.250 0.100
5 VOLVO PENTA TAD 1345GE DIESEL 0.250 0.100
6 VOLVO PENTA TAD 740GE DIESEL 0.200 0.110

The hybrid system that is proposed in this study has main objective to meet the load
demands for the yearly load of Donoussa island. The renewable energy sources that are used
from the hybrid system in this thesis are wind and solar energy, in contrast diesel generator
and batteries for energy storage are used in order to be controlled the intermittent nature of
renewable energy sources. PV panels generate DC type output voltage while diesel generator
and wind turbines generate AC output voltage. In addition, there is a bidirectional converter
with a main purpose to charge the battery by changing AC voltage to DC voltage. Further-
more, provides alternating type current back from battery to consumers when there is such a
need. The load of the residents of the island is considered to be of AC type. Next sections of
this chapter are referred to the input variables that are necessary for the smooth optimization
and modeling of the system and explain some values which are related to the inputs.

12

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 22:07:54 EEST - 18.117.196.52



CHAPTER 3. MODELLING AND OPTIMIZATION OF THE HYBRID SYSTEM

3.2 Donoussa electricity load
In HOMER modelling tool the first parameter that has to be imported and the most im-

portant one is the electricity load which is next to the selection of the components from the
library of HOMER software. As for the electric load profile for Donoussa island, electric
load was possible to be retrieved by HEDNO (Hellenic Electricity Distribution Network Op-
erator S.A.), at an hourly base for the year 2017. A text file with 8760 values was imported
in HOMER software. The diurnal variation of the primary load profile of Donoussa island
is depicted in Figure 3.2. As it can be seen, the load increases during summer months July,
August and then September due to the tourism which is intense in the island. These months
load is high around 12:00 which may be caused due to the air - conditioning loads and after-
noon from 18:00 to 23:00. In addition, Figure 3.3 shows the annual electric load of Donoussa
where it is depicted that during August there is a peak in the electrical load of 450 kW, more
specifically at 12 of August at 22:00. Typically the increases of load are observed during the
period from July to September. The average consumption of the island is 3460.30 kWh/day
and average load is 144.18 kW.

Figure 3.2: Diurnal variation of electrical load profile.

Moreover, the variation of the electricity load during the day is indicated in Figure 3.4.
0 to 100 kW are observed during night hours 0:00-6:00 hours. Then peak hours during winter
are 11:00 to 14:00 and late afternoon hours 18:00 to 21:00. During summer daily peak load
occurs 10:00 to 14:00 and afternoon from 18:00 to 23:00. Furthermore, Figure 3.5 depicts the
seasonal profile and it clearly observed that during months July, August and September the
electrical load is increased and as it mentioned earlier it is due to the tourism on the island.
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Figure 3.3: Annual load of Donoussa.

Figure 3.4: Data-Map of the monthly load profile.

Figure 3.5: Seasonal load profile of Donoussa.

3.3 Solar irradiation data and Wind resource assessment

3.3.1 Solar irradiation data
Greece as it mentioned earlier has a great potential for solar power. Below in Figure 3.6

can be seen the map with the average annual sum of global horizontal irradiation (GHI) for
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Greece from 1994 to 2016. Solar irradiation in the island of Donoussa is in high levels. For
solar irradiation data there are two ways for the input in HOMER software. Firstly, HOMER
gives the opportunity to retrieve solar data automatically from NREL’s and NASA’s satellite
databases for the specified latitude and longitude via a connection to Internet. The second way
HOMER software offers regarding solar data is that solar irradiation can be imported, with
time steps of many sizes between 60 minutes and one minute in a text file.

Figure 3.6: Global Horizontal Irradiation, Greece 1994-2016. [3]

The daily radiation per month was imported to HOMER software. Global horizontal
irradiation data were retrieved from the Photovoltaic Geographical Information System for
year 2016 for Donoussa island (latitude is 37.10656, longitude is 25.81385). The annual
average solar global horizontal radiation is 5.42 kWh/m2/day. The solar radiation data can
be seen in the Table 3.2 below. In Figure 3.7 is depicted Monthly Solar Radiation Sources
and Clearness Index and can be concluded that solar resources are abundant during the whole
year so a great amount of electricity could be generated from PV panels. As it is visible from
the Table 3.2 June was the sunniest month with 8.467 kWh/m2/day of daily radiation and the
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minimum value of daily radiation was 2.181 kWh/m2/day in December. In addition, clearness
index is a measure of the clearness of the atmosphere and indicates the solar radiation that
is transmitted to earth’s surface. The value of clearness index varies between 0 to 1. In this
study the maximum value is 0.726 in April and the minimum value of the index is 0.494 in
January. In general, Donoussa is considered to be a great place for solar resources in order to
generate electricity.

Table 3.2: Donoussa monthly average solar radiation data.
Month Clearness Index Daily Radiation kWh/m2/day
January 0.494 2.339

February 0.617 3.759
March 0.651 5.194
April 0.726 7.133
May 0.658 7.290
June 0.732 8.467
July 0.725 8.194

August 0.717 7.355
September 0.691 5.933

October 0.642 4.258
November 0.585 2.940
December 0.506 2.181

Figure 3.7: Monthly Solar Radiation Sources and Clearness Index.
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3.3.2 Wind resource assessment
As it mentioned earlier Greece is a country with great wind energy potential. Wind

speeds are high throughout the year all over the country, in mainland and especially in islands.
In Figure 3.8 can be seen the wind map of Greece where, in most areas the wind speeds
are high. As for this study, Donoussa island is considered to be an ideal location for wind
applications and as can be seen the from the wind map of Donoussa in Figure 3.9 mean
annual wind speeds vary from 6-7 m/s to 10 m/s.

Figure 3.8: Wind map of Greece, CRES. [4]

Figure 3.9: Donoussa wind map, CRES. [4]

Similar to solar resources, wind speeds were measured in order to be imported into
HOMER software. Wind speed at 50 m above ground level were measured from NASA
Prediction of Worldwide Energy Resource (POWER). Table 3.3 below shows the average
monthly wind speed of Donoussa. The average annual wind speed is 7.10 m/s. Inputs of
monthly average wind speed in HOMER resulted in the comprehensive Figure 3.10. Finally,
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wind speeds are sufficient for electricity generation from wind turbines and there is a great
wind energy potential on the island.

Table 3.3: Donoussa monthly average wind speed data.
Month Average Wind speed (m/s)
January 8.250

February 7.080
March 7.950
April 5.200
May 5.880
June 5.560
July 6.680

August 8.250
September 8.000

October 6.380
November 8.250
December 7.720

Figure 3.10: Average monthly wind speed of Donoussa island.

3.4 Simulation systems - Scenarios
HOMER software after the simulation of different configurations of energy system com-

ponents, ends up and displays to the user for extended analysis only the feasible power
schemes scenarios. As it mentioned earlier, this study is to propose a renewable hybrid sys-
tem/microgrid in order the current conventional fossil fuel power system of Donoussa island
to be substituted without causing stability problems in the network. Moreover, the simulation
study will be performed on different scenarios in order the effectiveness of adding RES and
storage (batteries) in the existing power system of Donoussa as well as a 100 % RES hybrid
system/microgrid with storage to be verified. The decrease of the the diesel generators oper-
ation and use is an important aspect that this thesis studies. The power system of Donoussa
island is composed of 6 diesel generators with total power of about 940 kW which is almost
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twice as large as the peak load of the system (450 kW). The peak load and the high load
demand lasts only for a specific time of year (summer) and the rest of the year the average
load demand is smaller. As a result of this the power system of Donoussa can be considered
oversized power system. To that end, in this study 3 main scenarios were formulated for the
electrification of the island of Donoussa.

The first scenario includes Wind turbines, PV solar panels and five diesel generator units.
The renewable fraction of this scenario is considered to be 20%. In the Figure 3.11 below can
be seen the configuration of this scenario.

Figure 3.11: Wind-PV-Diesel Scenario.

As for the second scenario the operation of three diesel generators are dismissed and
only three diesel units (200 kW, 250 kW and 80 kW respectively) operate along with wind
turbine generators, PV solar panels and battery with a renewable fraction of 50%. Figure 3.12
depicts the microgrid configuration of the second scenario.

Figure 3.12: Wind-PV-Diesel-Battery Scenario.

Finally, in the last scenario it was attempted the feasibility of the system only with RES
(Renewable Energy Sources) production without the operation of conventional units. The
hybrid system/microgrid consists of Wind turbines, PV solar panels and battery bank. As it is
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easily understood the renewable fraction of this scenario is 100%. Moreover, two sub-cases
are going to be considered. In the first sub-case autonomy days of battery are going to be
assumed five and as for the second sub-case three days are assumed. The configuration is
depicted in the Figure 3.13.

Figure 3.13: Wind-PV-Diesel-Battery Scenario.

3.5 Modelling, Cost data and Size specification of each com-
ponent of Hybrid system

The main criterion of selection of the components of hybrid system of this thesis is cost.
The should be selected with respect to the optimal cost as well as the quality. Moreover, one
of the main purposes of this work is the optimum power system configuration that would meet
the load demand with minimum NPC and COE. Three are the main costs that HOMER Pro
software takes into consideration: Capital Cost, Replacement Cost and O & M (Operational
and Maintenance) Cost. Capital Cost is considered to be the total installed cost of that com-
ponent at the beginning of the project. [40] Replacement Cost is the cost of the replacement
of one component at the end of its lifetime. This cost could be different from the Capital Cost
for many different reasons, at the end of their lifetime is not mandatory a component to be
replaced. Replacement Cost is stable if a malfunction occurs while initial Capital Cost may
be eliminated or reduced by a donor organization. In addition, fixed costs in Capital Cost
travel cost or other fixed costs are counted in contrast with Replacement Cost where are not
accounted. Operational and Maintenance Cost is considered to be the sum of cost of each
component of the system for its operation and its maintenance. Finally, in this section the
sizes and costs of each component of hybrid system are going to be presented as well as some
technical features of each component.

3.5.1 Solar Pv Analysis, Size and Cost
A solar cell is a semi-conductor device with main purpose to turn solar irradiance to

electricity. PV array is modelled in HOMER software as a device that produces DC electric-
ity using the global solar radiation in direct proportion. At first HOMER should take some
inputs in order to calculate the output power from the PV array. Slope, azimuth and ground
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reflectance are the most important ones and the derating factor if the effect of temperature is
applied. Slope is defined as the angle at which the panels are placed relative to the horizontal.
Typically in fixed-slope PV systems with slope equal to latitude the PV energy production is
nearly maximized, in this case 37.10 ◦. The azimuth is considered to be the direction that
PV panels face. For south is 0 ◦, for north is 180 ◦, for east is -90 ◦ and for west is 90 ◦. PV
panels are oriented towards the equator with fixed-azimuth panels and the azimuth is 0 ◦ in the
northern hemisphere and 180 ◦ in the southern hemisphere. Moreover, ground reflectance is
the fraction of solar radiation on the ground that is reflected. On tilted PV panels, this value is
used for the calculation of the radiation incident. This value varies from 3% to 70% depended
on the ground cover material and in this study is selected at 20 %. [23] When the effect of
temperature is taken into consideration HOMER software calculates the power output of PV
panels according to the following formula.

Ppv = Wpv × fpv ×
GT

GS

× [1 + κp × (TC − TSTC)] (3.1)

where:
Wpv is the peak power output of the PV modules (kW),
fpv is the PV derating factor (%),
GT is the solar radiation incident on the PV module in a specific timeslot (kW/m2),
Gs is the incident radiation number under standard test conditions (1 kW/m2),
κp is the is the temperature coefficient of power (%/C),
TC is the PV module temperature in the current hour (◦C),
TSTC is the PV module temperature under standard test conditions (25 ◦C).
This present study assumes the effect of temperature on the PV array. In addition, as far the
derating factor is concerned, is a scaling factor that is applied to the PV array power output in
order to model output which is reduced, in real-world operating conditions in contrast with the
ideal conditions under which the PV panel was rated. Real-world conditions are considered
effects like soiling of the panels, wiring losses, shading, snow cover, aging, temperature, dust
etc. The derating factor is selected to be 80 % as a result of this the production of PV panels
to 20% in order to model the real-world condition of dust and temperature.

