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IV. TERMINOLOGY

A complete project glossary is provided below:

CM-SAF: Climate monitoring satellite application facility
EPW: EnergyPlus weather

GHI: Global horizontal irradiation

GOES: Geostationary operational environmental satellite
HAWT: Horizontal axis wind turbines

HNMS: Hellenic National Meteorological Service

IAM: Incident angle modifier

ISD: Integrated surface hourly database

ISH: Integrated surface hourly

IWEC2: International weather for energy calculations
LCC: Life cycle cost

LCOE: Levelized cost of energy

MPP: Maximum power point

MPPT: Maximum power point tracker

MSG: Meteosat Second Generation

NASA SSE: NASA Surface meteorology and solar energy database
NASA-Power: NASA- Prediction of worldwide energy resource
NCDC: National climatic data center

NCEI: National center for environmental information
NREL: National renewable energy laboratory

O&M: Operation and maintenance

PLC: Programmable Logic Controller

PV: Photovoltaic

PVGIS: Photovoltaic geographical information system
RES: Renewable energy sources

RET: Renewable energy technologies

SAM: System advisor model

STC: Standard test conditions

TMY: Typical meteorological year

VAWT: Vertical axis wind turbines

WECS: Wind energy conversion systems

WP: Work package

WT: Wind turbine
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VIl. PROJECT SUMMARY

KM3NeT is a large Research Infrastructure that will consist of a network of deep-sea
neutrino telescopes in the Mediterranean Sea with user ports for Earth and Sea sciences.
Following the appearance of KM3NeT 2.0 on the ESFRI roadmap 2016 and in line with the
recommendations of the Assessment Expert Group in 2013, the KM3NeT-INFRADEV project
addresses the Coordination and Support Actions (CSA) to prepare a legal entity and
appropriate services for KM3NeT, thereby providing a sustainable solution for the operation
of the research infrastructure during ten (or more) years. The KM3NeT-INFRADEV is funded
by the European Commission's Horizon 2020 framework and its objectives comprise,
amongst others, activities on the preparation for establishing KM3NeT as a Zero Carbon
Footprint research infrastructure (work package 10).

VIIl. EXECUTIVE SUMMARY

This report presents the techno-economic study for the two out of three installation sites of
KM3NeT carbon neutral facilities using renewable energy technologies (RET). These sites are
in the city of Kalamata, Greece and in the town of Capo Passero, Italy. The reason why the
third site of KM3NeT was excluded from this techno-economic study is referred to the first
delivered report of work package 10 titled “Report on contacts/discussions with power
companies/local authorities/potential partners”. Moreover, the first report covers the
subjects of various renewable energy generation technologies, the energy market in each of
the three hosting countries and the possible synergies and collaborations that can be
established for the installation of the RET systems. This deliverable, following the concluding
points of the first, starts by providing an overview of the available weather databases and
simulation tools. Continuing, it analyses the weather resources of the sites. Then, it presents
the companies and the available products for the chosen renewable energy technologies
(Solar photovoltaic and Wind energy conversion systems). After selecting the RET systems, a
study is conducted for the technical and economic evaluation of their performance. More
specifically, through the various types of the RET systems’ installation capacity, technical
characteristics and weather data, the report examines and analyses the first year’s energy
yield of the proposed configurations. A sensitivity analysis is conducted for the Wind energy
conversion systems as they include the highest uncertainty in their energy yield prediction
based on the acquired weather data of this study. Additionally, the lifetime energy yield of
the systems is calculated incorporating a degradation rate for the systems’ degradation
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mechanisms. Moreover, the background for the economic assessment of the RET systems is
analysed and their evaluation is made by using the levelized cost of energy (LCOE) as a
metric. The LCOE, in this study, expresses the average cost of the systems’ generated energy
during a certain period of time. Hence, it combines the technical with the economic
performance of the systems during this period. Finally, considering the whole analysis, it is
recommended that the main RET for Kalamata area will be a fixed mounted grid-connected
PV plant while for the region of Capo Passero is not clear yet whether the main RET will be a
grid connected large-scale HAWT or a fixed mounted PV plant.
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Chapter 1: Introduction

The shortage of fossil fuels and the effect of climate change created the need for the
utilisation of the renewable energy sources (RES). Worldwide, renewable energy
technologies (RET) are considered as one of the main contributory factors to the reduction
of the greenhouse gas emissions and a solution for satisfying the world’s constantly growing
energy demand. As it was mentioned in the first deliverable of the work package 10 (WP10),
titled “Report on contacts/discussions with power companies/local authorities/potential
partners” [1], one of KM3Net objectives is to feed the energy needed for its research
infrastructures from renewable energy technologies. If the specific objective is achieved, it
will provide a sustainable and environmentally friendly solution for KM3Net energy
requirements while at the same time will promote the renewable energy technologies to the
general public as the surplus energy will be supplied to local buildings.

A summary of the main conclusions of the first deliverable and the aim and objectives of this
deliverable are presented below. The proposed RET installations for Greece and ltaly will
depend on the climatic conditions of the site, the economic constrains, the budgeting issues,
and the collaboration with the local and/or regional authorities. Moreover, all the proposed
systems will be grid-connected and an appropriate agreement in accordance with the
policies and laws of each country will be made with the respective energy supplier.
Additionally, the KM3Net sites will be connected to the normal electricity grid. Finally, small-
scale Photovoltaic (PV) and Wind energy conversion systems (WECS) will be proposed to be
installed in urban environment. These systems will cover a small percentage of the total
energy needed for the KM3Net infrastructures because the local and/or regional authorities
in Greece and Italy own a significant amount of real estate, which can be utilised. This
provides two main advantages: 1) the generated energy on site can be directly consumed
and reduces the amount of energy taken from the electricity grid, 2) it has been decided that
the proposed urban RET installations will be in the form of an infrastructure of high aesthetic
value; therefore, it will promote public awareness on the RET and the community’s
environmental perception.

This report provides a holistic study for the installation of solar PV and WECS in the KM3Net
locations. The study for the RET installation is made for two out of the three locations of
KM3Net; Kalamata, Greece and Porto de Capo Passero, Sicily. For the site in Toulon, France,
it was decided that green energy will be bought from already existed RET installations.
However, a reference in the cost of buying green energy in France is included. Despite the
fact that the funding for the RET installation is out of the scope of this project and

’ Author T. Georgitsioti KM3NeT 2.0 - 739560 :‘ * ‘:
document KM3NeT_INFRADEV_WP10_deliverableD10.03.pdf WP 10 Tear”

version: 1 Release date: 24/07/2019 Public



Chapter 1: Introduction JENe @Ay

consequently of the WP10, at this point, it should be mentioned that in order for the RET to
be installed in Greece and Italy, respective funding bodies must be found and collaboration
with the local and/or regional authorities must be established.

1.1 Aim and Objectives

The aim of this deliverable is to present the techno-economic assessment of grid-connected
PV and Wind energy technologies in the locations of Capo Passero, Italy and Kalamata,
Greece.

The objectives are the followings:

» Review the available meteorological databases and simulation software programs
Analyse the weather data that are used in this analysis for the two locations
Present the technical characteristics of the systems and their designs
Predict the annual and long-term energy yield of the systems
Present the systems’ life cycle cost and analyse their long-term finance

vvyvyyvVvyy

Combine the systems’ technical and economic results.

This report is divided in the introductory chapter, five main chapters and the concluding
chapter. Chapter 2 presents the available meteorological databases and simulation software
packages, which are used for the prediction of the RET systems’ annual energy production.
In Chapter 3, a comparison between the chosen weather databases is provided in order to
demonstrate the uncertainty included in the main input parameter of the simulations.
Chapter 4, initially, gives a brief summary on specific products in the RET market and later
analyses the chosen products for the proposed RET systems. Chapter 5 presents the wind
turbine (WT) annual energy prediction and PV monthly specific production, which have been
acquired by the simulations conducted in this study. Moreover, the lifetime energy is
calculated for all the systems including their degradation mechanisms. Chapter 6 provides
the economical background for the economic analysis in this report and presents the
lifecycle costs of the chosen RET systems. Additionally, Chapter 6 uses the levelized cost of
energy (LCOE) as a metric to express the results of the techno-economic analysis. Finally, the
concluding chapter presents the main conclusions of this study and few recommendations
for further work.
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Chapter 2: Weather databases and simulation
programs

Generally, in order to estimate accurately the energy production of a RET system, it is
important to know the limitations and the uncertainties involved in the data and methods of
calculation that are used for this estimation. Hence, this section presents a research for
available meteorological databases and simulation programs, as they are the main tools for
the RET systems’ energy yield prediction.

2.1 Meteorological databases overview

As this study engages with both Wind energy conversion systems and Photovoltaic systems,
the main climatic factors that affect the performance of these systems are the solar
irradiation, the ambient temperature, the atmospheric pressure, the wind speed and wind
direction. Some of the most popular meteorological databases and their data characteristics
are presented below. In general, these databases acquire data from ground weather stations
and/or geostationary satellites. They interpolate the data through algorithms and
provide/generate monthly, daily and hourly averaged data, which can also be imported to
simulation programs and/or used for the calculation of the systems’ annual energy
production. Moreover, their data are provided in various formats such as TMY (Typical
Meteorological Year) data sets, which are hourly data for one year that combine the data of
a long-term recorded period, actual series of data for one specific year and/or averaged
long-term data. Finally, the file formats that these data are provided and can be imported to
simulation programs also vary (i.e. EPW (EnergyPlus weather) comma-delimited (.epw),
TMY3 a comma-delimited (.csv), TMY2,(.tm2), ASCII files etc.). The simulation programs are
discussed in the following section (section 2.2) while the databases discussed in this section
are: PVGIS [2], RETScreen[3], Meteonorm [4], NASA-Power [5], World Radiation Data Centre
[6], Solargis [7], and White box technologies [8].

Meteonorm software provides a global coverage of weather data. It uses around
1700ground measurements and 5 geostationary satellites (interpolation at 4 x 4°grid per
satellite)[9].Worldwide solar irradiation data exist from 1981 to 1990 and 1991 to 2010
(specifically for CH, D, and the UK from 1996 to 2015) while from 1961 to 1990 and 2000 to
2009 there are other meteorological parameters [10]. Commercial
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World Radiation Data Centre (WRDC) provides every month, from 1964 to 1993, average
irradiance data from 1195 locations [11]. Nevertheless, in many of these data the average is
provided only for a few years and not for the entire period. Moreover, WRDC database does
not provide temperature data and since 1993 its radiation data are issued four times per
year [6]. Web-free

NASA-Power (Prediction of Worldwide Energy Resource) has satellite data from 1984 till
2013 (global coverage) [12]. In the beginning, the Power solar data were created on a 1°
(=111 km) latitude/longitude grid while later they were re-gridded through data replication
to a 0.5°latitude, longitude grid cells. The cell has its latitude, longitude value at its lower left
corner. The initial Power meteorological data were generated on a 1/2° by 2/3° global grid
and they were bi-linearly interpolated by the Power project to a global 0.5° grid. The cell
contains its latitude, longitude value at its centre [5]. (Relatively low spatial resolution) Web-
free

Solargis provides historical time series and TMY solar data for a global coverage. The data
are from Geostationary Operational Environmental Satellite (GOES) system starting in 1994
for Europe and Africa and covering the most part of the globe from 1999 till now [7]. They
are regularly revised and developed from Meteosat MSG (Meteosat Second Generation) and
ERA [11] data. Their spatial resolution is 250 x 250 m [7]. Commercial

RETScreen Canadian software supplies a complete database for any site in the world
including a global database that contains climatic conditions acquired from ground-based
stations and NASA satellite data [3]. This database contains the best available monthly
averaged data for each site that come from around 20 sources; mainly from the WRDC and
NASA [11]. Web-free

White Box Technologies created IWEC2 (International Weather for Energy Calculations)
weather files via the ASHRAE Research Project RP-1477, "Development of 3012 Typical Year
Weather Files for International Locations" [13]. These files are produced from
meteorological reports of weather stations worldwide that are archived in the Integrated
Surface Hourly (ISH) database preserved by the National Climatic Data Center (NCDC). For
these selected sites, the ISH database includes climate observations that have been obtained
on average at least four times per day and include wind speed and direction, sky cover,
visibility, ceiling height, dry-bulb temperature, dew-point temperature, atmospheric
pressure, liquid precipitation, and present weather. These observations have been recorded
for a period of 12 years to 25 years [13].
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1. ASHRAE IWEC2 "typical year" weather files concern 3,012 international locations, except
the US and Canada.