Another one important factor for the output power of the PV is the PV cell temperature
which is the temperature on the surface of the PV array. The temperature during night is equal
to the ambient temperature in contrast with daytime when temperature can be increased up to
30 ◦C. PV array energy balance can be seen in the following equation.

τ × α×GT = ηC ×GT + UL × (Tc − Tα) (3.2)

where:
τ is the solar transmittance of any cover over the PV array,
α is the the solar absorptance of the PV array,
GT is the the solar radiation striking the PV array,
ηC is the electrical conversion efficiency of the PV array,
UL is the coefficient of heat transfer to the surroundings,
Tα is the ambient temperature. The temperature of the cell can be seen in the formula below
if the equation 4.2 is solved for Tc.
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Tc = Tα +GT × (
τ × α

UL
)× (1− ηC

τ × α
) (3.3)

The nominal operating cell temperature (NOCT) can help because the value of τ×α
UL

is difficult
to be calculated. So the τ×α

UL
can be calculated as follows:

τ × α

UL
=
Tc,NOCT − Tα,NOCT

GT,NOCT

(3.4)

so Tc :

Tc = Tα +GT × (
Tc,NOCT − Tα,NOCT

GT,NOCT

)× (1− ηC
τ × α

) (3.5)

HOMER software makes the assumption that value of τ × α is equal to 0.9 along with the
assumption of the maximum power point operation of the PV array. According to these as-
sumptions the cell efficiency is equal to the maximum power point efficiency as it can be seen
in equation 4.6.

ηC = ηmp (3.6)

ηmp = ηmp,STC × [1 + κp × (Tc − Tc,STC)] (3.7)

Power is affected by the temperature coefficient κp inversely. As cell temperature is increasing
the efficiency of PV array decreases. Cell temperature can be written as follows:

Tc =
Tα + (Tc,NOCT − Tα,NOCT )× ( GT

GT,NOCT
)× [1− ηmp,STC×(1−κp×Tc,STC)

τ×α ]

1 + (Tc,NOCT − Tα,NOCT )× ( GT

GT,NOCT
)× (

κp×ηmp,STC

τ×α )
(3.8)

After surveying different studies focusing on the cost provided, for this study the Generic
flat plate was chosen with a PV panel of 1 kW. The cost of the PV panels is observed that
varies in different studies and in different countries. The author considered the capital cost of
PV at 620 e/kW, same price for the replacement cost. These costs include shipping, tariffs,
installation, dealer mark-ups and insurances. Operation and maintenance cost are taken at 14
e/year. Lifetime of PV arrays is considered to be 25 years and tracking system is not included
in the system of PV panels. The specifications for the chosen PV modules in this study are
reported in Table 3.4.

3.5.2 Wind Turbine Modelling, Size and Cost
Wind turbines are machines that extract energy from a steam of air in order to convert

it into mechanical energy and then this mechanical energy into electricity. This process is
impossible not to have energy losses which are variable depending on the performance of
wind installations. Mechanical power captured by a wind turbine can be seen in the formula
below: [29] [33]

P =
1

2
× Cp × ρ× A× V 3 (3.9)

22

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 22:07:54 EEST - 18.117.196.52



CHAPTER 3. MODELLING AND OPTIMIZATION OF THE HYBRID SYSTEM

Table 3.4: PV technical speciifications and costs.
Parameters (Units) Value

Panel type Flat plate
Derating factor (%) 80 %

Operating temperature (◦C) 47 ◦C
Temperature coefficient -0.5
Ground reflection (%) 20%

Lifetime (years) 25 years
Tracking system No Tracking System
Capital Cost (e) 620 e/kW

Replacement Cost (e) 620 e/kW
Operation and Maintenance Cost (e/year) 14 e/year

Search Space Scenario 1 40, 50, 60, 70, 80, 90, 100 kW
Search Space Scenario 2 180, 190, 200, 210, 220, 230, 240, 250, 260 kW

Search Space Scenario 3 Case 1 1200, 1250, 1300, 1350, 1400, 1450, 1500, 1550 kW
Search Space Scenario 3 Case 2 1400, 1450, 1500, 1550, 1600, 1650, 1700, 1750 kW

where:
P is the mechanical power/kinetic power,
Cp is the power coefficient,
ρ is the air density,
A is the area swept by the wind,
V the speed of the wind.
Wind speed increases according to the height above the ground. The wind near surface is
slowed due to the existence of ground-level obstacles such as vegetation, buildings and topo-
graphic features. Logarithmic profile and power law profile are used in order to express the
wind speed. The power law profile is explained as given below:

U(hhub)

U(hanem)
=

(
hhub
hanem

)α
(3.10)

where:
U(hhub) is the wind speed at the hub height of the wind turbine (m/s),
U(hanem) is the wind speed at anemometer height (m/s),
hhub is the wind turbine hub height (m),
hanem is the height of the anemometer in meter (m),
α is is the power law exponent. A wind turbine starts to produce electricity when the wind
exceeds a cut-in value and in case that the speed of the wind surpasses a cut-out value then
the wind turbine stops the operation in order to be safely from serious damages. The power
output of the wind turbine as follows:

Pwt(t) =


0 0 ≤ v ≤ vcut−in and v ≥ vcut−out

α× v3 + b× Prated vcut−in ≤ v ≤ vrated

Prated vrated ≤ v ≤ vcut−out

(3.11)
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The constants α and b are given by the following equations:

α =
Prated

v3rated − v3cut−in
(3.12)

b =
vcut−in

v3rated − v3cut−in
(3.13)

where:
vcut−in is the cut-in speed of the wind turbine (m/s),
vcut−out is the cut-out speed of the wind turbine (m/s),
vrated is the rated speed of the wind turbine (m/s),
Prated is the rated output power of wind turbine in kW.

The choice about the optimal wind turbine for the hybrid system of this study depends
on many factors. First of all depending on the wind speed sources the contribution of the wind
turbine power has to be sufficient, so a large wind turbine can be used in the hybrid system
or a number of smaller wind turbines. In addition, the not particularly high load demand of
the island, quantities of turbines, service time, hub height, cost of the component, type of
electricity generated, cut-in wind speed are the restrictive values to select wind turbine. The
selection of the wind turbine is going to be depended on the type of current. In this thesis
an AC (Alternative current) is preferred in order to supply directly to consumers AC power.
The wind turbines that are selected Eocycle EO20 and Aeolos-H 10kW. Rated capacities are
20 kW, 10 kW respectively for Eocycle EO20 and Aeolos-H 10 kW. According to different
studies and market reports initial capital costs differ depending the study, the capacity of the
wind farm (turbine size) and region. The capital cost varies from 1500 e/kW to 2250 e/kW.
For this study the capital cost is selected at 1800 e/kW, the replacement cost is calculated
almost at 80% of the initial capital cost. The operation and maintenance costs are assumed
to be 3% of the initial capital cost. Table 3.5 and Table 3.6 below depict parametric inputs of
wind turbine for HOMER software, some technical specifications and costs.

Table 3.5: Technical specifications and Costs of Eocycle EO20 Wind Turbine.
Parameters (Units) Value

Model Eocycle EO20
Nominal Capacity (kW) 20kW

Rotor Diameter (m) 15.8 m
Cut-in/out wind speed (m/s) 2.75 m/s - 20.00 m/s

Hub/tower height (m) 36 m
Capital Cost (e) 35800 e

Replacement Cost (e) 28640 e
Operation and Maintenance Cost (e/year) 1075 e/year

Scenario 1 Search Space 1, 2 units
Scenario 2 Search Space 1, 2 units
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Table 3.6: Technical specifications and Costs of Aeolos-H 10kW Wind Turbine.
Parameters (Units) Value

Model Aeolos-H 10kW
Nominal Capacity (kW) 10kW

Rotor Diameter (m) 8 m
Cut-in/out wind speed (m/s) 3 m/s - 10.00 m/s

Hub/tower height (m) 24 m
Capital Cost (e) 17900 e

Replacement Cost (e) 14320 e
Operation and Maintenance Cost (e/year) 540 e/year

Scenario 2 Search Space 1, 2 units
Scenario 3 Search Space Case 1 1, 2, 3, 4, 5, 6, 7 units
Scenario 3 Search Space Case 2 1, 2 units

3.5.3 Diesel Generator Analysis, Size and Cost
Diesel generators are widely used in microgrids/hybrid systems as a backup power

source with a main aim to improve the reliability of the system. A diesel generator is a
machine which combines a diesel engine with an electric generator to produce electricity.
The most important properties of a generator are its maximum electrical power output, its
expected lifetime in operating hours, the type of fuel that it consumes along with the specific
fuel consumption and the fuel curve that relates the quantity of fuel consumed to the electrical
power produced. The fuel consumption of the diesel generator is related to the nominal power
and output power of the diesel generator and can be seen in the equation below. [7]

FDG = α0 × PDG−rated + α1 × PDG−out (3.14)

where:
FDG is the fuel consumption of the diesel generator in liters/h,
PDG−rated is the nominal power of the diesel generator (kW),
PDG−out is the output power of the diesel generator (kW),
α0 is the fuel curve intercept coefficient (L/h/kW),
α1 is the fuel curve slope (L/h/kW).
Many time for different types of generators such as fuel cells and variable speed diesel en-
gines, fuel curve is selected as a linear function of power production which is not appropriate.
Usually for the common constant speed internal combustion generators, a straight-line in fuel
curve representation is selected and is considered to be a a good choice.

In this thesis diesel generator for the hybrid system of Donoussa island will be used in
two scenarios. As far as concerned the two scenarios (first one with diesel-wind turbines-
PV and second one with diesel-PV-wind turbines-battery), the diesel generator is going to
cover the RES and their unpredictable nature. Donoussa has already installed 6 diesel gen-
erators as it mentioned earlier and can be seen in Table. In addition, as for the scenario of
Diesel-PV-Wind turbine-Battery hybrid system for simulations are selected the diesel gen-
erator, VOLVO PENTA TAD740GE (200kW) with a specific fuel consumption at 100% of
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254.62 lit/MWh and VOLVO PENTA TAD1345GE with a specific fuel consumption at 100%
of 283.63 lit/MWh. As for the scenario with no battery (PV-Wind turbines-Diesel) all the
installed diesel generators of Donoussa’s power system are going to be modelled and then
through optimization will be decided which are going to be used. Thus the MAN D2566ME
is modelled with specific fuel consumption at 100% of 270.1 lit/MWh. Diesel generators
specifications and technical characteristics were imported in HOMER software. In general
diesel generators are not allowed running under the minimum load ratio which in this study
is assumed at 55% for VOLVO PENTA TAD740GE, 40% for VOLVO PENTA TAD1345GE
and 56.25% for MAN D2566ME. Furthermore, the lifetime of diesel generators is measured
in hours so it is not easy to estimate the lifetime of diesel generators because is directly linked
with fuel quality and operating conditions. In this present study lifetime hours were assumed
to be 15000 for VOLVO PENTA TAD740GE and VOLVO PENTA TAD1345GE and 10000
for MAN D2566ME. Diesel generator’s VOLVO PENTA TAD740GE maximum power is
200 kW and its technical minimum / minimum power is 110 kW, as for VOLVO PENTA
TAD1345GE the maximum power is 250 kW and its technical minimum / minimum power
is 100 kW and for MAN D2566ME maximum power is rated at 80 kW while its technical
minimum/minimum power at 45 kW. The capital cost is zero due to the fact that the units
have been installed and have been already operating in the island. After surveying the diesel
generator market, a replacement cost was assumed for VOLVO PENTA TAD740GE at 25000
e, according to similar models of this generator, replacement cost was considered for model
VOLVO PENTA TAD1345GE at 38000 eand for the model of MAN D2566ME at 6000 e.
In addition, the diesel price in Greece is 1.387 e/liter. Tables 3.7, 3.8 and 3.9 depict the
characteristics and costs of diesel generators that are included in the simulations of the hybrid
system.