2. Historical year weather files from 2001 through the current year concern over 10,000
stations worldwide, including more than 2,000 US and 400 Canadian stations (earlier years
are also available upon request).

Both data sets are composed from actual recordings that come from official weather
stations around the world. The recordings constitute a 25-year archive, the Integrated
Surface Hourly Database (ISD), maintained by the (US) National Center for Environmental
Information (NCEI). Wide processing with an equivalent scope to the TMY3 files has led to
complete weather files with solar radiation, daylight illuminance, and precipitation, in
addition to the standard parameters of temperature, humidity, pressure, wind speed and
direction, etc. [14]. Commercial

PVGIS (Photovoltaic Geographical Information System) provided a map-based record of solar
energy resource and evaluation of the electricity generation from photovoltaic systems in
Europe, Africa, and South-West Asia. The PVGIS web application has changed throughout the
years by improving the accuracy of its data especially for Europe. Currently, PVGIS version 5
contains five different solar databases. Three of them are based on satellite data (CM-SAF,
SARAH, and NSRDB) while the other two give solar radiation estimates from Climate
Reanalysis Data (ERA-5 and COSMO) [2].

PVGISCM-SAF (Climate Monitoring Satellite Application Facility) option is almost the same to
the prior PVGIS version developed for Europe and Africa, as for example, the solar radiation
has been calculated with the MAGIC algorithm. The key difference is that the data currently
concern the period 2007-2016 while the prior PVGIS version was based on slightly older
data, including data from first generation satellites of Meteosat[15]. The coverage has been
also partially extended to South America. The data have hourly time resolution and their
spatial resolution is 1.5 arc-minutes (=3 km) [16].

The data set of PVGIS-SARAH has been calculated through SPECMAGIC and has been utilised
in the prior PVGIS version in order to supply solar radiation data for Asia. However, the
PVGIS-SARAH data set currently covers Europe, Africa and parts of South America.
Moreover, its coverage to Asia will contain minor differences because its new version uses
for the calculations only the period of 2007-2016 while its older version uses long-term
averages that were calculated during the period 1999-2014 [15].
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COSMO dataset covers Europe and Northern Africa. The spatial resolution is approximately
6km by using 3 arc-minutes while the data cover the years from 1995 to 2015 despite the
fact that in PVGIS only the period 2005-2015 is currently used. In contrast, ERA-5 has global
coverage with low spatial resolution (around 30 km) for the period 2010-2016. However,
PVGIS 5 has currently released only the data for Europe in order to make the COSMO and
ERA-5 databases available with the same extent [17].Finally, NSRDB data have been provided
by the National Renewable Energy Laboratory (NREL) as it is a collaboration between the
Joint Research Centre of the European Commission and NREL. These data are part of the
National Solar Radiation Database. They cover North and South America with hourly time
resolution and a spatial resolution of about4.5km. The time period used in PVGIS is 2005-
2015 [15]. Web-free

After having identified a variety of meteorological databases and their characteristics, it has
to be stated that at this point of the study there is no need of buying meteorological data.
There are two reasons behind this decision; the first one regards the PV systems while the
second the WECS. Regarding the PV systems, the main climatic parameter that influences
their energy output prediction is the solar irradiation; PVGIS CM-SAF database is used as the
solar database as 1) it is a recently updated database with a relatively high temporal and
spatial resolution, 2) it is considered one of the most accurate solar databases for Europe as
it has a uniform land coverage and its data have been validated and compared with high-
quality solar radiation ground stations, and 3) its data can be imported in numerous
simulation software. However, the disadvantages of the PVGIS CM-SAF database are the
following: 1) The satellite image varies between 3 to 5 Km, hence, features such as narrow
mountain valleys cannot be resolved, 2) the algorithms used to calculate the radiation on
ground level may face difficulties to distinguish the difference between snow and clouds,
and 3) the calculation of the radiation when the sun is in low altitudes consists a higher
uncertainty [17, 18].Regarding the Wind energy conversion systems, the main climatic
parameter that influences their energy output prediction is the wind speed. Since the exact
location for the installation of wind turbines it is not known yet, an analysis from various
meteorological sources takes place in Chapter 3 and concludes to the wind speed data that
are considered for the simulations in the two locations.

2.2 Simulation software programs overview

The simulation software that is used for the system’s annual energy prediction is directly
related to the weather data that can be acquired for a specific location. The various software
packages read the weather parameters in different formats. The compatibility of the data
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acquired to the input weather data that a software requires, have to be considered in the
selection of the software.

There are many well-developed software programs, which calculate the RET system energy
output by taking into account various parameters. The need of this study is to use software
that can analyse PV systems and WECS. Hence, four well known software for RET projects’
analysis are presented below. These software are: SAM (System advisor model), RETScreen
Expert, HOMER and PVsyst. The first one is a free access software; the second is free only in
viewer mode while the third and the fourth need a licence to be bought in order to use
them. Additionally, the first three evaluate most of the RET systems while the fourth is a
photovoltaic specialised software.

HOMER software is used for the design and evaluation of grid-connected and off-grid power
systems for remote, stand-alone, and distributed generation applications. The user can
evaluate the economic and technical feasibility of numerous technologies and account the
insecurity in technology costs, energy resource availability, and other variables through the
use of HOMER's optimization and sensitivity analysis algorithms [19].

RETScreen Expert is a comprehensive software platform that gives the ability to
professionals and decision-makers to quickly recognise and determine the viability of
potential energy efficiency, renewable energy and cogeneration projects. Moreover, it
provides the ability to easily measure and confirm the actual and ongoing energy
performance of buildings, factories and power plants at a global level [20].

The System Advisor Model (SAM) is a performance and financial model designed to assist
individuals of the renewable energy industry in the decision making. SAM is used in
performance prediction and cost of energy estimates for grid-connected power projects.
These predictions and estimates are based on installation and operating costs and system
design parameters that are indicated as inputs to the model. SAM embodies the cost and
performance of renewable energy projects using computer models created by NREL, Sandia
National Laboratories, the University of Wisconsin, and other organisations. Each
performance model constitutes a part of the system while every financial model represents
a project's financial structure. In order to describe the performance characteristics of
physical equipment in the system and project costs, the models need input data. The
description of the renewable energy resource and weather conditions at a project site
requires a weather data file. Depending on the kind of system that is modelled, the weather
data file can be either chosen from a list included in SAM, downloaded from the Internet, or
created by the user.
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SAM's performance models conduct hourly calculations of a power system's electric output,
producing a set of 8,760 hourly values that constitute the annual electricity production of
the system. The system's performance characteristics can be investigated by either
observing tables or graphs of the hourly and monthly performance data or by using
performance metrics such as the system's total annual output and capacity factor for more
general performance evaluations [21].

PVsyst is one of the oldest photovoltaic software, which aims to be used by architects,
engineers and researchers. It is known for its detailed PV system design and simulation. Its
key features are: Full design of remote PV systems, full design of PV systems connected to
the grid, complete database of PV panels, inverters, meteorological data, useful 3D
application to simulate near shadings, import of irradiation data such as PVGIS, NASA etc,
databases, import of PV modules data from Photon International, economic evaluation and
payback, export of calculations to CSV files, and many tools to simulate the behaviour of PV
modules and cells according to irradiation, temperature and shadings. Finally, PVsyst offers
results through the form of a full report, specific graphs and tables, and data export that can
be utilised in other software [22].

Apart from the simulation software presented above, some wind simulation software was
examined in order to check if they are going to be used in this study. These software are
specialised in wind data analysis and were the followings: WindRose [23], WindFarm [24],
Windographer [25], WAsP [26], Qblade [27]. WindRose and Windographer are specialised in
wind data analysis. This means that in order to make use of them, high quality data are
required, usually acquired by on site measurements. WindFarm is used for the wind farms
development potential. It calculates the energy yield of the wind turbines as WAsP, although
they both need extensive sets of wind data. Finally, Qblade is mainly used for the wind
turbine blade aerodynamic design and simulation. Hence, it is shown that these software are
not compatible with the set of data that this study can obtain. Moreover, after a brief
research for vertical axis wind turbines (VAWT) simulation software, it was found that none
of the well-known wind simulation software is specialised in VAWT simulations. Hence, the
VAWT annual energy prediction is acquired by using the standard model used in the
simulation software packages for the energy prediction of a wind turbine.

Additionally, an example for computing the energy output of a wind turbine is given below
[28]:
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generally, the energy output (Eouy of a wind turbine can be calculated by multiplying the
rated energy (Eateq) Of the turbine with its capacity factor (C¢) (equation 2.1).

Eout = Cf X Erated (2.1)

The rated energy is provided in the manufacturer specification’s datasheet. Moreover, a
formula to calculate the capacity factor is the following:

exp ’P( —%) k ] —exp Hf( _UTT) ‘1

CHF-CH

Cr = — expifi{— ”C—°)k] (2.2)

where, vi=cut in wind speed, v,= rated wind speed, vo= cut off wind speed, k=shape and c
=scale of Weibull parameters at hub height. All the parameters of this formula are known
apart from the Weibull parameters, which are dependent on the wind speed distribution.
Parameter k is assumed to be independent from height, hence the k value for a wind speed
distribution at height z; will have the same value at height z,. Consequently, if the wind
speed distribution is known, k will be constant for any height. On the other hand, c
parameter is dependent on the height and it follows the seventh power law.

1
Seventh power law: Z—j = (%)7 (2.3)

where, z=height, if the wind distribution is known for a certain height, ¢ could be calculated
for any height by using Equation2.3.

Considering the information provided by the simulation software research, it was concluded
that HOMER and SAM software are going to be used as the simulation tool for the wind
turbine simulations. HOMER is a well-developed software and its input data are compatible
with the data acquired in this study.SAM software gives the option to import a wind data file
in .srw format. This file contains hourly values, for a typical meteorological year, of wind
speed, wind direction, ambient temperature and air pressure measured in four different
heights from the ground (i.e. 50m, 80m, 110m and 140m). It is obvious that a file with this
kind of data can be created either from long-term measurements on site or by using
computational algorithms in order to generate the data. However, SAM gives the option to
simulate the wind turbine by generating a wind speed Weibull distribution with three inputs;
average annual wind speed, reference height for wind speed, and Weibull k factor. It was
noticed that by using the specific option in SAM, the monthly energy prediction values were
based on the sum of the days of each month, as it was the only monthly differentiation since
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there were no monthly wind speed values. Hence, in this study SAM is used only for the
general performance evaluation of the horizontal axis wind turbine (HAWT) in the sensitivity
analysis and in order to compare its results with HOMER software. Finally, due to its
specialised characteristics, PVsyst software has been chosen for the PV system simulations
and consequently for the annual energy prediction in this study.

2.2.1 PVsyst, SAM and HOMER input and output parameters

Generally, the input and output parameters of a software have to be identified in order to
gain a clear view for the analysis of the obtained results. This section presents the most
important inputs and outputs of the three software packages, which were chosen for grid-
connected PV system and wind turbine simulations and for the annual energy vyield
prediction.