Table 3.7: Technical specifications and Costs of VOLVO PENTA TAD740GE.
Parameters (Units) Value

Model VOLVO PENTA TAD740GE
Rated power (kW) 200 kW

Lifetime 15000 h
Minimum Load Ratio (%) 55%

Specific fuel consumption (100% load) 254.62 lit/MWh
Capital Cost (e) 0 e

Replacement Cost (e) 25000 e
Operating and Maintenance Cost (e/hour) 0.05 e/hour

Diesel Cost 1.387 e/lit
Scenario 1 Units 1
Scenario 2 Units 1
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Table 3.8: Technical specifications and Costs of VOLVO PENTA TAD1345GE.
Parameters (Units) Value

Model VOLVO PENTA TAD1345GE
Rated power (kW) 250 kW

Lifetime 15000 h
Minimum Load Ratio (%) 40%

Specific fuel consumption (100% load) 283.63 lit/MWh
Capital Cost (e) 0 e

Replacement Cost (e) 38000 e
Operating and Maintenance Cost (e/hour) 0.15 e/hour

Diesel Cost 1.387 e/lit
Scenario 1 Units 2
Scenario 2 Units 1

Table 3.9: Technical specifications and Costs of MAN D2566ME.
Parameters (Units) Value

Model MAN D2566ME
Rated power (kW) 80 kW

Lifetime 10000 h
Minimum Load Ratio (%) 56.25%

Specific fuel consumption (100% load) 270.1 lit/MWh
Capital Cost (e) 0 e

Replacement Cost (e) 6000 e
Operating and Maintenance Cost (e/hour) 0.06e/hour

Diesel Cost 1.387 e/lit
Scenario 1 Units 2
Scenario 2 Units 1

3.5.4 Batteries Modelling, Size and Cost
Another important part of the hybrid system is the energy storage. In the market there

are various type of energy storage (like batteries, flywheels, air-compressors, hydro pumped-
storage), a optimal choice for applications of low and medium voltage are the batteries due
to their low capital cost and abundant efficiency. Batteries are able to provide, among many
merits, a good quality of electrical power, a reliable power supply and reduce the fluctuations
caused by wind and solar energy. The overall battery dimensions are directly linked with
required period for supplying the load without recharging. As for the battery size another
important factor is the battery allowable depth of discharge (DOD). Especially for low and
medium voltage autonomous hybrid systems and microgrids, optimal type of batteries are
Deep-Cycle batteries due to load patterns because consumption occurs at a steady rate and
shifting from the hours of solar production. Lifetime and efficiency of this type of batteries are
not directly linked with the continuous use of the battery. In power system applications 2 types
of batteries are mostly used: the lead-acid and lithium-ion batteries. [41] Lead-acid batteries
are used in hybrid energy systems and microgrids widely worldwide. Their advantages are
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the low initial investment cost, reliability over other energy storage technologies and their
high effectiveness. [42] Battery bank is considered to be a set of one or more individual
batteries. In this study, the simulated battery system is assumed as a single battery modelled
as a device which can store a certain amount of DC electricity at fixed round-trip energy
efficiency. Furthermore, it has limits concerning how quickly it can be charged or discharged,
how deeply it can be discharged without causing damage, and how much energy can cycle
through it before it needs to be replaced. Charging and discharging capacities can be seen in
the formulas below. [43]
Battery charging:

P (t) = Pb × (t− 1)× (1− σ) + [Pbh(t)−
Pbl(t)

ηbi
]× ηbb (3.15)

Battery discharging:

Pb(t) = Pb × (t− 1)× (1− σ)− [
Pbh(t)

ηbi
− Pbl(t)] (3.16)

where:
Pb is the battery energy in time interval,
Pbh is the total energy generated by PV array,
Pbl is the load demand in time interval,
ηbi is the inverter efficiency,
ηbb is the battery charging efficiency,
σ is the self discharging factor.

In this study after studying different studies for off-grid hybrid systems and microgrids,
lead-acid batteries are chosen. The model which is input through the HOMER tool library
is the Hoppecke 24 OPzS 3000 from the manufacturer Hoppecke which is a lead-acid, deep-
cycle type battery. Nominal capacity of this battery is 3570 Ah (7.15 kWh) with a nominal
voltage of 2 Volt. After surveying the market of batteries for the specific model, initial capital
cost varies from 890 e- 1530 e. Thus initial capital cost is considered at 1200 e, in addition,
replacement cost for battery is assumed about 80% of its capital cost 840 e, operation and
maintenance, finally, are considered to be 12 e/year. In Table 4.10 can be seen the battery
characteristics given by the manufacturer and the costs of the battery.

In addition, in order to be determined the optimal number of units for each scenario,
a rough approximation is performed based on the following methodology. According to the
following formula is calculated the total required capacity of the battery bank (Ah). [7]

Ctot,cap =
nday × EL

ηbat ×DOD × Vbat
(3.17)

where:
Ctot,cap is the total required capacity of the battery bank (Ah),
nday is the number of days for which it is considered the battery storage bank can offer auton-
omy to the system,
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Table 3.10: Technical specifications and costs of Hoppecke 24 OPzS 3000 battery.
Parameters (Units) Value

Nominal Voltage (V) 2 V
Nominal Capacity (kWh) 7.15 kWh
Maximum Capacity (Ah) 3570 Ah

Round efficiency (%) 86%
Minimum State of Charge (%) 30%
Maximum Charge Current (A) 610 A

Lifetime (years) 20 years
Capital Cost (e) 1200 e

Replacement Cost (e) 840 e
Operating and Maintenance Cost (e/year) 12 e/year

EL is the average daily energy consumption in (kWh),
ηbat is the overall battery and inverter efficiency,
DOD is the Depth of Discharge of the battery (%),
Vbat is the battery nominal voltage (2 Volt).
EL is 3460.3 kWh for this study. Overall battery and inverter efficiency is calculated at 0.82,
Depth of Discharge of the battery (DOD) is 0.7 and the number of autonomy days of the bat-
tery is selected for Scenario 2 (Wind - PV - Diesel - Battery) (Section 4.6) nday = 1 and for
Scenario 3 (Wind-PV-Battery) ((Section 4.6) nday = 5 and nday = 3. So Ctot,cap for Scenario 2
is calculated at 3014.2 Ah and for Scenario 3 at 15071 Ah and 9042.6 Ah respectively. After
that the total number of batteries is calculated using the equation 4.18.

nbatteries =
Ctot,cap
Csingle

(3.18)

where:
nbatteries is the number of the required batteries,
Csingle is the capacity of a single battery (7.15 kWh) for this study. As a result of the above the
number of batteries for Scenario 2 is estimated at 422 batteries and for Scenario 3 at 2108 and
1264 batteries. The DC bus voltage is considered at 24 Volt. The nominal system voltage of
the DC bus (48 Volt) should be equal to the summation of the voltages provided by each string
of batteries. The number of string is calculated according to the next formula. The voltage
of a single bus as mentioned earlier is 2 Volt so each string is going to contain 12 batteries
(12× 2V = 24)

nstring =
nbatteries

VDCbus/Vbat
(3.19)

where: nstring is the number of strings of the battery,
nbatteries is the number of the required batteries,
VDCbus is the DC bus voltage,
Vbat is the battery nominal voltage (2 Volt).
According to formula 4.19, for Scenario 1 number of strings is equal to 35.16 but is not
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an integer so the calculated number of batteries is going to be 420 instead of the primary
calculation of 422 with 35 strings. In addition, for Scenario 3, as for case with autonomy
days, nday = 5 the calculated number of batteries was 2108 and number of strings according
to formula 4.19 is 175.66 so the calculated number of batteries changes from 2108 to 2112
and respectively number of strings from 175.66 to 176. For the sub-case of Scenario 3 with
autonomy days, nday = 3, number of batteries was 1264. Using equation 4.19 number of
strings is calculated at 105.33 so it is rounded at 105 string and number of batteries decreases
at 1260.

3.5.5 Converter Size and Cost
A converter is an essential part of the hybrid system in order to maintain the balance of

energy between AC and DC. A converter can operate as both an inverter and a rectifier. In
this study the efficiency of the inverter is set at 90% and the efficiency of the rectifier at 85%.
Lifetime is set at 15 years. The initial capital cost of converter according to [5] is 250 e/kW
and operational and maintenance cost is 230 e/kW. Converter sizes that are considered in this
study are: for Scenario 1: 80, 90, 100 and 200 kW. As for Scenario 2 the Search Space is :
100, 200, 300, 400 and 500 kW. Finally, for Scenario 3 Case 1 search space is: 400, 410, 420,
430, 440, 450, 460, 470, 480, 490 and 500 kW and for Case 2: 200, 250, 300, 350, 400, 450,
500, 550 and 600 kW.

3.6 Other Inputs that Affect Power System Optimization

3.6.1 Constraint inputs
Constraint tab in HOMER software is a set of limitations defined by the power system

designer to make the hybrid system feasible and operational. Shortage capacity is considered
to be a shortfall created by the required operating capacity and the actual amount of operating
capacity the system can provide during a specific time period. Moreover, the operating capac-
ity consists of the surplus demand and operating reserve loads. Operating reserve is a safety
margin in case of excess electrical energy generating capability which ensures the smooth sup-
ply of electricity despite of the load, solar and wind imbalances. Excess electricity is created
by the intermittent nature of RES (renewable energy sources) when generate surplus energy
which is above load demand in combination with the inability of the battery to store excess
energy because is fully-charged. For this study the maximum annual capacity shortage is set
at 0%, the minimum renewable fraction is set at 40%, operating reserve is set as percentage of
hourly load 10% and annual peak load of 0% and as a renewable fraction solar power output
is set at 25% and wind power output at 100%.

3.6.2 Economic inputs
HOMER software, as it mentioned earlier make simulations according to the optimal

NPC (Net Present Cost). NPC is depended of the parameters of the Economics tab window
in HOMER software. Economic input parameters include like project lifetime, annual real
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interest rate, capacity shortage penalty, system fixed capital cost, system fixed O&M cost and
currency. System fixed capital cost, system fixed O&M cost and capacity shortage penalty are
set to zero value due to the fact that have no effect on the system rankings.

A very important variable for the simulation and the optimization of the system is Real
Discount Rate. HOMER calculates the annual real discount rate (also called the real interest
rate or interest rate) from the nominal discount rate and expected inflation rate inputs. Annual
real discount is given by the formula below.

i =
i
′ − f

1 + f
(3.20)

where:
i is the real discount rate,
i
′ is the nominal discount rate (the rate at which you could borrow money),
f is the expected inflation rate.
The real discount rate according to the Bank of Greece is 4.25%, the inflation rate this time in
Greece is 0% so the expected real discount rate calculated from formula 4.1 is 4.25% and it is
used for the calculation of the NPC cost. In addition, project lifetime is set at 25 years and all
the costs are measured in the currency of Euro.

3.6.2.1 Net Present Cost (NPC)

As mentioned earlier HOMER software calculates NPC (Net Present Cost) of each pro-
posed power system. So software ranks the power systems it proposes in descending order
based on NPC. The total net present cost (NPC) of a system is the present value of all costs of
the system during its life minus revenues and present value of the system. It is an important
indicator as indicates if the whole investment is profitable or not. The NPC is given by the
formula below. [44]

NPC =
Cann,tot

CRF (i, Rproj)
(3.21)

where:
Cann,tot is the total annualized cost ($/year),
CRF is the capital recovery factor (calculated in formula 4.3 below),
i is the real discount rate,
Rproj is the project lifetime.
The capital recovery factor (CRF) is a formula which is used for the calculation of the present
value of an annuity. The equation of CRF can be seen below.

CRF (i, N) =
i× (1 + i)N

(1 + i)N − 1
(3.22)

where:
N is the number of years,
i is the real discount rate.
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3.6.2.2 Levelized Cost of Energy (LCoE)

Levelized cost of energy is defined by HOMER (LCoE or COE) as the average (cost/kWh)
of useful electrical energy produced by the system. THe software calculates LCoE from the
following equation.

COE =
Cann,tot − cboiler ×Hserved

Eserved
(3.23)

where:
Cann,tot is the total annualized cost ($/year),
cboiler is the boiler marginal cost ($/kWh),
Hserved is total thermal load served (kWh/year),
Eserved is the total electrical load served (kWh/year).
Eserved is equal with the sum of Epr,AC (AC primary load served (kWh/year)), Epr,DC (DC
primary load served (kWh/year)) and Egr,sales (total grid sales (kWh/year)). This study does
not consider any sale of energy to the grid. [45]

3.6.3 Emission Parameters
Greece has adopted European Union policies and measures to 2020 and one policy and

measure is about the reduction of GHG (Greenhouse gas) emissions by 20% from the 1990
level by 2020. [1] In HOMER software another important tab is the Emissions tab window.
In this window there are some values, Carbon dioxide, Carbon monoxide, Unburned hydro-
carbons, Particulate matter, Sulfur dioxide, Nitrogen oxides. According to HEDNO S.A.
(Hellenic Electricity Distribution Network Operator S.A.) the power system of Donoussa is-
land is of a small scale so there are no purchase cost of emission rights of CO2. As a result of
this there are no penalties and the values of the Emissions window in HOMER software are
set to 0.

3.6.4 Dispatch Strategy
A dispatch strategy is considered to be very simple when a system consists only PV,

wind turbines and batteries. On the other hand it becomes complex when generators are
added to the hybrid system. A dispatch strategy is defined as a control algorithm which
switches battery bank and generators if there is insufficient renewable supply to meet the load
demand. Different operational strategies can be used for the optimisation of the hybrid system
and each strategy has its own merits and drawbacks. HOMER software has the capability of
simulating and optimizing model with various controllers and gives the results which are
suitable for comparisons. In this study the main dispatch strategies ”Load Following” (LF)
and ”Cycle Charging” (CC) were selected for the scenarios. In ”Load Following” strategy,
diesel generators operate and produce only enough power to meet the load demand when RES
(renewable energy sources) are insufficient. RES (renewable energy sources) are responsible
for the charging of the batteries and storage in generally and for the serving of the deferrable
load. On the other hand, in the ”Cycle Charging” strategy diesel generators operate at full
output power in order to serve the primary load. Once the load has served, surplus electrical
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production is used to serve the deferrable load, charge the batteries and provide the optimal
amount of energy to electrolyzer for hydrogen production. During this strategy batteries are
charged to the set-point state of charge (SOC) with no interruption. Start cycles of generators
are reduced as well as charge and discharge cycles of the battery and the waiting time of the
battery at minimum state of charge. In this thesis, whenever Cycle Charging (CC) is used the
set-point state of charge (SOC) is set at 80%. Both dispatch strategies were involved in the
simulations and the optimal strategy was selected for each scenario. [25]

3.7 Excess Electricity
Excess Electricity is surplus energy that is produced in a hybrid system. This energy

cannot meet the load demands or charge the batteries so it has to be dumped or curtailed. It is
usually produced by the intermittent nature of RES when battery is not able to store the Excess
Electricity because is fully charged or by a generator when its minimum output exceeds the
load. Excess Electricity is an important parameter for the voltage and frequency stability of
the system and have to be zero in order the system to operate stable and supply the electricity
reliably to consumers. Excess power can be usable in many ways. Desalination systems like
Reverse Osmosis especially in islands can use the excess power for their operation. Besides,
Excess Electricity can be reused for the cooling and the heating for households. The surplus
energy that the system is not able to use, might be dissipated in a dump load which is usually
a simple resistive heater or a bank of light bulbs. [40]

3.8 Sensitivity Variables
HOMER software gives the user the opportunity to take account dynamic changes like

increasing or decreasing inputs, demands and renewable and non-renewable resources fluctu-
ations. Sensitivity variables and parameters are used in order to show the user how sensitive
the hybrid system/mircogrid is for the different values of the input variable. The main merit
of the sensitivity analysis is the study the uncertainty, the changes of the system and how the
sizes of the components are affected and the right ranges of components to be selected. The
computational time of HOMER software increases as the number of the sensitivity variables
increases which is a challenge for the software. Computational time is directly linked with the
sizes of the power system components and as mentioned earlier with the quantity of sensitivity
parameters. The accuracy of the optimization results increase when there is a large number
of sensitivity variables. On the other hand the computational time is long and the memory of
the computer needs to be larger. The sensitivity variables that are taken into consideration for
this study are depicted in the Table 3.11 along with the corresponding scenarios. For Scenario
1 a decrease of 20% and an increase of 20% in diesel price (1.387 e) is considered, so the
sensitivity values of Diesel Price are 1.110, 1.387 and 1.664 e. As for Scenario 2 variations
on diesel price similar to Scenario 1 and variation on wind speed of 20 % are included in order
the impact of these variations to the hybrid system to be examined. Finally, as for Scenario 3
an increase of 20% in solar irradiation data and in wind speed is going to be applied. Table
3.11 depicts different sensitivity variables for the different scenarios. [40]
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Table 3.11: Sensitivity analysis variables
Scenarios Sensitivity Variables

Scenario 1
Diesel Price

1.110 e, 1.387 e, 1.664 e

Scenario 2
Diesel Price (e) Average Wind speed

(m/s)
1.11 e , 1.387 e ,

1.664 e
5.68 m/s, 7.10 m/s,

8.52 m/s

Scenario 3
Annual Average Solar

Radiation
(kWh/m2/day)

Average Wind speed
(m/s)

4.34, 5.42, 6.50
kWh/m2/day

7.10 m/s, 8.52 m/s
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Chapter 4

Results and Discussion

In this chapter are going to be discussed the optimization results for each scenario as
well as the sensitivity analysis results. The assessment is going to cover both the technical
and economical system performance for 20 years lifetime. Firstly optimization results are
going to be presented and then the sensitivity results and how they affect the hybrid system.
Optimization results are going to be studied in respect with the lowest Excess Electricity En-
ergy which is a factor that can cause a lot stability problems and is the main parameter to select
the optimal system for each scenario. Then the optimal hybrid system is going to be selected
with respect to the NPC (Net Present Cost) and LCoE (Levelized Cost of Energy). Sensi-
tivity analysis variable fed into HOMER software to determine optimal system according to
different condition that were mentioned earlier in Section 3.7. Furthermore, Hybrid system
Scenarios that are examined, were described in section 3.4. Simulations have been performed
with inputs parameters and system constraints that were described in Chapter 3. During these
simulations, HOMER software objectively classified each hybrid system combination accord-
ing to the net present cost, operating cost per year, initial capital, cost of electricity, renewable
fraction, and gasoline consumption. Then the combinations which had the lowest NPC (Net
Present Cost) and LCoE (Levelized Cost of Energy) are selected as optimal solutions.

4.1 Optimization Results

4.1.1 Scenario 1/Diesel-PV-Wind Hybrid system
The optimization results can be seen in the Table 4.1 for Scenario 1 which consists of

PV panels, 5 Diesel generator units, Wind turbines and RF (Renewable Fraction) of 20%.
The most optimal Hybrid Renewable Energy Systems (HRES) to meet the load demands of
Donoussa island for this scenario consists of: 70 kW PV, 2 Eocycle Wind Turbines (20 kW
each turbine), 5 operating conventional units (diesel generators) and 1 converter of 80 kW. The
Excess Electricity percentage is very low at 6.68% and the RES (Renewable Energy Sources)
participate in the production as a percentage 20.2% over the RF (Renewable Fraction) limit.
Excess Electricity is at a very low value (90,807 kWh/yr) and this extra energy can be used for
desalination technologies like Reverse Osmosis. The dispatch strategy that is used is Cycle
Charging, with NPC (Net Present Cost) at 4,950,408 e and LCoE (Levelized Cost of Energy)
at 0.2948 e. The total power production of this power system setup is 1,359,120 kWh/year,
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whereas the total electric power consumption of the AC load is about 1,263,010 kWh/year.
The analytical production of each component can be seen in the Table 4.2 as well as the
technical characteristics.

Table 4.1: Scenario 1 Optimization results.
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Some useful remarks regarding Scenario 1 can be derived from Table 4.2. At first the
load demands on the island are satisfied with 5 out of 6 diesel generators of the existing power
systems. The main production to cover the needs of the island in this scenario comes from
Diesel Generators which are already installed on the island. Conventional units produce nearly
74.18 % of the total production. The low operational hours of Diesel generators (TAD 1345GE
855 hrs/yr) suggest that the system could cope with less conventional units (Scenario 2). In
this specific scenario PV panels and Wind turbines produce 20.2 % of the total production of
electricity for the island load demands. The monthly electrical production of each component
can be seen in Figure 4.1. PV panels and Wind Turbines produce energy at a constant rate
during throughout the year. The diesel generator Volvo Penta TAD1345GE seem to operate a
lot of hours during summer months when the load demands are high due to tourism.

Figure 4.1: Monthly Electrical Production of Scenario 1.

Diesel generators VOLVO PENTA TAD740GE and two MAN D2566ME maximum
power outputs occur during the months of January, February, April, May, October, November
and December. Figures 4.2, 4.3 and 4.4 below show the Power Output of the VOLVO PENTA
TAD1345GE diesel generator and the two MAN D2566ME.
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Table 4.2: Analytical Electrical Production and technical characteristics for optimal configu-
ration of Scenario 1.
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Total 1,359,120 100 - 249,215 -

Figure 4.2: Power output of VOLVO PENTA TAD740GE.

The power output of two diesel generators of type VOLVO PENTA TAD 1345GE is
depicted in Figure 4.5 and 4.6. It is observed that the usage of the second VOLVO PENTA
TAD 1345GE is nearly zero and as a result of this its usage in a hybrid system like this is
considered inadequate. In general it is clear that diesel generators maximum power output in
all generators occurs during evening time and during the night when PV and Wind Turbines
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Figure 4.3: Power output of MAN D2566ME.

Figure 4.4: Power output of MAN D2566ME.

power output is low. Main drawback in the usage of conventional diesel generators on this type
of HRES (Hybrid Renewable Energy Systems) is environmental pollution by fuel emissions.
The total fuel consumed is 249,215 liter/year. Fuel summary is depicted in Figure 4.7 and
it can be easily concluded the high consumption of fuels during the summer months until
September when the usage of diesel generators is maximum. The usage of RES (Renewable
Energy Sources) declines emission pollutants, Co2, Co, So2, Nox and particulate matters from
emitting to the atmosphere. Table 4.3 shows the pollutant that are emitted in atmosphere for
this scenario.

Table 4.3: Scenario 1 Emissions.
Quantity Value (kgr/yr)

Carbon Dioxide 668,493
Carbon Monoxide 4,072

Unburned Hydrocarbons 179
Particulate Matter 24.4

Sulfur Dioxide 1,636
Nitrogen Oxides 3,828
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Figure 4.5: Power output of VOLVO PENTA TAD 1345GE.

Figure 4.6: Power output of VOLVO PENTA TAD 1345GE.

Figure 4.7: Fuel summary Scenario 1.

Figure 4.8, 4.9 and table 4.4, depict the share of electricity generation from solar PV.
As noticed from the two figures electricity generation is maximized in January, February and
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November and not the months with high solar radiation striking the earth’s surface like sum-
mer (April to September). The maximum power output of PV panels happens in November
when maximum amount of irradiation strikes the surface of the island. 100 kW is the rated
capacity of PV panels on this scenario, with a mean power output of 18.8 kW and a maxi-
mum power output of 88.6 kW. Solar PV panels total hours of operation is 4,386 hrs/yr as a
result of this can be easily deduced that PV panels work almost 12 hours per day. Moreover,
LCoE (Levelized Cost of Energy) of PV panels is at 0.0343 e/kWh. Table 4.4 depicts the PV
scheme simulation results.

Table 4.4: PV Scheme Simulation Results.
Quantity Value Units

Rated capacity 100 kW
Minimum Output 0 kW
Maximum Output 88.6 kW

Mean Output 18.8 kW
Mean Output 452 kWh/d

Capacity Factor 18.8 %
Total Production 164,853 kWh/yr
PV Penetration 13.1 %

Hours of Operation 4,386 hrs/yr
Levelized Cost 0.0343 e/kWh

Figure 4.8: PV Power output.