Grid-connected PV systems: Annual energy estimation by PVsyst software
PVsyst main input parameters [29]:

1) Geographical location and meteo data

2) Albedo value (default value 0.2 for an urban environment and grass)

3) Array operating temperatures: PVsyst uses default values but it also gives the choice
to change them, these parameters are used for the design and are not involved in the
simulation.

4) Orientation and field type of the array (fixed or tracking mounted)

5) Horizon and diffuse factor (the amount of the diffuse irradiation contributing in the
simulation results): PVsyst does not include any horizon database but it gives the
opportunity to the user to import a horizon file. For the diffuse factor its default
value is 1.

6) Near shading (no shading, linear shading, according to the module strings)

7) System electrical design (choice of modules and inverters)

PVsyst main output parameters [29]:

1) Specific energy production (kWh/kW/year)

2) Normalized energy production (kWh/kW/day)
3) Performance ratio

4) Analytical collection losses and system losses
5) Array and system efficiencies
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6) Electricity production values (kWh)
7) Global irradiation values (kWh/m?)
8) Various graphs and tables.

PVsyst calculations and losses treatment

After identifying the inputs and outputs of the software, the way that the software
calculates the outputs is examined along with the type of losses contained in the PV system
performance calculations. This examination occurs in this section as it is crucial for analysing
the simulation results.

PVsyst annual energy calculations are processed in the following way:

(1) The software corrects the horizontal global irradiation to the global incident irradiation
on the collector plane.

(2) It corrects the IAM (Incident Angle Modifier) factor (Fiam) on the global irradiance to
calculate the effective irradiance on the collectors. Practically, this loss refers to the
transmission and reflections of the incident irradiance that falls on the PV array. In PVsyst,
this loss is calculated by the "ASHRAE" model that is dependant only on the parameter bg.
For crystalline modules, the default used value used isbg = 0.05.

Fiam = 1 - bo x (1/cos(ig) -1), where ig = incidence angle on the plane (2.4)

(3) It converts the irradiance to the PV system generated kWh depending on the module
efficiency at the STC (Standard Test Conditions); array nominal energy at STC efficiency.

(4) It considers the subsequent losses and gives the array virtual energy at MPP (Maximum
Power Point).

» PV loss due to irradiance level: The efficiency of the array is defined at the STC (1000
W/m?2), but is reduced with irradiance based on the PV standard model.

» PV loss due to temperature: The thermal behaviour of the array is calculated at each
stage of the simulation, by a thermal model. This model determines an energy
balance between the ambient temperature and the cell temperature because of
incidence irradiance. The model is presented in Equation 2.5 below:
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Ur x (TceII - Tamb) =axGjx (1 - nPV) (25)

where a is the absorption coefficient of solar irradiation, npey is the PV module efficiency
based on the operating conditions and Uy is the thermal loss factor. Ur can be divided into a
constant component (Uc) and a factor proportional to the wind velocity (Uy) (equation2.6).

Ut = Uc + Uy x v (W/m?2*k), where v = wind velocity (m/s) (2.6)

This factor depends on the mounting position of the modules and its default value in the
software is Ur= 20 W/m?*k. Therefore, the thermal model used by PVsyst establishes the
instantaneous operating temperature, which is then used by the PV modules modelling.

» Soiling loss: Based on PVsyst, the soiling effect is almost negligible in middle-climate
residential areas. However, it could become important in industrial environments,
desert climates and areas with snow effects. The default value for the soiling loss by
the software is 3% and its use is optional in the simulation.

» Module quality loss: This parameter conveys the matching of the real module
performance to the manufacturer’s specification. The default value is half the lower
tolerance of the chosen module.

» Module/array mismatch loss: The real modules in the array do not present the same
I/V characteristics comparing to the manufacturers’ specification. In PVsyst, this loss
acts as a continuous loss during the simulation and is divided into two default values;
the first one is the energy loss at MPP and the second one is a loss factor for fixed
voltage operation.

» Ohmic wiring loss: The loss between the available power from the modules and the
power at the terminals of the array is caused by the ohmic wiring resistance (R) and is
equal to R x |12 (where | is the current). The software has a default system wiring loss
of 1.5% by respect to the STC.

(5) Continuing its calculations, PVsyst considers the following losses and provides the
available energy at inverter output (energy injected into the grid).

» Inverter loss during operation (efficiency)

» Inverter loss over nominal inverter power

» Inverter loss due to power threshold

» Inverter loss over nominal inverter voltage

’ Author T. Georgitsioti KM3NeT 2.0 - 739560 :" ':
document KM3NeT_INFRADEV_WP10_deliverableD10.03.pdf WP 10 Tear”

version: 1 Release date: 24/07/2019 Public



Chapter 2: Weather databases and simulation programs [4¥e]#4%2

» Inverter loss due to voltage threshold

It can be observed that PVsyst is a complicated simulation tool since it considers numerous
aspects for the purpose of predicting the system’s energy output. Moreover, there are some
additional features that can be utilised in PVsyst simulation such as the partial shading [29].

Grid-connected Wind turbines: Annual energy estimation by SAM software
SAM main input parameters [21]:

1. Wind Resource
1.1 Wind Resource file
or
1.2 Wind speed Weibull distribution
e Average annual wind speed
e Reference height for wind speed
e Weibull k factor
2. Wind turbine
2.1 Select a turbine from the library
e Rated output
e Rotor diameter
e Hub height
e Shear coefficient (default value for onshore wind turbines 0.14)
or
2.2 Define turbine design characteristics
e User defined rated output
e User defined rotor diameter
e Maximum Cp (rotor’s power efficiency)
e Maximum tip speed
e Maximum tip speed ratio
e Cut-in wind speed
e Cut-out wind speed
e Drive train design (3 stage planetary, single stage- low speed generator, multi-
generator, direct drive)
e Blade design (advanced design, baseline)
e Tower design(advanced design, baseline)
3. Wind farm
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3.1 System Sizing
3.1.1 Use a single turbine
or
3.1.2 Specify desire farm size
e Desire farm size in kW
e Number of turbines in farm
e System nameplate capacity in kW
or
3.1.3 Specify number of turbines
e Number of turbines in farm
e System nameplate capacity in kW
3.2 Losses and wake effects
e Wind farm losses
e Availability and curtailment
3.3 Turbine layout
3.3.1 Import wind turbine location data file
3.3.2 Define wind farm using layout generator

SAM main output parameters [21]:
Annual and monthly energy (kWh)

Capacity factor (%)
Specific energy production (kWh/kW/year)

P w NP

Various graphs and tables
SAM calculations and losses treatment

SAM computes the wind farm's output for an entire year in hourly time steps. The algorithm
steps for the calculation of the wind farm output are the following:

1. It determines the wind data height and changes the wind resource data to explain the
differences between the turbine hub height and the wind resource data height.

2. It calculates the output of a single turbine, accounting for the turbine's height above the
ground. On the Turbine page, the turbine's performance characteristics can be represented
either as a turbine power curve from the turbine library or by specifying values for a set of
turbine design parameters. For both options, a turbine hub height and shear coefficient are
specified.
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3. It calculates the output of wind farm, accounting for wake effects.

4. It calculates the electricity delivered to the grid. SAM adjusts the wind farm's output using
the curtailment and availability factors or other operating losses.

Further, the value of the shear coefficient, on the Turbine page, is used through the wind
power low to estimate the wind speed at the hub height. The wind power law equation to
estimate the wind speed at the turbine height v, using the wind speed vy and wind
measurement height hgata from the data file, and the turbine hub height hn,, and shear
coefficient a is:

_ Rhup
Vhub = Vdata X (hdaum )a (2-7)

Additionally, when wind passes through a wind turbine rotor, its speed and turbulence
features alter. Regarding wind farms with more than one turbine, the spacing of turbines
influences the wind farm output since upwind turbines can decrease the energy in the wind
available for downwind turbines. For this reason, SAM uses wake effect models. The Simple
Wake Model makes the subsequent assumptions:

e All turbines in the wind farm have the same hub height and height above sea level.

e The wind farm terrain is uniform with a single ambient turbulence coefficient.

Finally, it has to be noted that it is preferable to use the Wind Resource Characteristics
option when a wind turbine performance is examined under different wind speeds.
However, by choosing this option, the Wind Farm page is disabled because there is no data
to describe the wind direction [21]. This option is used in this study for the HAWT, as there is
only one HAWT for each location and is examined under various wind speeds.

Grid-connected Wind turbines: Annual energy estimation by HOMER software
HOMER main input parameters [19]:

1. Geographical location

2. Resources

e import from a time series data file
e download from internet NASA’s data
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e enter monthly averages
2.1 Wind resource parameters
e Monthly average wind speed data (m/s)
e Altitude above sea level (m)
e Anemometer height (m)
e Wind speed profile (choice between power law and logarithmic)
e Weibull k parameter (default value 2)
e Diurnal pattern strength (default value 0.25, how strongly the wind speed depends
on the time of day)
e 1 hr. autocorrelation factor (default value 0.85, hour to hour randomness of the wind
speed)
e Hour of peak wind speed (default value 15, the time of day that tends to be windiest
on average)
3. Design the system
Add a wind turbine from the library or define the wind turbine characteristics
e Name, model manufacturer
e Insert power curve
e Hub height
o Lifetime
e Percentage losses (optional)
e Insert economic factors (capital cost, operation and maintenance cost, replacement
cost) (optional)
e Insert maintenance schedule (intervals, down time, cost) (optional)
Add the grid for the grid-connection
e Choose grid rates (simple rates, real time rates) (optional)
e Insert grid power price and/or sellback price (optional)

HOMER main output parameters [19]:

1. Sensitivity cases results (in case of different input values are added for one parameter)
Homer ranks the sensitivity cases according to the net present cost of the systems included
in the design (from low to high).

2. Optimization results (the possible combination of the components added in the design)

The list of the components in the optimization results are updated according to the choice of
the sensitivity case.For example, in the case of the grid-connected wind turbine simulation
there are only two components; the wind turbine and the grid. The possible combinations
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are to have the wind turbine connected to the grid or to have only the grid as a grid-
connected wind turbine cannot stand alone and operate.

3. Various graphs and tables
Regarding the wind turbines, HOMER’s outputs are the followings:

e Total Rated Capacity (the highest possible power amount from the wind turbine(s)
(kW)

e Mean Output (the average power amount of the wind turbine over the year (kW))

e Capacity Factor (the average power output of the wind turbine(s) divided by the total
wind turbine capacity (%))

e Total Production (the total power output of the wind turbine(s) over the year

(kWh/yr))

e Minimum Output (the minimum power output of the wind turbine over the year
(kW)

e Maximum Output (the maximum power output of the wind turbine over the year
(kW)

e Wind Penetration (the average power output of the wind turbine(s) divided by the
average primary load (%))

e Hours of Operation (the number of hours of the year during which the wind turbine
output was greater than zero)

e Levelized Cost (the levelized cost of energy of the wind turbine(s), (5/kWh))

HOMER calculations and losses treatment

Regarding the wind turbines, HOMER calculates their power output in three steps:

1. It calculates the wind speed at the turbine’s hub height by using the power or the
logarithmic low. Further discussion on the power and logarithm laws is provided in Chapter
3, Section 3.2.

2. Afterwards, it calculates the power that the wind turbine would produce according to the

turbine’s power curve by considering the standard conditions of temperature and air
pressure.
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3.Then, it adjusts the power output to the actual air density by multiplying the predicted
power output with the air density ratio using the following equation:

Pyre = (:—0) X Pyrg stp (2.8)

where, Pwrgis the wind turbine power output (kW), Pwre steis the wind turbine power output
at standard temperature and pressure (kW), p is the actual air density (kg/m>) and po is the
air density at standard temperature and pressure (1.225 kg/m3).

Finally, regarding the losses, HOMER gives the option to the user to insert individually the
losses for each component used in the design.The wind turbine losses are insertedin a
percentage format andare the followings:

e Availability losses (%)

e Turbine performance losses (%)

e Environmental losses (%)

e Other losses (%)

o Wake effect losses (%)

e Electrical losses (%)

e Curtailment losses (%).