As far as Wind Turbines are concerned, power output by the Wind Turbines is depicted
in Figure 4.10. The power output is high during the year with a maximum of 40.6 kW in
February. Mean output 21.2 kW confirms the fact that mentioned above, with a minimum
power of 0 kW. Only April, May, June, July and October had an average Wind Turbine power
output under the mean output of 21.2 kW. Furthermore, wind penetration is at a low percentage
14.7 % due to the 2 wind turbines are used in this scenario. LCoE of Wind Turbines is at
0.0405 e/kWh. Table 4.5 shows the Wind Turbines scheme simulation results.
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Figure 4.9: PV Power output monthly averages.

Table 4.5: Wind Turbines Scheme Simulation Results.
Quantity Value Units

Rated capacity 20 kW
Minimum Output 0 kW
Maximum Output 40.6 kW

Mean Output 21.2 kW
Capacity Factor 53.1 %
Total Production 185,982 kWh/yr
Wind Penetration 14.7 %

Hours of Operation 7,708 hrs/yr
Levelized Cost 0.0405 e/kWh

As for costs of the system, the optimal configuration was selected according to the min-
imum NPC (Net Present Cost) cost and LCoE. The main economic aspects for the optimal
system are presented in Table 4.6. The financial characteristics of Table 4.6 are presented also
in Figure 4.11. It can be easily derived that the main cost of the selected configuration is the
fuel costs with a value of 4,595,337.32 e. This can be justified from the fact that the Renew-
able Fraction for this configuration is 20.2 % that it means diesel generators operate in order
to satisfy the load demands and the fuel consumption happens at very high rate. The Initial
cost/ Capital cost is very low due to the fact that diesel generator units have been already in-
stalled in power system of Donoussa. Cash flow during the lifetime of the project is depicted
in Figure 4.12. During the lifetime after fuel costs, replacement cost have a remarkable share
along with Capital cost.
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Figure 4.10: Wind Turbine Power output.

Table 4.6: Economic characteristics of the optimal configuration of Scenario 1.
System NPC (e) LCoE

(e)
Capital

(e)
Replacement

(e)
Salvage

(e)
O & M
(e/yr)

Fuel (e)

Optimal 4,950,407.61 0.2948 153,600 175,581.04 -36,535.63 55,499.86 4,595,337.32

Figure 4.11: Cost summary by Cost type.

Figure 4.12: Cash flow by Cost type Scenario 1.
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In addition, the details of the NPC by cost type for the optimal configuration is depicted
in Figure 4.13. The main source of costs comes from diesel generators and more specifically
from one of two VOLVO PENTA TAD1345GE with total cost of 2,846,274.84 e. Then other
two diesel generators follow VOLVO PENTA TAD740GE and one of two MAN D2566ME
with total cost 958,754.76 e and 576,481.42 e respectively. On the other hand the RES
(Wind Turbines and PV panels) have a little share of the total NPC (Net Present Cost) of the
hybrid system with 100,156.30 e and 75,218.24 e respectively. Analytical costs by each
component are depicted in the Figure 4.14 and in Figure 4.15. Different colour represent the
different cost of each component each year during lifetime of the project. Distribution with
orange colour confirm the high costs of VOLVO PENTA TAD1345GE.

Figure 4.13: Cost summary by component type Scenario 1.

Figure 4.14: Analytical costs of each component Scenario 1.

Figure 4.15: Cash flow by component type Scenario 1.
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According to HEDNO (Hellenic Electricity Distribution Network Operator) for the year
2017 the power station of Donoussa island produced 1012.66 MWh. In addition, the average
annual variable cost of conventional units of the Donoussa power system for the year 2017
taking into consideration fuel costs and additional operating and maintenance costs is equal to
250.02 e/MWh. The total cost of the year 2017 can be easily calculated at 253,185.25 e and
if its is considered an average yearly cost, for lifetime of 20 years the total cost of the existing
power system of Donoussa is 5,063,705.06 e. The total NPC (Net Present Cost) of Scenario
1 is 4,950,407.61 e which is a lower value from the cost for the existing power system by
113,297.45 e. This observation makes the optimal configuration of Scenario 1 feasible and
viable for Donoussa island.

4.1.2 Scenario 2/Diesel-PV-Wind-Battery Hybrid system
In Scenario 2 the hybrid system is composed of Wind Turbines, PV panels, battery

storage and diesel generators. Renewable fraction for this case is at 50% and feasible hybrid
renewable energy systems (HRES) after the optimization is 2 as Table 4.7 depicts. Main
target of this Scenario is the reduction of Excess Electricity as well as the NPC, the LCoE and
the usage of conventional units. Both feasible systems have Excess Electricity at a 0% rate,
first of them include MAN D2566ME while the other does not. There is a slight difference
in the NPC, in the LCoE and in RF (Renewable Fraction) between the two configurations.
Driven by these remarks it was decided to keep the first configuration of this scenario as
the optimal system. Thus the optimal hybrid system consists of 260 kW of Panels, 2 Wind
Turbines of type Eocycle EO20 (20 kW) , 2 Aeolos-H (10 kW) Wind Turbines, 1 unit of
VOLVO PENTA TAD740GE diesel generator, 1 unit of VOLVO PENTA TAD1345GE diesel
generator, 1 unit of MAN D2566ME diesel generator, 420 battery units and a converter of 200
kW. The optimal system configuration selected a load following dispatch strategy (LF) where
the diesel generators only provided enough power to serve the load at any particular point in
time and do not charge the batteries. The NPC is at 4,031,102 e and LCoE at 0.2401 e .
Moreover, total power production of this power system setup is 1,307,797 kWh/year which
is lower than the production of Scenario 1 (1,359,120 kWh/year) but is considered technical
feasible and cover the load demands of Donoussa island with AC primary load consumption of
1,263,010 kWh/yr. Table 4.8 present the technical and electrical characteristics of the optimal
system.

Regarding Table 4.8 some important remarks can be drawn concerning optimal con-
figuration of Scenario 2. Comparing to Scenario 1 and with the existing power system of
Donoussa island, the hybrid system include only 3 diesel generator units instead of 6 and 5
in Scenario 1 and in existing power system respectively. The production is divided almost
equally between the conventional units and the RES with almost 47.28% of the total produc-
tion comes from fossil fuels and almost 52.7% comes from PV panels and Wind Turbines.
More specifically Wind Turbine contribute in the total production of almost 20% and PV
panels 32.8%. The contribution of RES in total production is higher than Scenario 1 as the
optimal system for Scenario 1 include 100 kW of PV panels and 2 Wind Turbines in contrast
with the existing scenario with 260 kW of PV panels and 4 Wind Turbines. The low oper-
ational hours of diesel generator VOLVO PENTA TAD1345GE indicate that with a possible
increase in RES the the hybrid system could meet the load demands with only 2 operational
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Table 4.7: Scenario 2 Optimization results.
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Table 4.8: Analytical Electrical Production and technical characteristics for optimal configu-
ration of Scenario 2.
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PV 428,618 32.8 48.9 - 4,386
TAD740GE 429,150 32.8 136 109,093 3,153

TAD
1345GE

60,600 4.63 111 17,332 548

MAN
D2566 ME

128,867 9.85 47.7 34,682 2,703

Eocycle
EO20

185,982 14.2 21.2 - 7,708

Aeolos-H
(10 kW)

74,579 5.70 8.51 - 7,374

Total 1,307,797 100 - 161,106 -

conventional units. Monthly electrical production of each component is presented in Figure
4.16. The production of VOLVO PENTA TAD740 diesel generator production is peaking in
summer months due to the high load demands. During the year PV and Wind turbines produce
electricity at a steady rate in higher rates compared to Scenario 1.

The greatest share in electrical production has the generator VOLVO PENTA TAD740GE
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CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.16: Monthly electrical production of each component of Scenario 2.

with 429,150 kWH/yr and 32 % in total production. The maximum power output of VOLVO
PENTA TAD740GE occur during summer months and more specifically June, July and Au-
gust due to tourism. On the other hand the power output is significantly reduced for the rest of
the year. As it is observed in Figure 4.16, winter, spring and autumn months VOLVO PENTA
TAD740GE operate mostly during the night and evening hours.

Figure 4.17: Power output of VOLVO PENTA TAD740GE.

As for the other two conventional units of the optimal configuration, as mentioned earlier
VOLVO PENTA TAD1345GE operate few hours during the year with a mean electrical output
of 111 kW and fuel consumption 17,332 liters. Operates only during summer months with a
zero operation the rest months. MAN D2566ME with mean output at 47.7 kW operates 2,703
hours/yr with a stable rate and a peak of 80 kW on July and August. Figure 4.18, 4.19 present
power outputs of VOLVO PENTA TAD1345GE and MAN D2566ME. In addition, total fuel
consumed is 161,106 liter/year which is considered a much lower value than fuel consumption
in Scenario 1 (249,215 liter/year) due to the reduction of conventional units. Fuel summary
can be seen in Figure 4.20 below where the operation of conventional units during the summer
months is directly linked with the peak fuel consumption during the summer. Pollutants are
significantly reduced compared to Scenario 1 and are presented in Table 4.9.

Solar PV panels have a great share in the total electrical production of this Scenario with
32.8%. PV have a rated capacity in the optimal system configuration of 260 kW, mean output
of 48.9 kW and 4,386 hours of operation. Furthermore, Donoussa is an island with great solar
irradiation and PV panels produce power throughout the year. There is a clear increase on the
rated capacity of PV panels 260 kW to 100 kW compared to Scenario 1 due to the increase
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CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.18: Power output of VOLVO PENTA TAD1345GE.

Figure 4.19: Power output of MAN D2566ME.

Figure 4.20: Fuel summary Scenario 2.

in the Renewable Fraction from 20% to 50%. In Table 4.10 and in Figure 4.21 below can be
observed PV scheme simulation results.
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Table 4.9: Scenario 2 Emissions.
Quantity Value (kgr/yr)

Carbon Dioxide 432,152
Carbon Monoxide 2,632

Unburned Hydrocarbons 116
Particulate Matter 15.8

Sulfur Dioxide 1,058
Nitrogen Oxides 2,474

Table 4.10: PV Scheme Simulation Results.
Quantity Value Units

Rated capacity 260 kW
Minimum Output 0 kW
Maximum Output 230 kW

Mean Output 48.9 kW
Mean Output 1,174 kWh/d

Capacity Factor 18.8 %
Total Production 428,618 kWh/yr
PV Penetration 33.9 %

Hours of Operation 4,386 hrs/yr
Levelized Cost 0.0343 e/kWh

Figure 4.21: PV power output Scenario 2.

As far as Wind Turbines are concened, the optimal configuration hybrid system includes
4 Wind Turbines, a combination of 2 Eocycle EO20 (20 kW) and 2 of Aeolos-H (10 kW) with
a total sum of 60 kW. In this scenario wind energy contributes in electrical production with
almost 20% in total electrical production. It comes no surprise this fact because Greek islands
and especially Donoussa is ideal for wind energy operation as it mentioned earlier in Chapter
3. Both models of Wind Turbines operate almost during all time of the year. Eocycle EO20
(20 kW) has an average operation under the mean output 21.2 kW only in April, May, June
and October. Additionally, Aeolos-H operate under the mean output of 8.51 kW in April,
May, June and July. Wind Turbine scheme simulation results and power output are depicted
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in Table 4.11, 4.12 and in Figures 4.22, 4.23. Figure 4.22 and 4.23 highlights the high reliance
on wind energy where as it mentioned earlier Wind Turbines operate almost all year round.

Table 4.11: Eocycle EO20 (20 kW) Scheme Simulation Results.
Quantity Value Units

Rated capacity 40 kW
Minimum Output 0 kW
Maximum Output 40.6 kW

Mean Output 21.2 kW
Capacity Factor 53.1 %
Total Production 185,982 kWh/yr
Wind Penetration 14.7 %

Hours of Operation 7,708 hrs/yr
Levelized Cost 0.0405 e/kWh

Table 4.12: Aeolos-H (10 kW) Scheme Simulation Results.
Quantity Value Units

Rated capacity 20 kW
Minimum Output 0 kW
Maximum Output 27.6 kW

Mean Output 8.51 kW
Capacity Factor 42.6 %
Total Production 74,579 kWh/yr
Wind Penetration 5.9 %

Hours of Operation 7,374 hrs/yr
Levelized Cost 0.0506 e/kWh

Figure 4.22: Eocycle EO20 (20 kW) power output Scenario 2.
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Figure 4.23: Aeolos-H (10 kW) power output Scenario 2.

In this scenario there is an extra important parameter for the hybrid system which is
the energy storage. Batteries were solely being charged by the RES in this case (Solar PV
panels, Wind Turbines) following Load Following dispatch strategy. Excess electricity from
RES is absorbed for the charging of batteries. From Figure 4.24 below can be easily derived
the fact that battery is at low levels of charge during spring and summer months due to the fact
that during summer months energy needs are greater and battery has to contribute to energy
production to meet the load demands. Battery is at high levels of charge during January,
February, March, November and December due to the high operation of RES. Battery scheme
simulation results are presented in Table 4.13.

Table 4.13: Battery Scheme Simulation Results.
Quantity Value Units
Batteries 420 qty

String Size 12.0 batteries
Strings in Parallel 35.0 strings

Bus Voltage 24.0 V
Autonomy 14.6 hr

Storage Wear Cost 0.0895 e/kWh
Nominal Capacity 3,003 kWh

Usable Nominal Capacity 2,102 kWh
Energy In 162,376 kWh/yr

Energy Out 141,538 kWh/yr
Storage Depletion 2,043 kWh/yr

Losses 22,881 kWh/yr
Annual Throughput 152,625 kWh/yr

The optimal system configuration NPC (Net Present Cost) is at 4,031,102.03 e and
LCoE is 0.2401 e. There is a sufficient difference between NPC of Scenario 1 and Scenario
2, 4,950,407.61 e to 4,031,102.03 e and in LCoE 0.2948 e to 0.2401 e. Table 4.14 sum-
marizes the financial aspects of the optimal configuration of Scenario 2. The cost summary
by cost type is presented in Figure 4.25. It can be easily derived like Scenario 1 that the main
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Figure 4.24: Battery State-of-Charge Scenario 2.

core of costs are fuel costs with 2,970,686,19 e and are less than Scenario 1 (4,595,337.32)
due to the existence of fewer diesel generators (5 in Scenario 1 and 3 in Scenario 2) and the
great share of RES in Scenario 2 (RF = 50.1%). As a result of this fuel consumption is de-
creased and fuel costs are almost in the half price of fuel costs of Scenario 1. Capital costs are
822,600.00 e and have the second greatest share in total costs of the hybrid system. Capital
costs are justified from the purchase, installation and transportation of RES (PV panels and
Wind Turbines), which have larger rated capacity than RES that are included in Scenario 1.
Cash flow during the lifetime of the project is presented in Figure 4.26.

Table 4.14: Economic characteristics of the optimal configuration of Scenario 2.
System NPC

(e)
LCoE
(e)

Capital
(e)

Replacement
(e)

Salvage
(e)

O & M
(e/yr)

Fuel (e)

Optimal 4,031,102 0.2401 822,600 112,901.73 -42,539.07 167,453.17 2,970,686.19

Figure 4.25: Cost summary by Cost Type Scenario 2.

The optimal configuration’s components costs and their share on the NPC are high-
lighted in Figure 4.27. The higher costs come from the conventional unit VOLVO PENTA
TAD740GE with 2,071,266.35 e . Subsequently high share in total cost have as well the
diesel generator MAN D2566ME with 665,394.93 e of total cost and battery Hoppecke 24
OPzS 3000 with 571,003.60 e . The existence of battery in the selected hybrid system in-
creases the cost, in contrast PV panels and Wind Turbines have not such great share in total
cost of the system with 195,567.43 e and 150,340,81 e respectively. Analytical costs by
each component are presented in the Figure 4.28 and in Figure 4.29. Each component cost
is represented by a different colour during the 20 years of the project lifetime. Replacement
costs of Scenario 2 are 112,901.73 e lower than Scenario 1 (175,581.04 e) where 4 out of 5
conventional units are included in the Replacement costs.
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Figure 4.26: Cash flow by Cost Type Scenario 2.

Figure 4.27: Cost summary by Component Scenario 2.

Figure 4.28: Analytical costs of each component Scenario 2.

In Scenario 1 (Section 4.1.1) the cost for the existing power of Donoussa was assumed
after the total cost of one year of operation was calculated almost at 5,063,705.06 e. The
total NPC cost of the optimal configuration of this Scenario is 4,031,102 e lower than cost
of Scenario 1 and calculated cost of existing power system. Scenario 2 is considered the
most economical feasible among Scenario 1 and existing power system with a 0% of Excess
Electricity. Almost 1 million of Euros is saved by this hybrid system configuration and the
load is fully satisfied.
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Figure 4.29: Cost summary by Component Scenario 2.

4.1.3 Scenario 3/Wind-PV-Battery
Scenario 3 is composed of a 100% renewable hybrid system. As it was observed by Sce-

narios 1 and Scenario 2, is possible for the system to meet the island’s load demands with the
least number of conventional units. As a result of this in the third simulated scenario, all diesel
generators were removed from the simulations in order to be discovered if a 100% renewable
hybrid system is feasible from a technical point of and of a economic point of view. A base
load power is considered the power that is always available by the power system to satisfy
the minimum amount of electricity demand for customers. Most common power plants which
serve the base load have some common characteristics like the generation of electricity almost
constant power, a high capacity factor demand, output stability and reliable operation. [13]
In off-grid, autonomous power systems like power system in Donoussa island, conventional
units are responsible for this kind of power. A 100% renewable, off-grid system could face a
lack of capacity to supply electricity for the base load due to the absence of a constant power
source in order to meet the load. In addition, the intermittent nature of RES could have a huge
effect on the configuration of the system. In this scenario 2 cases are going to be examined:
one case with 1260 batteries and one with 2112 batteries. All the scenarios were simulated
in respect with the lowest Excess Electricity that can be achieved. For that reason only one
feasible system is resulted from the simulations for case 1 (1260 batteries) and 1 for case 2
(2112 batteries). In both cases the only feasible system will be considered the optimal. In
Table 4.15 and 4.16 are presented the optimal systems for each case. For the first case the
optimal system includes 1450 kW of PV panels, 7 Wind Turbines (Aeolos-H 10 kW), 1260
Battery units and a 470 kW converter. The optimal system configuration selected a Cycle
Charging dispatch strategy (CC). The other optimal system consists of 1450 kW of PV pan-
els, 2 Wind Turbines (Aeolos-H 10 kW), 2112 battery units and a 450 kW converter. A Load
Following (LF) dispatch strategy was selected for the optimal system for this case. The NPC
(Net Present Cost) is at 3,759,814.85 e and LCoE at 0.2241 e for case 1 and for case 2 NPC
is 5,217,030.15 e and LCoE is 0.3107 e. In two cases optimal system, the rated capacity of
renewables increased to 1520 kW and 1470 kW for cases 1 and 2 respectively of Scenario 3.
In general the increase of renewables and battery storage compared to the previous Scenarios
is enormous. In Scenario 1 the rated capacity of RES was 140 kW, in Scenario 2 was 300 kW.
The increase that was observed is at least 950 % compared to Scenario 1 and 390% compared
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to Scenario 2. The increase in battery storage in comparison to Scenario 2 is almost 200% for
case 1 of Scenario 3 and 403% for case 2 of Scenario 3. The increase in battery storage was
considered necessary due to the fact that RES are intermittent and generate at less than their
maximum potential capacity making the need for higher installed power capacity. Another
major concern of a 100% renewable off-grid hybrid system is that is not possible and easy to
predict the exact time and exact quantity of power delivery to customers. Thus high capacity
of energy storage and large quantities of batteries are vital for the hybrid system of Scenario
3. However two systems face the problem of the unmet electrical load and the Capacity short-
age at a very small percentage. For case 1 are 1,033 kWh/yr (0.0818%) and 1,259 kWh/yr
(0.0997%) for Unmet Electric Load and Capacity Shortage respectively and as for case 2 are
103 kWh/yr (0.00810%) and 283 kWh/yr (0.0224%). The percentage in both cases is low but
in case 2 are almost at zero rate. It can be easily justified from the fact that in case 2 battery
storage is of a greater capacity than case 1 (2112 to 1260 battery units). Battery is able to pro-
vide the customers the energy during the time RES do not operate. Greater battery capacity
offers in the hybrid system more days of autonomy. Furthermore, the percentage of Unmet
Electric Load and Capacity Shortage in both cases is almost minimum and it is considered
easily manageable. Table 4.17 and 4.18 present the technical and electrical characteristics of
the optimal system for case 1 and case 2 of Scenario 3.

Table 4.15: Scenario 3 (Case 1-1260 Batteries) Optimization results.
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Table 4.16: Scenario 3 (Case 2-2112 Batteries) Optimization results.
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Table 4.17: Analytical Electrical Production and technical characteristics for optimal config-
uration of Scenario 3 case 1.
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PV 1450 kW 2,390,365 90.2 273 4,386

Aeolos-H
(10 kW)

7 (70 kW) 261,025 9.84 29.8 7,374

Total 1,520 2,651,391 100 - -
Battery

Hoppecke
1260

(9,009
kWh)

Energy in
678,208
kWh/yr

Energy out
583,614
kWh/yr

Annual
through-

put
629,327
kWh/yr

Autonomy
43.7 hr

From Tables 4.17 and 4.18 some useful remarks are able to be derived. In two optimal
configurations for the two cases of Scenario 3 it is easily noticed that PV panels have a greater
share of energy production and Wind turbines among with the battery complete the production
and the delivery of the energy in the hybrid system. In both cases rated capacity of PV panels
is the same. As it can be seen from Table 4.17 and 4.18 in case 2 the percentage of partici-
pation of PV panels in the total production is greater than in case 1 due to the fact that rated
capacity of Wind Turbines is less in case 2 than in case 1 (20 kW in case 2, 70 kW in case
1). PV panels in both cases are the main source of the supply of electricity in a stable way to
Donoussa island due to the fact that their production is more predictable. Monthly electrical
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Table 4.18: Analytical Electrical Production and technical characteristics for optimal config-
uration of Scenario 3 case 2.
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PV 1450 kW 2,390,365 97 273 4,386
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(10 kW)

2 (20 kW) 74,579 3.03 8.51 7,374

Total 1,470 2,464,944 100 - -
Battery
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Energy in
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Energy out
674,837
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production of each component is depicted 4.30 and 4.31 for the two cases. In general, solar
energy is a more predictable and stable source of energy than wind energy which has more
intermittent and unpredictable nature. Donoussa has great percentage of solar irradiation dur-
ing the year and PV panels for a 100% Renewable scheme is considered a reliable source of
energy. PV power output and PV scheme simulation results are highlighted in Table 4.19 and
Figure 4.32 for both cases.

Figure 4.30: Monthly electrical Production Case 1 Scenario 3.
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Figure 4.31: Monthly electrical Production Case 2 Scenario 3.

Table 4.19: PV Scheme Simulation Results Case 1 and Case 2, Scenario 3.
Quantity Value Units

Rated capacity 1,450 kW
Minimum Output 0 kW
Maximum Output 1,285 kW

Mean Output 273 kW
Mean Output 6,549 kWh/d

Capacity Factor 18.8 %
Total Production 2,390,365 kWh/yr
PV Penetration 189 %

Hours of Operation 4,386 hrs/yr
Levelized Cost 0.0343 e/kWh

Figure 4.32: PV power output Case 1 and Case 2 Scenario 3.

Wind Turbines have a more ”auxiliary” role in the Scenario 3 in both cases. This fact
can be confirmed from the contribution of them in the electrical production with 9.84% for
Case 1 and 3.03% for Case 2. In Case 1 70 kW (7 units of Aeolos-H 10 kW) are included
in the optimal system configuration and in Case 2 20 kW (2 units of Aeolos-H of 10 kW).
January, March and July are the months that the maximum power output of Wind Turbine
is met. Aeolos-H power output for Case 1 and Case 2 is presented in Figures 4.33 and 4.34
below. Table 4.20 and 4.21 depict the Wind Turbine Scheme simulation results for the two
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cases of Scenario 3. The differences between the two cases are justified from the different
installed capacity for the two cases.