The overall loss factor is combined multiplicatively [19].
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Chapter 3: Site specifications

Generally, there are three ways to obtain weather data for a specific region. The first and
most accurate way would be to make long-term measurements on site. The second way
would be to obtain long-term data from the local weather station while the third way is to
obtain these data from available meteorological databases. Regarding the first way, this
project does not have the means or the time to make long-term on-site measurements. This,
however, will be noted during the analysis of the energy output results, as especially for the
wind energy conversion systems, it might cause a great uncertainty in the energy prediction
and consequently in their economic viability. Regarding the data from the local weather
stations, they also contain some drawbacks as a certain weather station might not measure
all the parameters, which are needed for a study. For example, the local weather station in
Kalamata does not measure the solar irradiance. Finally, the third way has been analysed in
Chapter 2 by presenting some of the available meteorological databases and their
characteristics. In this study, both the second and third way are going to be used in the
analysis in order to complement each other. Moreover, a comparison between the different
weather sources is presented for validation purposes. For example, a comparison between
RETScreen and PVGIS CM-SAF databases was made to demonstrate the discrepancies, which
can be caused in the data for the same location just by the choice of database.

This study examines the weather data of four different sources; RETScreen [20], PVGIS CM-
SAF [2], NASA SSE (Surface meteorology and Solar energy) database [19], and the data
acquired from the local weather station of Kalamata [30]. These data (some of them have
been processed) can be imported in the simulation software programs, which are used for
the RET annual energy prediction.

NASA SSE database is a database used by HOMER simulation software. It is the previous
version of NASA-Power database presented in Chapter 2, Section 2.1. Through HOMER
software monthly averaged values over a 22-year period are provided for the global
horizontal irradiation (GHI). The cell dimensions are 1x1 degree and the time period is from
July 1983 to June 2005 [19]. Hence, the spatial resolution is low and the data fairly old. The
same stands for the monthly average temperature data. For this reason, the GHI and
temperature are not used in the simulations from this database. However, monthly average
wind speed data are also provided in 50m above ground over a 10-year period and for a
terrain similar to airports. This 10-year period is between July 1983 to June 1993 [19]. These
data are quite old although they have two advantages; they are measured in 50m above
ground and they give information regarding the terrain, which is also important for the wind
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analysis since the large-scale HAWT of this project might be installed in similar terrain in
both locations. Hence, from this database the wind speed values are considered as the main
dataset for the wind turbines’ simulations.

3.1 Analysis of the climatic parameters

The weather could be determined by factors such as the solar irradiation, ambient
temperature, air humidity, precipitation, wind speed and direction, and sky condition. The
solar irradiation differs based on the location (geographical co-ordinates), the season, the
time of the day and the atmospheric conditions. The ambient temperature depends on the
location, the solar irradiation, the wind, and the presence of water. The air humidity is the
amount of moisture in the air and it is frequently expressed as relative humidity. Relative
humidity is expressed as a percentage and its definition is the ratio of the water vapour mass
in a certain volume of moist air to the water vapour mass in the same volume of saturated
air, at a given temperature. In addition, the transmission of solar radiation is decreased in
locations with high humidity levels because of atmospheric absorption and scattering. The
precipitation contains water in the form of rain, snow, hail or dew. The wind constitutes the
movement of air because of the difference of atmospheric pressure. It is created from the
differential heating of land and water mass on the surface of the earth surface by solar
radiation and rotation of earth [31]. Finally, the sky condition is referred to the level of cloud
cover in the sky and it is measured in okta. Usually, the irradiation augments when there are
clear sky conditions while it is reduced when there is cloud cover.

The main climatic parameters, which are also compulsory for the simulation inputs, are the
global horizontal irradiation, the ambient temperature and the wind speed. Below, an
analysis of these parameters among the different weather sources is presented. The first
example is given between the data of RETScreen and PVGIS CM-SAF databases. For
comparison purposes and in order to minimise the differences among the input parameters,
the locations that have been selected is where RETScreen software includes data from
weather stations. Hence, for Kalamata the measurements are from a location near Kalamata
Airport and not from inside the city while for Capo Passero are from a location fairly close to
the town. Further, all the datasets in this study refer to these locations because even the
values from the weather station in Kalamata are measured near Kalamata’s Airport.

Tables 3.1 and 3.2 present the monthly averaged values for the daily global horizontal
irradiation, the ambient temperature and the monthly averaged wind speed for the two
sites. At this point, it should be mentioned that PVGIS CM-SAF (in its TMY series) and
RETScreen databases provide various parameters apart from the aforementioned such as
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relative humidity, air pressure etc. However, the comparison focuses on the compulsory
parameters for the simulations, so they are not presented here. Moreover, for this study
wind direction data are not required as an input from HOMER software, which is used for
the annual energy prediction of the wind turbines. In the specific stage of the study where
the exact locations for installing the RET systems are not known yet, there is no need for
wind direction data.

Table 3. 1: Capo Passero meteorological data (RETScreen and PVGIS CM-SAF)

Capo Passero
Latutude:36.7 degrees N, Longitude:15.08 degrees E

RETScreen PVGIS CM-SAF
o | e ST WO e S s
(kw/m*/d) from ground (kW/m?/d) from ground
January 12.10 2.20 4.00 13.60 2.72 4.44
February 12.00 3.27 3.90 12.90 3.68 5.49
March 13.40 4.25 3.80 13.80 5.27 6.57
April 15.30 5.39 3.80 15.80 6.35 4.50
May 19.00 6.25 3.40 18.30 7.50 5.12
June 23.10 6.79 3.20 21.90 8.11 4.75
July 26.20 6.57 2.90 25.30 8.22 3.60
August 26.80 5.84 3.00 26.20 7.30 4.00
September 24.20 4.84 3.00 24.50 5.66 4.81
October 21.00 3.69 3.00 21.70 4.27 5.14
November 17.10 2.48 3.50 18.60 3.01 6.12
December 13.60 2.04 3.70 15.00 242 7.53
Annual 18.65 4.47 3.43 18.97 5.38 5.17
Table 3. 2: Kalamata Airport meteorological data (RETScreen and PVGIS CM-SAF)
Kalamata Airport
Latitude:37.1 degrees N, Longitude:22.0degrees E
RETScreen PVGIS CM-SAF
Temperature D:?ily. solar Wind speed Temperature Dz.aily. solar Wind speed
Month 0) radlatlor; GHI  (m/s) At 10m ) radlatlor; GHI  (m/s) At 10m
(kwW/m?/d) from ground (kw/m?/d) from ground
January 9.30 2.11 2.60 13.7 2.32 2.75
February 9.40 2.77 2.80 14 3.00 4.78
March 11.40 3.92 2.50 15.2 4.84 2.77
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April 14.30 5.15 2.40 17.5 5.83 2.54
May 18.80 6.08 2.60 20.8 7.02 2.69
June 23.10 7.29 3.00 24.8 7.87 2.86
July 25.40 7.21 3.00 27.8 7.55 2.40
August 25.50 6.41 3.00 28.7 6.79 2.16
September 22.20 4,98 2.70 26.3 5.51 2.49
October 18.80 3.46 2.50 22.2 4.04 4.64
November 14.10 2.23 2.50 19.2 2.77 2.51
December 10.70 1.74 2.70 15.6 2.08 2.74
Annual 16.92 4.45 2.69 20.48 4.97 2.94

Regarding PVGIS CM-SAF data, it can be noticed that Capo Passero and Kalamata Airport
receive yearly almost the same amounts of solar irradiation while they have big difference in
their wind resource. Even in RETScreen data where the difference in wind speed is smaller,
still Capo Passero seems to have a better wind resource than Kalamata Airport.Further,
Table 3.3 presents the percentage differences of the two databases based on PVGIS CM-SAF
data.

Table 3. 3: Percentage difference of the two databases based on PVGIS CM-SAF

Capo Passero Kalamata Airport
Percentage difference based on PVGIS Percentage difference based on PVGIS
Moth  Temperature  BENE esy  Tempermre  TEDTH spenc
January 11.03% 19.12% 9.91% 32.12% 9.05% 5.45%
February 6.98% 11.14% 28.96% 32.86% 7.67% 41.42%
March 2.90% 19.35% 42.16% 25.00% 19.01% 9.75%
April 3.16% 15.12% 15.56% 18.29% 11.66% 5.51%
May -3.83% 16.67% 33.59% 9.62% 13.39% 3.35%
June -5.48% 16.28% 32.63% 6.85% 7.37% -4.90%
July -3.56% 20.07% 19.44% 8.63% 4.50% -25.00%
August -2.29% 20.00% 25.00% 11.15% 5.60% -38.89%
September 1.22% 14.49% 37.63% 15.59% 9.62% -8.43%
October 3.23% 13.58% 41.63% 15.32% 14.36% 46.12%
November 8.06% 17.61% 42.81% 26.56% 19.49% 0.40%
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December 9.33% 15.70% 50.86% 31.41% 16.35% 1.46%
Annual 1.67% 16.90% 33.62% 17.41% 10.52% 8.58%

As it can be observed from Table 3.3, the biggest discrepancy between the two databases is
for the wind speed data of Capo Passero (annual difference 33.62%). This will affect the
annual energy vyield predictions of the wind turbines as depending on the used data, their
outcome will be different. Moreover, the percentage difference between the two databases
of the daily global horizontal irradiation is higher in Capo Passero than in Kalamata Airport.
Finally, it is obvious that the temperature data for Kalamata Airport have big discrepancies in
the two databases while they are fairly similar for Capo Passero.

The maps of the locations pointing out the sites where these measurements were provided
by the two databases are presented below. Moreover, graphical representations of the
global horizontal irradiation, the wind speed and the temperature of therespective locations
are also presented (figures3.1 and 3.2). The primary axis in the graphs depicts the global
horizontal irradiation and wind speed while the secondary axis shows the average daily
temperature for each month of the year.
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Figure 3. 1: Meteorological data for Capo Passero (RETScreen& PVGIS CM-SAF)
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Kalamata Airport-RETScreen Kalamata Airport-PVGIS CM-SAF
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Figure 3. 2: Meteorological data for Kalamata Airport (RETScreen& PVGIS CM-SAF)
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Figure 3. 3: Locations of the data acquired by RETScreen database

Below, the data from HOMER software are presented. The analysis of the data from the
different sources as well as the wind speed data from the weather station in Kalamata are
presented in the following section. The data from Kalamata’s weather station have been
obtained through communication with the Hellenic National Meteorological Service (HNMS).
HNMS provided daily measured row data in 3-hour time step for wind speed, wind direction,
temperature and air pressure for the period of 1997 to 2007[30].No data have been
obtained from the respective local weather station in Capo Passero.
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Table 3. 4: Meteorological data from HOMER software

HOMER
Capo Passero Kalamata

Daily solar Wind speed Daily solar Wind speed

Month Temperature radiation GH (m/s) At 50m Temperature radiation GH (m/s) At 50m

(kw/m*/d) from ground (kW/m?/d) from ground
January 13.92 2.47 6.79 7.84 2.11 5.97
February 13.45 3.42 7.05 8.20 2.77 6.20
March 14.42 4.69 6.65 10.86 3.92 5.42
April 16.22 5.92 6.43 15.32 5.15 4.82
May 20.16 6.95 5.71 20.87 6.08 4.35
June 24.30 7.68 4.86 25.68 7.29 411
July 27.35 7.78 4.59 28.41 7.21 4.44
August 27.80 6.88 4.75 28.08 6.41 4.42
September 25.08 5.29 4.67 23.86 4.98 4.16
October 22.20 3.92 5.39 18.89 3.46 4.78
November 18.69 2.65 6.35 13.38 2.23 5.47
December 15.49 2.14 6.78 9.20 1.74 6.02
Annual 19.92 4.98 5.84 17.55 4.45 5.01

3.2 Chosen weather data

This section continues the analysis from the different sources and presents the data as they
are used in the simulation software. Regarding the irradiation and temperature, PVGISCM-
SAF is a valid solar database that provides recent solar irradiation data and has a small
uncertainty in its data for Europe [17,18,32,33].Hence, these data are used for the PV
systems’ simulations in both locations since they are also available in both locations.
Regarding the wind speed data, which are more trivial and not straight forward to interpret,
different combinations are made for the two locations. For Kalamata, the wind speed values
from the local weather station and HOMER are used in this study. As mentioned, the row
wind data from Kalamata’s weather station have been measured in three-hour steps, in 6 m
height above the ground between the period of 1997 to 2007. The data have been
processed in order to compose the long-term monthly averaged values of the
aforementioned period. For the area of Capo Passero, long-term monthly averaged wind
speed data are used from RETScreen database measured at 10 m above the ground and
HOMER measured at 50 m above the ground. Since the databases concern wind speed
measurements at different heights, two models, which can extrapolate the wind speed
values at the wind turbine’s hub height, are presented below.
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These two models are the “power law” and the “logarithmic law”, which are used to
calculate the wind speed at various heights (i.e. in vertical heights from the location of the
measurement). Both of them provide a wind speed estimation and not a certain value since
the turbulence effects are not included in their calculations. Hence, if these models are used
for a homogeneous flat terrain, the wind speed prediction will be more accurate [34].
Moreover, HOMER software gives the option to the user to choose betweenthese two
models in order to extrapolate the wind speed at the turbine’s hub height from the height of
the input data [19]. SAM also uses the power law model in order to calculate the wind speed
at the turbine’s hub height and gives the option to the user to choose the value of the shear
coefficient [21].