Table 4.20: Aeolos-H (10 kW) Scheme Simulation Results Case 1 Scenario 3.
Quantity Value Units

Rated capacity 70 kW
Minimum Output 0 kW
Maximum Output 96.6 kW

Mean Output 29.8 kW
Capacity Factor 42.6 %
Total Production 261,025 kWh/yr
Wind Penetration 20.7 %

Hours of Operation 7,374 hrs/yr
Levelized Cost 0.0506 e/kWh

Table 4.21: Aeolos-H (10 kW) Scheme Simulation Results Case 1 Scenario 3.
Quantity Value Units

Rated capacity 20 kW
Minimum Output 0 kW
Maximum Output 27.6 kW

Mean Output 8.51 kW
Capacity Factor 42.6 %
Total Production 74,579 kWh/yr
Wind Penetration 5.90 %

Hours of Operation 7,374 hrs/yr
Levelized Cost 0.0506 e/kWh

Figure 4.33: Wind power output Case 1 Scenario 3.
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Figure 4.34: Wind power output Case 2 Scenario 3.

Another parameter for the two optimal hybrid systems for Scenario 3 is the battery. In
case 1 1,260 units of Hoppecke 24 OPzS 3000 (7.15 kWh per battery) and in case 2 were
included 2,160 units of battery. The days of autonomy were considered 3 for the first case
and 5 for the second case. There is a great difference in capaicty of the two battery units
with 9,009 kWh for case 1 in contrast with 15,099 kWh for case 2. Between the two cases
battery makes hybrid system more stable and this can be derived from the Unmet Electric
Load Capacity Shortage as mentioned earlier as well as from the Excess Electricity between
the two cases (Table 4.15 and 4.16). Case 2 has 2,112 units so Excess Electricity is 41.8% and
for Case 1 (1260 units) the Excess Electricity percentage touches almost half of the energy
output with 46.8%. More battery units offer more autonomy, flexibility and stability. Battery
scheme simulation results can be seen in Tables 4.22 and 4.23. In Figures 4.35 and 4.36
State-of-Charge for each case is highlighted. In both cases the battery units are in low levels
of charge during summer month until September. It is concluded from both figures that the
time period that battery of Case 1 (1260 units) is at minimum state of charge keeps less time
than state of charge in Case 2. The greater capacity of Case 2 in order to support the RES
for the load demands that arise summer months and more specifically in August when peak
load happen, battery stays at low levels of charge. On the other hand for battery in Case 1
(1260 units), during summer months until September stays at medium levels of charge and is
discharged to minimum (30%) during the peak load period.
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Table 4.22: Battery Scheme Simulation Results Case 1 Scenario 3.
Quantity Value Units
Batteries 1,260 qty

String Size 12.0 batteries
Strings in Parallel 105 strings

Bus Voltage 24.0 V
Autonomy 43.7 hr

Storage Wear Cost 0.0895 e/kWh
Nominal Capacity 9,008 kWh

Usable Nominal Capacity 6,306 kWh
Energy In 678,208 kWh/yr

Energy Out 583,614 kWh/yr
Storage Depletion 383 kWh/yr

Losses 94,977 kWh/yr
Annual Throughput 629,327 kWh/yr

Figure 4.35: Battery State-of-Charge Case 1 Scenario 3.

Table 4.23: Battery Scheme Simulation Results Case 2 Scenario 3.
Quantity Value Units
Batteries 2,112 qty

String Size 12.0 batteries
Strings in Parallel 176 strings

Bus Voltage 24.0 V
Autonomy 73.3 hr

Storage Wear Cost 0.0895 e/kWh
Nominal Capacity 15,099 kWh

Usable Nominal Capacity 10,569 kWh
Energy In 783,923 kWh/yr

Energy Out 674,837 kWh/yr
Storage Depletion 715 kWh/yr

Losses 109,801 kWh/yr
Annual Throughput 727,696 kWh/yr
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Figure 4.36: Battery State-of-Charge Case 2 Scenario 3.

The renewable penetration of the two cases that are examined in this scenario is of a
great amount. The Maximum Renewable Penetration is 7,584 % and 7,496 % for both cases
respectively. Moreover, a 100% Renewable hybrid system has a tremendous merit of having
zero fuel emissions. A hybrid system like this without the presence of conventional units is
environmental friendly, without fuel emissions and pollutants in the atmosphere which may
affect the natural environment of island.

Technical difficulties are not the only obstacles that a 100% renewable hybrid system
could face up. Infrastructure costs are important and the implementation of high capacities
renewable energy sources for the satisfaction of the load of a small island would result in high
costs and expenses. The economic aspects and costs of the two cases of this scenario are
going to be examined below. Firstly the NPC is at 3,759,814.85 e and LCoE at 0.2241 e for
case 1 and for case 2 NPC is 5,217,030.15 e and LCoE is 0.3107 e. Compared to NPC and
LCoE costs of the previous scenarios case 1 has lower cost than Scenario 1 (4,950,407.61 e
and 0.2948 e ) and Scenario 2 (4,031,102 e and 0.2401 e ). On the other hand Case 2 of
Scenario 3 has higher costs than other two scenarios. Table 4.24 and Table 4.25 summarize
the financial aspects of the optimal configuration of the two studies cases of Scenario 3. Cost
summaries by cost type for Scenario 3 are illustrated in Figure 4.37 and 4.38.

Table 4.24: Economic characteristics of the optimal configuration of Case 1 Scenario 3.
System NPC

(e)
LCoE
(e)

Capital
(e)

Replacement
(e)

Salvage (e) O & M
(e/yr)

Optimal 3,759,815 0.2241 2,653,800 57,900.82 -109,559.34 1,157,673.37

Table 4.25: Economic characteristics of the optimal configuration of Case 2 Scenario 3.
System NPC (e) LCoE

(e)
Capital

(e)
Replacement

(e)
Salvage (e) O & M

(e/yr)
Optimal 5,217,030.15 0.3107 3,581,700 55,436.96 -108,225.38 1,688,118.57

In both cases the main core of costs of the system is the Capital costs and then the
Operating and Maintenance Cost. The Capital cost of Case 2 is clearly higher due to the
greater capacity of battery (2,653,800 e for Case 1 and 3,581,700 for Case 2). In comparison
with Scenario 1 and Scenario 2 Capital Cost is much higher and this is due to the increase
in capacity of renewables. Furthermore, in Scenario 1 and Scenario 2 the main source of the
costs of the system were the fuel for the operation of the Diesel generators. Scenario 1 and
2 due to the existence of diesel generators are highly dependent on the price of diesel which
is not stable. Operating and Maintenance costs in Scenario 3 are of a great share in the total
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Figure 4.37: Cost summary by Cost Type Case 1 Scenario 3.

Figure 4.38: Cost summary by Cost Type Case 2 Scenario 3.

NPC cost (1,157,673.37 e Case 1 and 1,688,118.57 e). The fact that in Scenario 1 and in
Scenario 2 Operating and Maintenance costs were 62,424.89 e and 167,453.17 e , shows
the huge difference between them. Consequently Operating and Maintenance costs of a larger
capacity of RES are way more expensive. Cash flow by cost type during the 20 years of the
project for Scenario 3 are depicted in Figure 4.39 and 4.40.

Figure 4.39: Cash flow summary by Cost Type Case 1 Scenario 3.
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Figure 4.40: Cash flow summary by Cost Type Case 2 Scenario 3.

Additionally, as it mentioned earlier Battery is the most expensive component of the
hybrid system for both cases. Especially in Case 2 where Battery units is almost double than
Case 1 confirm the fact that size of the battery bank is of a great importance on optimising
the hybrid system. Cost summary and detailed costs of the cost of each component for both
cases are presented in Figure 4.41, 4.42, 4.43 and 4.44. By Figures below it is confirmed
that battery bank is the most expensive component and has a serious effects on the NPC
of the hybrid systems. Moreover, the costs of the optimal hybrid systems configuration are
depicted in Figures 4.45 and 4.46 where is depicted the cost of each component by different
colour during lifetime of the project. Battery again is confirmed to be the most expensive
component of the hybrid system as far as Capital Cost and Operating and Maintenance Costs
are concerned.

Figure 4.41: Cost summary by Component Case 1 Scenario 3.

Figure 4.42: Cost summary by Component Case 2 Scenario 3.
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Figure 4.43: Analytical costs of each component Case 1 Scenario 3.

Figure 4.44: Analytical costs of each component Case 2 Scenario 3.

Figure 4.45: Cash flow summary by Component Case 2 Scenario 3.

Figure 4.46: Cash flow summary by Component Case 2 Scenario 3.

As for the long-term scenario of the total cost of existing power system of Donoussa, as it
mentioned in Section 4.1.1 and 4.1.2, its cost is 5,063,705.06 e. Case 1 is more economically
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advantageous withn NPC of 3,759,815 e , while Case 2 with 5,217,030.15 e of NPC cost
is not financially feasible. On the other hand it can support power system of Donoussa in a
more stable way and and the Excess Electricity percentage is less than Case 1. Nevertheless
both systems provide a 100% renewable and green solution for the electrification of Donoussa
island.

4.2 Sensitivity Analysis Results
Sensitivity analysis is performed in order to investigate the impact of the variation of

the input parameters and variables on the behavior of the system and to identify the most
sensitive parameters. [46] In this study a sensitivity analysis is going to be performed in order
to be studied the affect of the sensitivity variables on the optimal configuration system of each
scenario. For Scenario 1 and 2 a sensitivity analysis is examined with a 20% increase and
decrease in the price of diesel fuel. For Scenario 3 a chnage of 20% in the natural resources
(solar irradiation and wind speed) is applied to the optimal system configuration.

As mentioned above for Scenario 1 a change in the price of diesel was assumed in the
optimal system configuration. In Table 4.26 are presented the Sensitivity Analysis results for
Scenario 1. Main conclusion by the Table 4.26 and sensitivity analysis is that NPC and LCoE
values of the optimal hybrid system of Scenario 1 increase with increasing diesel price in a
great rate and decrease with decreasing diesel price. Figure 4.47 shows the variation of NPC
cost and LCoE depending on different values of diesel price. The increase in the NPC cost
and LCoE of optimal system is proportional of the increase of diesel price. Especially this
can be justified from the fact that five diesel generator units are included in Scenario 1. In
the base case the diesel price is 1.387 e , there is a sharp increase from 4.95 to 5.87 for a
20% increase in the diesel price. Fuel costs in the increase of diesel price are 5,495,633.08 e
while for the base case (1.387 e diesel price ) fuel costs are 4,595,337.32 e and a decrease
in diesel price results in the decrease of almost 1 million e at fuel costs ( 3,696,439.55 e ).
Finally, as it can be seen from Table 4.25 the impact on Excess Electricity is almost negligible
and this factor seem not to be affected from the variations on diesel price.

Table 4.26: Scenario 1 Sensitivity results.
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Figure 4.47: Effects of variation of diesel price to NPC and CoE.

In Scenario 2 a sensitivity analysis is performed in order to be studied the impact that
has on the optimal system configuration the variation on diesel price and in variation of wind
speed. In Table 4.26 are highlighted the sensitivity results for Scenario 2 (all system config-
uration use Load Following dispatch strategy). Increase in the wind speed by 20% has an
impact on the decrease of the NPC and CoE as it can be derived from Table 4.27. Figures
4.48 and 4.49 below show the variation in the NPC cost and LCoE according to variations in
diesel price and wind speed. Moreover, the increase in the wind speed has an little impact
in the Excess Electricity which changes in a small percentage. The increase in diesel price
in combination with the standard average wind (7.10 m/s), have a negative impact on NPC
and LCoE as both parameters increase. The reduction of conventional units in this Scenario
3 makes the hybrid system feasible technically and financially despite the variations in diesel
price and wind speed.

Table 4.27: Scenario 2 Sensitivity results.
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Figure 4.48: Effects of variation of diesel price and wind speed to NPC.