Power Law

The power low is defined by the Equation 3.1 below:
vy = vy X (j—j)a (3.1)

where v; is the wind speed at height 2, and v; the wind speed at height 1, z; and z, are the
heights 1 and 2 while “a” is the wind shear exponent. Generally, the wind shear exponent
and/or coefficient varies with the elevation, the temperature, the time of the day, the
season, and the atmospheric stability [34] (i.e. the difference between the ground
temperature and the air temperature [35]). However, in this calculation, as well as in the
wind energy simulations, it is considered as a constant value.

Logarithmic Law
The logarithmic law can approximately be used for the first 100 m vertically from the ground
as the wind speed is considered to follow a logarithmic expression in between this distance

(equation 3.2).

InZ

VR Upep X (3.2)

lnzr_ef
Z0

Where v the wind speed at height z and v, the known wind speed measured at height
Z.efWhile zg is roughness length in the current wind direction. “The term roughness length is
really the distance above ground level where the wind speed theoretically should be zero.
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The “Logarithmic” formula assumes so-called neutral atmospheric stability conditions, i.e.
that the ground surface is neither heated nor cooled compared to the air temperature” [35].

Table 3.5 describes the roughness class and the respective roughness length (in meters)
according to the landscape type [34]. Generally, “in the wind industry one distinguishes
between the roughness of the terrain, the influence from obstacles, and the influence from
the terrain contours, which is also called the orography of the area” [35].

Table 3. 5: Roughness definitions according to the European Wind Atlas [34]

Roughness Roughness Landscape Type

Class Length (m)

0 0.0002 Water surface

0.2 0.0005 Inlet water

0.5 0.0024 Completely open terrain with a smooth surface, e.g. concrete

runways in airports, mowed grass, etc.

1 0.03 Open agricultural area without fences and hedgerows and very
scattered buildings. Only softly rounded hills

1.5 0.055 Agricultural land with some houses and 8 metre tall sheltering
hedgerows with a distance of approximately 1250 metres

2 0.1 Agricultural land with some houses and 8 metre tall sheltering
hedgerows with a distance of approximately 500 metres

2.5 0.2 Agricultural land with many houses, shrubs and plants, or 8
metre tall sheltering hedgerows with a distance of
approximately 250 metres

3 0.4 Villages, small towns, agricultural land with many or tall
sheltering hedgerows, forests and very rough and uneven
terrain

3.5 0.8 Larger cities with tall buildings

4 1.6 Very large cities with tall buildings and skyscrapers

In this study, the power law is used to extrapolate the wind speed values at the turbine’s
hub height. As it was mentioned, the wind shear coefficient depends on various parameters.
Hence, two values have been chosen instead of one in order to demonstrate the effect of
the wind shear coefficient to the wind speed calculations. It is known that “the larger the
exponent the larger the vertical gradient in the wind speed. Although the power law is a
useful engineering approximation of the average wind speed profile, actual profiles will
deviate from this relationship” [34]. Moreover, it is better to obtain a range of wind speed
values and consequently energy prediction values rather than an individual value. The two

’ Author T. Georgitsioti KM3NeT 2.0 - 739560 :‘ * ‘.‘
document KM3NeT_INFRADEV_WP10_deliverableD10.03.pdf WP 10 Tear”

version: 1 Release date: 24/07/2019 Public



Chapter 3: Site specifications eicNe] A0

values that have been chosen for “a” are 0.16 and 0.24. Table 3.6 presents the typical values
of the wind shear coefficient for various terrains. As it is shown, the 0.16 value is for an area
with foot-high grass and occasional trees and the 0.24 value is for many trees and occasional
buildings. Since the exact location of the wind turbines installation is not known vyet,
intermediate values of the shear coefficient were chosen.

Table 3. 6: Typical power law exponents for varying terrain [36]

Terrain Description Power law exponent, o

Smooth, hard ground, lake or ocean 0.10

Short grass on untilled ground 0.14

Level country with foot-high grass, occasional tree | 0.16

Tall row crops, hedges, a few trees 0.20

Many trees and occasional buildings 0.22-024

Wooded country — small towns and suburbs 0.28 - 0.30

Urban areas with tall buildings 0.4

Six figures are presented below, three for Kalamata and three for Capo Passero depicting the
respective climatic parameters; averaged monthly wind speed (m/s), daily ambient
temperature (°C) and daily global horizontal irradiation (kWh/m?) for each location. The
reason of these figures is to observe the patterns of the monthly averaged climatic
parameters of each database.

Kalamata Airport
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Monthly avereged wind speed (m/s)
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0,00
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=—@—Homer 50m —@®— RETScreen 10m

RETScreen 50m, a=0.16 —@— Weather station 50m, a=0.16
—@— Weather station 10m, a=0.16

Figure 3. 4: Original and extrapolated wind speed data for Kalamata from various sources
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Figure 3.4 shows the original and the extrapolated wind speed data for Kalamata. The wind
speed data from Kalamata weather station are measured at 6 m height above the ground.
Hence, by using the power low with a shear coefficient of 0.16, the monthly averaged wind
speed values at 10 and 50 m height are extrapolated. The reason why the data have been
extrapolated and not depicted in their original format is for comparison purposes among the
databases. The extrapolation does not affect the pattern of the original data, only the wind
speed value increases when the vertical distance from the ground is increased. Hence, the
data from the weather station in Kalamata and from RETScreen have the same patterns at
10 and 50 m respectively. Regarding the patterns among the databases, it can be observed
that the weather station in Kalamata and RETScreen have very similar patterns. Regarding
RETScreen database, which was presented in Chapter 2, it was stated that it uses data from
different sources both ground and satellite measurements and mainly NASA’s satellite
database. In this case, it is obvious that the measurement is taken from the ground station,
as HOMER, which uses NASA’s database, gives a different pattern in the monthly wind speed
values. Moreover, it is observed that even if the wind speed values from the weather station
and RETScreen are extrapolated to 50 m height, in most of the months, their values are
sufficiently lower than the one provided by HOMER, resulting in a much lower annual
average wind speed compared to HOMER dataset (Kalamata weather station and RETScreen
annual averaged wind speed at 50 m and a=0.16 equals 3.41 and 3.48 m/s respectively while
HOMER annual average wind speed at 50 m=5.01 m/s). The same stands for the location of
Capo Passero where the RETScreen annual average wind speed at 50 m and a=0.16 is 4.44
m/s while HOMER’s is 5.84 m/s.

Capo Passero
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Figure 3. 5: Original and extrapolated wind speed data for Capo Passero from various sources
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Note that PVGIS wind speed data where excluded on purpose from the wind speed graphs of
the two locations as both their pattern and values seemed unrealistic, for a measurement
and/or calculation at 10 m above the ground, compared to other databases. Regarding the
ambient temperature data, the patterns among the databases in each location are quite
similar with the patterns for Capo Passero to fit more among them compared to the patterns
for Kalamata. The average temperature annual values are between 17-20.5 °C for Kalamata
while they are between 18.6-19.9 °C. for Capo Passero Finally, concerning the global
horizontal irradiation values, the patterns of the monthly values are quite similar among the
databases in both locations. For the case of Kalamata, HOMER data cannot be depicted in
the figure as they are exactly the same with RETScreen data, meaning that both sources use
NASA’s irradiation data for this location. In both sites, PVGIS gives the highest irradiation
values while their annual irradiation values range from 4.5-5.4 kWh/m?/day for Capo Passero
and 4.5-5kWh/m2/day for Kalamata.
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Figure 3. 6: Original ambient temperature data for Kalamata from various sources
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Capo Passero
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Figure 3. 7: Original ambient temperature data for Capo Passero from various sources
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Figure 3. 8: Original global horizontal irradiation data for Kalamata from various sources
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Capo Passero
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Figure 3. 9: Original global horizontal irradiation data for Capo Passero from various sources

Below are presented the weather data for the two locations that have been used in the
simulation software packages in order to obtain the annual energy prediction of the RET
systems. Moreover, Tables3.9 and 3.10, apart from the available wind speed data, also show
the calculated data in the different hub heights of the small and large-scale wind turbines
models chosen for the two locations (presented in chapter 4). Apart from those data, the
HOMER’s wind speed data, which have been already presented in Table 3.4, are used as
well.

Solar irradiation data

Table 3. 7: Solar data for the area of Kalamata (PVSyst input data)

Kalamata Airport (Latitude: 37.1° N, Longitude: 22.0° E, Elevation: 13 m)

PVGIS CM-SAF
Month Horizontal global , Diffuse global igradiation Ambient temperature
irradiation GH (kW/m?/d) D (kw/m?/d) (°C)
January 2.32 0.97 13.7
February 3.00 1.29 14
March 4.84 1.94 15.2
April 5.83 1.98 17.5
May 7.02 2.11 20.8
June 7.87 1.81 24.8
July 7.55 1.51 27.8
August 6.79 1.49 28.7
September 5.51 1.49 26.3
October 4.04 1.45 22.2
November 2.77 1.02 19.2
December 2.08 0.92 15.6
Annual 4.97 1.49 20.48
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Table 3. 8: Solar data for the area of Capo Passero (PVSyst input data)

Capo Passero (Latitude: 36.7° N, Longitude: 15.08° E, Elevation: 5 m)

PVGIS CM-SAF
Month Horizontal global , Diffuse global igradiation Ambient temperature
irradiation GH (kW/m?/d) D (kWw/m?/d) (°C)

January 2.72 1.03 13.60
February 3.68 1.25 12.90
March 5.27 1.90 13.80
April 6.35 1.84 15.80
May 7.50 2.03 18.30
June 8.11 1.87 21.90
July 8.22 1.56 25.30
August 7.30 1.53 26.20
September 5.66 1.58 24.50
October 4.27 1.49 21.70
November 3.01 1.05 18.60
December 2.42 0.92 15.00
Annual 5.38 1.51 18.97

Wind speed data

Table 3. 9: Monthly averaged wind speed data for Kalamata region (SAM input data)

Kalamata Airport (Latitude: 37.1° N, Longitude: 22.0° E, Elevation: 13 m)
Weather station and calculated data

Month Wind speed (m/s) Wind speed (m/s) Wind speed (m/s)
@ 6m above the ground @ 15m above the ground @ 98m above the ground
Original data a=0.16 a=0.24 a=0.16 a=0.24
January 2.37 2.75 2.96 3.71 4.64
February 2.53 2.93 3.15 3.95 4.94
March 2.54 2.94 3.16 3.97 4.96
April 2.33 2.70 2.90 3.64 4.56
May 2.27 2.63 2.83 3.55 4.44
June 2.65 3.07 3.30 4.15 5.18
July 2.82 3.27 3.52 4.42 5.52
August 2.69 3.12 3.35 4.21 5.26
September 2.41 2.79 3.00 3.77 4.71
October 2.09 2.42 2.60 3.27 4.08
November 2.12 2.45 2.64 3.31 4.14
December 2.36 2.73 2.94 3.69 4.61
Annual 2.43 2.82 3.03 3.80 4.75

Table 3. 10: Monthly averaged wind speed data for Capo Passero region (SAM input data)

Capo Passero (Latitude: 36.7° N, Longitude: 15.08° E, Elevation: 5 m)
RETScreen and calculated data

Month Wind speed (m/s) Wind speed (m/s) Wind speed (m/s)
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@ 10m above the ground @ 15m above the ground @ 69m above the ground

Original data a=0.16 a=0.24 a=0.16 a=0.24

January 4.00 4.27 4.41 5.45 6.36
February 3.90 4.16 4.30 5.31 6.20
March 3.80 4.05 4.19 5.18 6.04
April 3.80 4.05 4.19 5.18 6.04
May 3.40 3.63 3.75 4.63 5.41
June 3.20 3.41 3.53 4.36 5.09
July 2.90 3.09 3.20 3.95 4.61
August 3.00 3.20 331 4.09 4.77
September 3.00 3.20 331 4.09 4.77
October 3.00 3.20 331 4.09 4.77
November 3.50 3.73 3.86 4.77 5.56
December 3.70 3.95 4.08 5.04 5.88
Annual 3.43 3.66 3.78 4.67 5.45

It is observed that in both locations the annual average wind speed is from low to medium
even for the calculated data at the HAWT’s hub height. The range of the wind speed values,
which depend on the shear coefficient, becomes wider as the turbine hub height increases.
Figures 9 and 10 demonstrate the monthly average wind speed values for Kalamata and
Capo Passero respectively. The original measured data are depicted with the light blue line
while the orange and grey line show the calculated wind speed values at the hub height of
Aeolos VAWT using a shear coefficient of 0.16 and 0.24 respectively. Similarly, the yellow
and blue line present the calculated wind speed values at the hub height of Enercon HAWT.

Kalamata
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—@— original —@®=—2a=0.16, z=15m a=0.24, z=15m a=0.16, z=98m =—@=—2=0.24, z=98m

Figure 3. 10: Monthly averaged wind speed values at turbines’ hub height (Kalamata, Weather station)
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Capo Passero
7,00

6,00
5,00
4,00
3,00 ‘*’_\.\.\—.—/

2,00

Wind speed (m/s)

1,00

0,00
Jan Feb Mar  Apr  May Jun Jul Aug Sep Oct Nov Dec

—@— original a=0.16, z=15m a=0.24, z=15m a=0.16, z=69m —@=—2a=0.24, z=69m

Figure 3. 11: Monthly averaged wind speed values at turbines’ hub height (Capo Passero, RETScreen
database)

Having finalised this analysis, a robust base for the climatic characteristics of each location
has been formed containing also the uncertainties included in the data (measurement
and/or computational uncertainties). The differences among the databases might be
attributed either to the time period that the data were measured, or to the computational
methods that the databases use to provide these data. In case of different time periods, the
explanation may be fairly simple as the climatic characteristics of a location change over
time (especially for parameters such as the irradiation and temperature).On the other hand,
if the data among the databases have been acquired in similar time periods and there are
still major discrepancies, then the computational methods, used by the databases, might be
not straightforward to analyse, as in most cases limited information is provided on this
subject. Hence, it is difficult to know how the various weather databases validate, compute
and/or combine their sources. In order to avoid these factors, which can bring a great
uncertainty on the energy prediction of the RET systems, the weather parameters have been
presented individually for each database and a combination of weather databases is used in
the simulation of the systems. Regarding the wind speed, a sensitivity analysis is made
(chapter 5) in order to demonstrate the differences in the annual energy prediction of the
wind turbines according to the various wind speeds. This is accomplished by using the “Wind
speed Weibull distribution” option in SAM software in order to get a probabilistic approach.
In addition, the temperature data influence the annual energy prediction of the PV systems
but their influence is minor compared to the solar irradiation data. The approach is to use
PVGIS data in order to retain a uniformity in the PV simulations by having both irradiation
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and temperature data form the same source. Further discussion takes place on Chapter 5 in
the relevant sections.

To conclude, the PVGIS solar data are used for both locations for the PV system simulations.
On the other hand, regarding wind turbines simulations for Capo Passero, RETScreen and
HOMER software databases are used while for Kalamata the wind speed data from the local
weather station and HOMER software are used.
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Chapter 4: RET market, technical characteristics and
systems’ design

4.1 RET market

The different PV and wind technologies have been presented in the first deliverable of
WP10. This section presents the main manufacturers of horizontal and vertical axis wind
turbines as well as of PV modules. According to PV tech, the top 10 module suppliers in 2017
are shown in the table below [37]:

Table 4. 1: The top 10 PV module suppliers in 2017

Supplier Headquarters PV module technology
JinkoSolar [38] China mono and polycrystalline
Trina Solar [39] China mono and polycrystalline

Canadian Solar [40] Canada mono and polycrystalline
JA Solar [41] China mono and polycrystalline
Hanwha Q-cells [42] South Korea mono and polycrystalline
GCL-SI [43] China mono and polycrystalline
LONGi Solar [44] China monocrystalline
Risen Energy [45] China mono and polycrystalline
Shunfeng [46] China mono and polycrystalline
Yingli Green [47] China mono and polycrystalline

As it is shown at the table, the PV module market is dominated by Chinese companies and
mono and polycrystalline modules, as they are more technologically advanced regarding
their efficiency. However, companies like Metsolar (European company) [48], Solaronix
(Switzerland) [49] and Kameleon Solar (Netherlands) [50] produce coloured customised solar
panels. Some pictures of their products and their applications are presented below.
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Figure 4. 2: Solaronix, PV facade [49]

According to WindPower, the top 10 wind turbine manufacturers in 2017 are presented in
Table 4.2 [51].

Table 4. 2: The top 10 wind turbine manufacturers in 2017 [51]

Manufacturer Headquarters Wind turbine type
Vestas Denmark large-scale HAWT
Siemens Gamesa Germany and Spain large-scale HAWT
GE us large-scale HAWT
Goldwind China large-scale HAWT
Enercon Germany large-scale HAWT
Nordex group Germany large-scale HAWT
Senvion Germany large-scale HAWT
United Power China large-scale HAWT
Envision Energy China large-scale HAWT
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Suzlon India large-scale HAWT

It can be noticed from Table 4.2 that HAWT market is mainly based in Europe in contrast to
the PV module market. Similarly, with the PV module technologies, the large-scale onshore
and offshore HAWTs dominate the market due to their better efficiency. Further, there are
manufacturers of roof mounted VAWT such as Platek Services (Canada), Quietrevolution
(UK) and V-air [52], [53]. In addition, manufacturers of small/medium-scale VAWT are
Guallndustrie (France), OyWindside Production (Finland), Ropatec (ltaly), Aeolos Wind
Energy (UK), E-Novasolar (Italy)[52], HomeEnergy [54]etc. Some pictures of various types of
VAWT are presented below.

©.Copyright Oy-Windside Broduction Ltd s

Figure 4. 4: qr6, WS-30 and Aeolos V3kW wind turbines [55-57]

A communication plan was made and several companies have been contacted in order to
ask for a quotation for specific models and/or technical queries about their products.
Regarding the solar PV systems, Jinko Solar [38], Trina Solar [39] and JA solar [41], which are
in the top 10 module manufacturers, have been contacted in order to obtain the costs of
monocrystalline PV modules. Similarly, Metsolar [48], Solaronix [49] and Kameleon solar
[50], which are manufacturers of coloured PV modules, have been contacted in order to
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check the costs for PV fagades. Of course, the PV systems have three main parts; the PV
module, PV inverter, and mounting structure. Hence, a market research was also made for
PV inverter manufactures and their products. Some of the top inverter manufacturers are
SMA [58], Solar Edge [59], ABB [60] and Fronius [61]. Specific manufacturers and/or
distributors of PV mounting structures was not identified and contacted as the mounting
structures will be provided along with the PV modules and inverters from the respective
companies in ltaly and Greece. Moreover, after contacting these companies, it was
concluded that the chosen mounting structures will be fixed and not dual axis tracking
mounted structures, as they will be much costlier in the initial investment and during the
system lifetime because of their maintenance requirements. Table 4.3 summarises all the
companies and their specific products regarding the PV systems. Similarly, Table 4.4
summarises all the models of the wind energy conversion systems considered in this study.

Table 4. 3: Specific products for solar PV systems

SOLAR PV SYSTEMS
Company Product Type
Eagle PERC 72
Jinko Solar [38] | JKM350M-72 monocrystalline 350 PV module

W
Tallmax Plus
1. TSM-DD14A (ll) (350 W)
Trina Solar [39] 2. TSM-DE14A (Il) (350 W) PV module
Splitmax

3. TSM-DE14H (I1) (350 W)
72-Cell Mono PERC Module

JA Solar [41] JAM72501/PR (375 W) PV module
Metsolar [48] Coloured customised PV module
Solaronix [49] Coloured customised PV module
Kamel[(;c())rlm solar Coloured customised PV module
1. Sunny Tripower8000TL/
8kw

2. Sunny Tripower 10000TL/ .

SMA [58] 10 KW PV inverter
3. SUNNY TRIPOWER
CORE1/ 50 kW

1. SE100K/ 100 kw .
Solar Edge [59] 2. SESOK/ 50 KW PV inverter

1. PVI-10.0 /10 kW .
ABB [60] 2. TRIO-TM-50.0-400/ 50 kw | @V inverter
Fronius [61] 1. Symo8.2-3-M/8.2 kW PV inverter

2. Symo 10.0-3-M/ 10 kW

Regarding the large-scale wind turbines, Enercon [62], Senvion [63], Nordex [64] and Vestas
[65], which are in the top 10 wind turbine manufacturers, were considered while regarding
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VAWT and small-scale wind turbines models from Quietrevolution [55], V-air [53],
HomeEnergy [54] and Aeolos Wind Energy [57] were contacted in order to have various
options in the design.

Table 4. 4: Specific products for wind energy conversion systems

WIND ENRGY CONVERSION SYSTEMS
Company Product Type
1. E-103EP2/2.35 MW
2. E-82E4/2.35/3MW
Enercon [62] 3. E-82E2/2.0 MW HAWT
4. E-92/2.3 MW
5. E-126EP3/3 /3.5 MW
1. 3.4M122 NES
Senvion [63] 2. 2.3M130 HAWT
3. MM100 (2 MW)
1. N100/2500 kW
2. AwW140/3000
Nordex [64] 3. AW132/3000 HAWT
4. AWwW125/3000
5. N117 /2400 /3000
1. V110-2.0 MW® [ECIIIA
2. V116-2.1 MW™ IECIIB
3. V120-2.2 MW™ IEC

1IB/IEC S

Vestas [65] 4. V126-3.45 MW. - IEC HAWT

1IIB/IEC IIA

5. V136-3.45 MW. - IEC

IIB/IEC IIIA

V-Air [53] Vision Air 5 (130 RPM) VAWT
HomeEnergy [54] Energy Ball V200 / 2.5 kW small-scale HAWT

Quietrevolution [55] Qr6 /100 — 260 RPM VAWT
Aeolos [57] 1. Aeolos-V 10kwW VAWT

2. Aeolos-V 5kW

For all the products the installation costs have been asked for both locations along with the
operation and maintenance (O&M) cost and the shipping costs. The companies have also
been asked for local retailers/distributors. For the case of HWAT, technical questions have
been asked as well (i.e. If these turbine models are suitable for the locations or not
according to their wind generator class and wind zone specifications). Apart from the
communication with these companies, PV and Wind installers in Greece and Italy were
contacted in order to acquire a quotation for the various project costs. Not all of the
companies replayed and not all the proposed products were suitable and/or economic for
the two locations. For example, for the VAWT, Aeolos wind turbine is the most suitable
choice because of its cut in wind speed. Appendix A includes all the quotations as they have
been acquired for all the proposed RET projects in Italy and Greece and Appendix B includes
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all the technical datasheets of the main components of the RET systems. Further, Section 4.2
below analyses the choices of all products for the RET systems and presents their designs
and technical characteristics.