Figure 4.49: Effects of variation of diesel price and wind speed to CoE.

Scenario 3 is the 100% renewable hybrid system scenario. In Table 4.28 below are
depicted the sensitivity analysis results for Case 1 of Scenario 3. Only feasible cases are
presented, on this optimal configuration some cases are not feasible (with average solar irra-
diation 4.336 kWh/m2/day and the case with solar irradiation of 5.42 Wh/m2/day in combi-
nation with wind speed of 5.68m/s). As a result of this in Table 4.27 only five out of nine
configurations are shown. From Table 4.27 it can be easily derived that the increase of solar
irradiation in combination with the increase of average wind speed has no impact on the in-
crease or the decrease of NPC cost and CoE. On the other hand there is a gradual increase in
the Excess Electricity parameter which is an important factor for the smooth operation of the
hybrid system. Figure 4.50 depict the increase of the Excess Electricity in combination with
the variations of the solar irradiation and wind speed. The increase in the natural resources
make RES components to produce more energy that is not able to be stored so the Excess
Electricity percentage increases.
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Table 4.28: Scenario 3 Case 1 Sensitivity results.
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Figure 4.50: Effects of variation of solar irradiation and wind speed to Excess Electricity Case
1.

For Case 2 of Scenario 3 (2112 battery units) sensitivity results are almost similar to
results of Case 1 of Scenario 3. Five out of nine configurations are feasible and four out of
nine are considered insufficient. Table 4.29 shows the sensitivity analysis results of Case 2 of
Scenario 3. NPC and LCoE are stable and the same in all five systems. Excess Electricity has
the same behaviour like Case 1 of Scenario 2, with a gradual increase. This gradual increase
occurs during the increase of the natural resources (wind speed and solar irradiation) and
reaches almost 50% which is less percentage than Case 1 of Scenario 3. This can be justified
from the greater capacity of the battery bank (2112 batteries in Case 2 in contrast with the
1260 batteries of Case 1). Excess Electricity percentage in relation with sensitivity variables
of Case 2 is depicted in Figure 4.51.
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Table 4.29: Scenario 3 Case 2 Sensitivity results.

So
la

ri
rr

ad
ia

tio
n

W
in

d
Sp

ee
d

PV
(k

W
)

A
eo

lo
s-

H
(W

T
)

B
at

te
ry

C
on

v
(k

W
)

E
xc

es
s

E
le

c.
(%

)

N
PC

(M
ill

io
ns
e

)

C
O

E
(e

)

5.42 7.10 1450 2 2112 450 41.8 5.22 0.311
5.42 8.52 1450 2 2112 450 42.4 5.22 0.311
6.50 5.68 1450 2 2112 450 48.7 5.22 0.311
6.50 7.10 1450 2 2112 450 49.3 5.22 0.311
6.50 8.52 1450 2 2112 450 49.8 5.22 0.311

Figure 4.51: Effects of variation of solar irradiation and wind speed to Excess Electricity Case
2.

4.3 Excess Electricity Assessment
A serious parameter that was taken into consideration in this thesis was Excess Elec-

tricity of the different hybrid systems. One of the main targets of this study was at first the
zero percentage of Excess Electricity in different hybrid system scenarios and then if this was
not possible the maximum reduction of the Excess Electricity percentage to the extent that it
would make the hybrid system. As for the 100% renewable scenario, it cannot be avoided the
existence of a abundant percentage of Excess Electricity due to the fact that energy storage
component is not included in this scenario. According to Optimization results the percentage
of Excess Electricity of Scenario 1 was 6.68% (90,807 kWh/yr). This percentage is small but
not negligible and can cause stability problems and network overload problems. The Excess
Electricity daily profile of Scenario 1 can be seen in the Figure 4.52. Months with intense
production of Excess Electricity is January, February, March, April, November and Decem-
ber. It can be concluded that natural resources like wind speed and solar irradiation outweigh
the installed capacity of RES and the extra energy can not be stored due to lack of battery of
the hybrid system.

69

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 22:07:54 EEST - 18.117.196.52



CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.52: Excess Electrical Production Daily Profile Scenario 1.

Optimal configuration of Scenario 2 as mentioned earlier in Section 4.1 succeeds in
eliminating Excess Electricity. Scenario 2 has a 0% of Excess Electricity in combination with
a 51% of Renewable Fraction. The battery bank, the three conventional units and the RES
(PV panels and Wind turbines) form the optimal configuration system in order to meet the
load demands and eliminate the Excess Electricity percentage.

In Scenario 3 as it mentioned earlier the elimination of the Excess Electricity is impossi-
ble. The optimal configuration of the hybrid system occurred with respect the reduction of the
Excess Electricity percentage. In Case 1 the battery units were chosen at 1260 batteries and the
Excess Electricity of this case was 46.8% with a production of extra electricity of 1,241,700
kWh/yr. The intermittent and unpredictable nature of RES result in the over-production. The
battery storage in relation with the production of the RES is considered inadequate to cover
the demands of the Excess Electricity. The daily profile of the Excess Electricity of Case 1
of Scenario 3 can be seen in the Figure 4.53. Excess Electrical Production Monthly Averages
are depicted in Figure 4.54. January, February, March, April, November and December are
the months where Excess Electricity production occurs.

Case 2 of Scenario 3 the battery units are 2112 which it means that there is more capacity
for the storing of extra energy. The Excess Electricity percentage and production of this case
is 41.8 % and 1,030,406 kWh/yr respectively. The larger number of battery units compared
to Case 1 of Scenario 3 results in the reduction of Excess Electricity percentage (41.8% to
46.8%). The battery with the merit of greater capacity than Case 1 stores the extra energy
producing from the RES (PV panels and Wind Turbines). However is not possible to store all
the Excess Electricity because the cost of a greater capacity battery soares. The daily profile
of the Excess Electricity of Case 1 of Scenario 3 is highlighted in the Figure 4.55.
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Figure 4.53: Excess Electrical Production Daily Profile Scenario 3 Case 1.

Figure 4.54: Excess Electrical Production Monthly Averages Scenario 3 Case 1.

Excess Electricity is not necessarily a sign of an inadequate and not feasible system
design. In addition, sometimes it is more financially beneficial for a system not to invest
huge amounts of money in storage technologies and include components that produce greater
amounts of the electricity needed. Besides, there are some suggestions for the effective use
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Figure 4.55: Excess Electrical Production Daily Profile Scenario 3 Case 2.

of the Excess Electricity. The extra energy that was produced in Scenario 1 and in cases of
Scenario 3 could be useful for the island of Donoussa in many ways. Nowadays many Greek
islands face water problems so one suggestion would be the usage of Excess Electricity for
a desalination system (Reverse Osmosis). Moreover, in the future when Donoussa island is
going to be connected with the rest power system of Greece, the Excess Electricity could be
sold in the grid. Another proposition for the usage of extra energy would be the charging
of electrical vehicles as the number of electrical vehicles increases and Donoussa is a tourist
destination. So the future needs of electrical vehicles in the island of Donoussa could be meet
through the Excess Electricity.
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Chapter 5

Conclusions and Future Work

5.1 Conclusion
This thesis has been devoted to the optimal design of an autonomous hybrid system

for the electrification of Donoussa island. Donoussa’s load profile to seasonal fluctuation
throughout a year due to the fact that island is a tourist destination during the summer months.
As a result of this the energy demands from October to April the loads are limited, while the
demands from May to September appear increased and a peak load occurs in August. The
average monthly profiles for solar irradiation and wind speed were analyzed using HOMER
software and as a result Donoussa island had great potential in the exploitation of solar and
wind energy. Solar irradiation also varies throughout the year with a higher monthly average
solar irradiation during summer months giving the PV panels the opportunity to be more
efficient during summer months. The annual average radiation was 5.42 kWh/m2/day. The
island’s wind speed was especially high during the year, making wind energy a favorable
option for the production of energy. The average annual wind speed was measured at an
altitude of 50 meters at 7.10 m/s.

Through this thesis was explored the possibility of the operation of a hybrid renewable
energy system in Donoussa island which could supply the consumers reliably and would be
less dependent on fossil fuels and on the conventional units of the island. Three main sce-
narios were implemented on this study with different renewable adoption rate (20%, 50%
and 100%). Gradually conventional units of the existing power system were reduced in each
scenario. Several techno-economical analyses were performed with the help of HOMER soft-
ware. The optimal hybrid system for each scenario was chosen in respect to the minimum
Excess Electricity percentage and the optimized NPC and LCoE. The main principle was the
satisfaction of load all the time and the technical and economical feasibility of the hybrid
system for a lifetime of 20 years.

After simulation and optimization, analysis revealed that the optimal system of Scenario
1 consisted of 5 conventional units of the existing power system (860 kW), 40 kW of Wind
Turbines (2 units), 100 kW of PV panels and a converter of 80 kW. This configuration had
4.95 Millions e of NPC and 0.295 e of LCoE with a 6.68% of Excess Electricity. The
optimal configuration of Scenario 2 consisted of 3 conventional units diesel generators (530
kW), 60 kW of Wind Turbines, 260 kW of PV panels, a 3,003 kWh storage system and a 200
kW converter. This system has no Excess Electricity percentage (0%), NPC is 4.03 Millions
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e and LCoE is 0.241 e with a renewable adoption rate of 51%. As for Scenario 3 (100%
renewable system) two cases with a different capacity of energy storage were examined. The
optimal hybrid system for the first case of Scenario 3 is composed of 70 kW of Wind Turbines
(7 units), 1,450 kW of PV panels, 1260 battery units (9,009 kWh) and a converter of 470 kW.
For Case 2 of Scenario 3 the optimal configuration consists of 20 kW of Wind Turbines, 1,450
of PV panels, 2112 battery units (15,100.8 kWh) and a 450 kW converter. The NPC and LCoE
of the optimal configurations of the two cases of Scenario 3 are 3.76 Millions e and 0.224 e
and 5.22 Millions e and 0.311 e . Case 1 of Scenario 3 has the lowest NPC and LCoE of all
the scenarios. Cases 1 and 2 of Scenario 3 have the minimum percentage of Excess Electricity
that is achievable in a 100% renewable hybrid system (46.8% and 41.8%). The results of this
study the most feasible solution is optimal configuration of Scenario 2 which can cover the
load demands. Optimal hybrid system of Case 1 with the lowest NPC and LCoE, shows that
theoretically a 100% renewable system is feasible but in reality there are a lot of technical
difficulties like voltage and frequency stability. A huge battery energy storage system has to
be installed.

Sensitivity analysis was also performed in the three scenarios. Sensitivity analysis vari-
ables for Scenario 1 were three different values of diesel price, for Scenario 2 were three
different values of diesel price and annual average wind speed and for Scenario 3 three annual
average values of solar irradiation and wind speed. It is observed how the different factors af-
fect the optimal system of each scenario. In Scenario 1 and 2 the NPC and LCoE are affected
and in Scenario the Excess Electricity parameter is affected.

Finally, Donoussa island has great potential for the implementation of a hybrid system.
The cost of a hybrid system is less than the existing power system and more environmental
friendly. The NIIs are ideal areas for utilizing renewables in favor of local societies. Au-
tonomous hybrid systems in remote areas like islands is a viable way of introducing green
energy. Energy policies by governments should encourage and support actively this kind of
power systems for the energy future of non-interconnected islands.

5.2 Suggestions for Future Work
The work and study that has been done in the framework of this thesis could be used

as a base for diverse future work. In future a interconnection of Donoussa island power
system to the electrical grid of mainland Greece is possible. A grid connected hybrid energy
system could be examined. In addition, thermal energy load could be introduced in the energy
simulation in order to be gained a broader perspective of remote islands. Hourly loads of
different NIIs should be collected and similar studies for hybrid systems could be performed
for the different NIIs in Greece. Common characteristics regarding loads, consumption and
future construction of hybrid system could be highlighted as far as NIIs are concerned. Finally,
a future study of a hybrid island in Donoussa could be done with most accurate cost data of
renewable energy technology components and more sensitivity analysis case could be checked
with the help of a high capacity computer.
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