4.2 Systems’ designs and technical characteristics

This section presents all the systems’ designs and their technical characteristics that are used
in this techno-economic study for both locations. Enercon large-scale HAWT have been
chosen of 2.35 MW and 3 MW installed capacity for the cities of Kalamata and Capo Passero
respectively [62]. Regarding small-scale VAWT, Aeolos wind turbines have been chosen for
installation inside the cities having an installed capacity of 10 kW each [66]. Table 4.5, shows
the rated capacity, the respective models and the total number of the chosen wind turbines
for both locations. Further, Figure 4.5 depicts the three wind turbine models.

Table 4. 5: Chosen wind turbines

Wind Turbines
Rated capacity (kW) Model Total No
Kalamata | Capo Passero Kalamata Capo Passero | Kalamata | Capo Passero
Large-scale | HAWT 2,350 3,000 E-103 EP2 E-82 E4 1 1
Small-scale | VAWT 10 10 Aeolos-V Aeolos-V 6 6

Figure 4. 5: Aeolos V 10 kW, Enercon E-103 EP2 2.35 MW, and Enercon E-82 E4 3 MW [67-69]

Similarly, Tables 4.6 and 4.7 and Figures 4.6 to 4.9 present the chosen PV modules and
inverters for large- and small-scale PV systems, which have been chosen for the two sites.

Table 4. 6: Chosen PV modules and inverters for large-scale PV systems

Large-scale PV systems

Kalamata

Capo Passero
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Module type polycrystalline monocrystalline
Module model Suntech STP270-20/Wem Jinko Eagle PERC 60
No of modules 1491 330
Module rated power (W) 270 305
Inverter model ABB PVS-100-TL SolarEdge Synergy Technology
Inverter No 4 1
Inverter rated power (kW) 100 82.8

Table 4. 7: Chosen PV modules and inverters for small-scale PV systems

Small-scale PV systems (Kalamata and Capo Passero)

Customised module

1 (Emerald Green)

2 (Diamond Blue)

3 (blue-green glass)

4 (bronze glass)

(kw)

Module type polycrystalline polycrystalline monocrystalline monocrystalline
Module colour emerald green diamond blue standard standard
Module glass colour standard standard blue-green bronze
Module rated power
240 235 251 254
(W)
No of modules 39 39 39 39
Fronius Symo 8.2- Fronius Symo 8.2- | Fronius Symo 8.2-3- | Fronius Symo 8.2-
Inverter model
3-M 3-M M 3-M
Inverter No 1 1 1 1
Inverter rated power
8.2 8.2 8.2 8.2

Figure 4. 7: Customised 3 and 4; blue-green and bronze coloured glass with monocrystalline PV cells [70]
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Figure 4. 8: Polycrystalline Suntech STP270-20/Wem and monocrystalline Eagle PERC 60 modules [71, 38]
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Figure 4. 9: Solar Edge Synergy technology SE 82.8K fixed voltage inverter, ABB PVS-100-TL string inverter
and Fronius Symo 8.2-3-M [72-74]

All the choices of the systems have been based on their technical characteristics in
combination with their utilisation purposes and the local weather conditions. For instance,
for the customised modules the specific colours of the coloured cells and the coloured
glasses have been chosen in order to provide a better efficiency than the rest available
coloured options. Since these modules are going to be installed as facades, their tilt angle
will be 90 degrees. This means that the systems would suffer a great loss in respect to their
optimum designed tilt angle as they would not be able to utilise all the available irradiation.
In both locations, the annual optimum tilt angle is around 29 to 30 degrees. On the other
hand, these systems promote the RET technologies, the environmental awareness, and have
an aesthetic value that may compromise their lower performance. The same stands for the
vertical axis wind turbines. Further, as mentioned, the specific VAWT model was chosen
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because it has a low cut in wind speed (2.5 m/s). Since they are going to be installed in an
urban environment with low wind speeds, most time of the year, the target is to produce as
much energy as possible under the certain conditions. Moreover, the installed capacity of all
RET systems is based on their economic characteristics as well in order to reduce the cost of
the generated kWh where it is possible. For instance, in both locations it is more beneficial
to installed a fixed mounted PV plant as the O&M cost would be disproportional to the
advantage offered by the extra energy that a tracking mounted system can produce. The
same reason stands for the choice of polycrystalline PV modules instead of monocrystalline
for the case of Kalamata, even if it is widely known that the later have a greater efficiency.
For the PV plant in Capo Passero, monocrystalline modules have been chosen with a fixed
mounting structure based on the same logic. Finally, regarding the large-scale wind turbines,
the two models have been chosen accordingly to the average wind speed of the two areas.
Capo Passero has a low to medium annual average wind speed while Kalamata has a low
annual average wind speed. Hence, for Kalamata a HAWT model of IlIA class was chosen
while for Capo Passero a IIA class model was chosen. The wind turbine classes are divided
according to the average wind speed and turbulence. The A stands for higher turbulence
while the B stands for lower turbulence sites. The |, Il, and Il stand for high, medium, and
low wind speed sites respectively.

Finally, Tables 4.8, 4.9, and 4.10, present the main technical characteristics of all the
proposed RET systems.

Table 4. 8: Wind turbines main technical characteristics [62, 75]

Wind turbine E-103 EP2 E-82 E4 Aeolos-V
Rated power 2.35 MW 3.0 MW 10 kw
Rotor diameter 103.0 m 82.0m -
Rotor width - - 55m
Hub height 98 m 69 m 15m
Wind class (IEC) A A -
Cut-in wind speed 2.5m/s 2.5m/s 2.5m/s
Cut-out wind speed 34 m/s 34 m/s 52.5m/s
Rated wind speed 12 m/s 16 m/s 11 m/s
Design lifetime 25 yrs 25 yrs 20 yrs
Generator type direct drive direct drive permanent
magnet

Table 4. 9: PV inverters main technical parameters [73, 74, 76]

. SolarEdge Fronius
PV inverter ABB PVS-100-TL
SE 82.8K Symo 8.2-3-M
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For the DC side
Maximum DC power 102 kW 111.75 kW -
Operating MPPT input .
480 -850V Fixed voltage 267 —800V
voltage range
DC nominal voltage 620V 750V 595V
Maximum input voltage 1000V 1000V 1000V
No. of independent MPP
P ) 6/- -/ 3 units 2/ -
trackers/ units
Maximum DC current/ at
—-/36A 120/ -A -/16A
each MPPT
For the AC side
AC Nominal Power 100 kW 82.8 kW 8.2 kW
Maximum AC Voltage
320-480V 320-460V 150-280V
range
Nominal AC frequency
45 —-55 Hz 50/60 + 5 Hz 50/ 60 Hz
range
Efficiency:
. 98.4% / 98.2% 98.3% / 98.0% 98.0% / 97.7%
Maximum/Euro-eta

Table 4. 10: PV modules main technical parameters [38, 77, 78]

Customised Customised Customised Customised
STP270- | lJinko Eagle 1 2 3 4
PV module .
20/Wem PERC 60 (Emerald (Diamond (blue-green (bronze
Green) Blue) glass) glass)
Number of cells 60 60 60 60 54 54
Maximum power
. 270 W 305 W 240 W 235w 251 W 254 W
rating (Pmax)
Open circuit
379V 39.2V 37.74V 37.50V 36.12V 36.12V
voltage (Vo)
Maximum power
311V 32.8V 31.38V 31.14V 30.61V 30.61V
voltage (Vmpp)
Short circuit
9.15A 10.12 A 8.21A 8.12A 8.72A 8.81A
current (lsc)
Maximum power
8.69 A 9.31A 7.66 A 7.54 A 8.22A 8.32A
current (Iypp)
Module efficiency
) 16.6 % 18.63 % 15.1% 14.7 % 17.5% 17.7 %
n

The main electrical components and their connections of the RET systems are depicted in
the figures below.
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Figure 4. 10: Enercon wind turbines main electrical components [62]

Figure 4.10 presents the main electrical components of an Enercon HAWT. “The annular
generator - comprising rotor and stator - forms the key component of the ENERCON wind
energy converter design. Combined with the hub, it provides optimal energy flow. The
sophisticated wind energy converter technology means minimal vibration during operation,
low sound emissions and a long service life” [62]. Moreover, the “excitation systems can be
defined as the system that provides field current to the rotor winding of a generator. Well-
designed excitation systems provide reliability of operation, stability and fast transient
response” [79].
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Figure 4. 11: Aeolos wind turbines wiring diagram [75]

Figure 4.11 presents the wiring diagram of Aeolos VAWT. The grid-connected Aeolos VAWTSs
are connected to the grid through a grid on controller and inverter. Moreover, they can use
a PLC (Programmable Logic Controller) to monitor the inputs and the outputs of the turbine.
Generally, a PLC “is an industrial computer control system that continuously monitors the
state of input devices and makes decisions based upon a custom program to control the

state of output devices” [80].

i3

—

PV array

Utility grid

Inverter

Figure 4. 12: Grid-connected PV systems [81]

Figure 4.12 presents the electrical configuration of any grid-connected PV system. The grid-
connected PV systems are comprised by the PV modules that constitute the PV array. In
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addition, the PV array is connected to the grid through the inverter. The inverters that have
been chosen for the two PV plants in Italy and Greece are the three phase SolarEdge Synergy
Technology and ABB PVS respectively. The SolarEdge inverter is a fixed voltage inverter that
uses the power optimiser technology. “The power optimizers are DC-DC converters
connected to PV modules in order to maximize power harvesting by performing
independent Maximum Power Point Tracking (MPPT) at the module level. The power
optimizers regulate the string voltage at a constant level, regardless of string length and
environmental conditions. The inverter is comprised of one Primary Unit with an integrated
Connection Unit with a DC Safety Switch for disconnecting the DC power of a SolarEdge
system, and of one or two Secondary Units, depending on the inverter's capacity. The
Secondary Unit(s) are connected to the primary unit with AC, DC and communication cables.
Each unit operates independently and continues to work in case the others are not
operating” [72]. For the PV plant in Italy, SolarEdge technology seems to be a good solution
on both technical and financial characteristics. From the point of the technical view, it is
good that this inverter has three independent units since only one inverter will be used in
this PV plant. Moreover, its DC maximum power input reaches the 111.75 kW even if its
nominal AC power is 82.8 kW. This means that the losses over the inverter power input will
be minimised. On the financial point of view is a good solution, since one inverter is better
than two or more with smaller capacity.

Further, the ABB PVS inverter is a three-phase high power string inverter. The string
inverters convert the power from the module strings that are connected. For the PV plant in
Kalamata, four of them are going to be used and each of them has 6 maximum power point
trackers [73]. This means that in case of a failure of one inverter the systems will still
produce the 75% of each energy. Moreover, the 6 MPPTs in one inverter enable to harvest
the maximum energy available from the strings of modules that are connected to each
MPPT. Generally, the string inverters can be more convenient than the central type inverters
regarding operation and maintenance aspects even if a central inverter may be a cheaper
option in the initial investment [82].
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Chapter 5: Energy prediction

This chapter analyses the energy output of the proposed RET systems in accordance with the
energy requirements of the KM3Net project in each site. As it was stated in the first
deliverable of WP10, the averaged power requirement for each site of the project is
assumed as 615 kW. Hence, every site will require 615 kW*365 days*24 hours= 5,387.4
MWh of energy for every year to be covered by RET. This amount of energy will cover a 24/7
operation. By taking into account the periods of maintenance, dead time etc., it has been
concluded that in this initial study the systems will be designed in order to cover the 80% of
this amount; hence, 5,387.4 MWh*0.8~4310MWh/year. Note that this amount of required
energy is based on an average assumption; thus, it might change in the future in order to
cover the specific energy needs of each location. Moreover, by degrading the initial energy
requirement 20%, it makes the overall RET investment more economic than the 100%
amount of energy as it will not be needed for the experiment all of the time.

5.1 RET proposed scenarios

According to the climatic factors of the two locations, two scenarios are proposed in this
deliverable; one for Kalamata and one for Capo Passero. These scenarios are based on the
chosen systems presented in Chapter 4. Note that these suggestions might change during
the realisation stage as the ultimate target is to propose scenarios both technically and
economically viable for all the sites. However, at this stage various options are examined
since the specific locations for the installation of the systems are not known yet.

In summary, the proposed scenarios are:

Kalamata: 1) one large-scale horizontal axis wind turbine 0f2.35 MW installed capacity, 2) PV
systems of around 440 kW installed capacity (around 40 kW are infrastructures of high
aesthetic value (PV facades), hence they will produce less energy and they will be costlier),
3)small-scale vertical axis wind turbines of 60 kW total installed capacity. These are
considered to cover urban electricity needs and used for promotion purposes as their
performance will be much lower compared to horizontal axis wind turbines.

Capo Passero: 1) one large-scale wind turbine 3 MW of installed capacity (it can produce
fairly large amounts of energy if it is installed in the right location and at the same time it can
be cost-effective), 2)PV systems of 140 kW of total installed capacity, and 3) 60 kW capacity
of small-scale vertical axis wind turbines.
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The total installed capacity is 2.85 MW for Kalamata while it is 3.2 MW for Capo Passero. The
reason why the total installed capacity in Capo Passero is greater than in Kalamata is in
accordance to the first deliverable where it is stated that the project facilities in Italy require
around680 kW*365 days*24 hours= 5,956.8 MWh per year. By degrading the initial energy
20%, the required energy would be5,956.8*0.8~4,766 MWh/year. Hence, for ltaly the
required energy is between 400 to 600 MWh/year above average depending on degrading
or not the energy requirement.

The systems of high aesthetic value have very small total capacity compared to the common
commercial systems. This is because they are mainly used for promotion purposes while the
biggest amount of the required energy will be supplied by the commercial systems. Since the
two locations have similar solar resource but they differentiate in their wind resource, the
proposed HAWT in Italy has a greater capacity than the one in Greece. The small-scale PV
and wind systems are the same for both sites while the commercial PV system in Kalamata is
four times larger than the one in Capo Passero. These scenarios were chosen in order to
examine the outcomes of installing different proportions between wind and PV
technologies, as well as, to demonstrate the different types of RET that can be utilised in
these locations. Finally, an example is also given for Kalamata region by replacing the HAWT
with commercial PV plants only. This example covers the case of not actually finding an
available location with the right wind resource to install the HAWT.

5.1.2 Methodology

As it was mentioned in Chapter 3, SAM and HOMER software packages are used for the wind
turbines’ simulation while PVsyst is used for the PV systems’ simulation. Nine simulations in
total were produced in SAM; five for the region of Kalamata and four for the region of Capo
Passero. Respectively, in HOMER 12 simulations were conducted, six for each location. Of
the 21 simulations in the two packages the 15 concern the HAWT, while the 6 the VAWT.

The purpose was to produce a range of annual energy values according to the various annual
average wind speeds, which were either calculated, acquired from the meteorological
database or assumed based on the calculated ones. These values present actually a
sensitivity analysis relating different heights above the ground, shear coefficients and
Weibull k parameters. Moreover, the option to investigate the outputs of the two simulation
packages for the HAWT is provided by inserting similar inputs to some of the simulations.
The VAWT is only simulated in HOMER software and a comparison of the simulated annual
energy production is made with the annual energy provided in the manufacturer
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specifications. Each simulation case, with the respective parameters, is explained analytically
in Section 5.2.1, where the inputs and the results of the 21 simulations are presented.
Finally, about the PV systems, eleven simulations were conducted in total in PVsyst software.
The ten simulations considered the 5 different PV systems proposed for each location.
Hence, four simulations were made for the four PV facades and one for the PV plant in each
site. The eleventh simulation was made as an example, only for Capo Passero, to
demonstrate theenergy difference between a fixed mounted and a tracking mounted PV
plant. Since in both countries the PV companies have suggested a fixed mounted structure
the results of this extra simulation are included only in Section 5.2.2 and not in the overall
analysis. Similarly, the input and the output parameters for each PV simulation are shown in
Section 5.3.

The lifetime energy prediction, it is calculated according to the Equation 5.1 and assumes a
linear average degradation rate of 0.5%/year. For the PV systems, which have crystalline
module technology, and for the two specific locations, which have a Mediterranean climate,
this assumption is very close to reality according to field studies. On the other hand, for the
HWAT and VAWT systems there is no sufficient number of degradation studies in order to
conclude in a degradation percentage and/or a pattern in accordance to the climate. In a
study of Staffell and Green regarding the UK’s wind farms and how their performance
declines through time, it was found that the average degradation rate is 0.6%/year [83].
However, Olauson et al, by replaying in the aforementioned study regarding the WT
performance decline in Sweden, stated that they found an overall degradation of 6% over a
20-year period (0.3%/year) [84]. Hence, in this study, a degradation rate of 0.5%/year is used
for all RET systems, mainly for uniformity reasons.

Lifetime Energy = YNy E, X (1 —n X D) (5.1)

Where, E, is the generated energy by the RET system in year n and D is the annual
degradation rate. Finally, the lifetime energy has been calculated for both 15 and 25 years
for all the RET systems. The 15 years represent the period of the experiment operation while
the 25 years represent the RET systems’ lifetime.

5.1.3 Performance parameters

The most common performance parameter for the PV systems is the performance ratio
while for the wind turbines is the capacity factor and for both is the specific production
parameter.
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The specific production is the generated energy by the system in one year and divided by its
rated power. Otherwise, it is called specific yield and defines the number of hours that the
system needs to operate at its maximum power in order to provide the same amount of
energy and is often expressed as the annual energy output per kW (kWh/kW/year). Since
the specific production normalises the produced energy with respect to the system size, this
parameter is used to compare the produced energy of systems with different sizes, designs,
or technologies. Regarding PV systems, the specific yield is dependent on the solar resource
and varies in accordance with the irradiation. Hence, if the comparison is made for different
locations or time periods, it will not be accurate because solar irradiation is varying [85, 86].
The same stands for the wind resource and consequently the Wind energy conversion
systems.

The performance ratio (PR) is used in PV systems and is the final PV system yield (Y¢) divided
by the reference yield (Y;) (equation 5), where Y, is the system output for an ideal system
and its numerical value is equal to the PV total in-plane irradiance divided by the reference
irradiance. PR does not indicate the solar resource variations because of its definition and it
is a dimensionless value. It describes the overall effect of system losses on the rated output
due to the inverter inefficiency, wiring mismatch and general losses included in the system
conversion efficiency. It also includes the losses from the PV module temperature, the
partial use of irradiance due to the reflection from the module front surface, the soiling or
the snow on the modules, the system downtime, and component failures [85].

PR=Y

¥ (dimensionless) (5.2)

The capacity factor constitutes the ratio of the system's predicted electrical output during
the first year of operation to the nameplate output that is equal to the quantity of energy
the system would produce if it functioned at its nameplate capacity for each hour of the year
[21] (equation 6).

Capacity Factor = Annual Energy (kWh/yr) / System Capacity (kW) / 8760 (h/yr) (5.3)

5.2PV monthly specific production and WT annual energy

In this section, thePV monthly and WT annual energy prediction of the RET systems in the
two locations is presented as well as the simulation cases with their inputs and outputs. The
input and output parameters of SAM, HOMER and PVsyst have already been discussed in
Section 2.2.1 together with their calculations and losses treatment. Hence, their inputs and
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outputs presented here concern the specific simulation cases and the sensitivity analysis,
which was made for the wind turbines.

5.2.1 Wind turbines’ annual energy

The input parameters for the simulations in SAM were: the annual average wind speed
(m/s), the k parameter of the Weibull distribution, the shear coefficient, the reference
height for wind speed (m), the wind turbine loss factor (%) and the relevant wind turbine
characteristics. The output parameters were: the annual energy (kWh), the specific
production (kWh/kW/year) and the capacity factor (%) of the simulated HAWT. For HOMER
the input parameters were: the geographical location (i.e. latitude, longitude, elevation), the
monthly averaged wind speed data (m/s), anemometer height (m), wind speed profile (i.e.
choice between power law and logarithmic), Weibull k parameter (default value 2), diurnal
pattern strength (default value 0.25), 1 hr. autocorrelation factor (default value 0.85), hour
of peed windspeed (default value 15), wind turbine losses (%) and the relevant wind turbine
characteristics. From the various output parameters that HOMER provides, the annual
energy and the capacity factor were chosen and the specific production was calculated for
uniformity reasons between the two software packages.

Further, as mentioned, SAM’s monthly energy values for the HAWT varying according to the
days of each month as its input is the annual average wind speed for each location.
Respectively, in HOMER, the monthly power output of the simulated wind turbines varies
according to the average monthly wind speed values. Since the monthly wind speed values
and their patterns have been analysed in Section 3.2, there is no need to present 12 graphs
depicting the monthly power output for every wind turbine simulation conducted in HOMER.
However, four graphs depicting the HWAT monthly power output are presented as an
example at the end of this section. These graphs are provided by the HOMER software and
they actually confirm the pattern of the wind speed values for each weather database and
location.

The tables below show analytically the input values for all the simulation cases, which were
created for the sensitivity analysis and the comparison between the two software packages.
Except for those values, a constant loss factor of 6% is used in all the simulations to
contemplate for the annual turbine losses. S1 to S4 or S5 are the simulations conducted in
SAM, while H1 to H6 are the simulations conducted in HOMER for the two locations. For
Kalamata and for the cases S1-S3 the shear coefficient value, is the value that was used to
calculate the wind speed at the turbine’s hub height (98 m).This also stands for S1 and S2
cases for Capo Passero (hub height 69 m). Further, because the S4 case for Kalamata and
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S3for Capo Passero take an imaginary wind speed value (1m/s higher than the highest
calculated value), they do not include a shear coefficient. Finally, the S5 case for Kalamata
and S4 for Capo Passero use the same input data as in HOMER software. Hence, in this case
the 0.14 shear coefficient is used by the software to adjust the wind speed from the 50 m at
the anemometer height to the turbine’s hub height. Regarding the Weibull k parameter, the
values, which were chosen for the simulation cases, were the default value and the values
that have been obtained for the specific locations through the literature. The observed k
Weibull parameter for the region of Kalamata is 1.12 [87] while for the region of Pachino is
1.652 for an average annual wind speed [88]. In general, k parameter defines the shape of
the Weibull wind speed distribution. As the value becomes smaller the shape leans towards
smaller wind speed values. This is favourable for sites with low wind speeds, as it matches
with the wind speed profile of the location and results to estimate higher energy output for
the WT.

Table 5. 1: Wind turbine simulation cases for Greece, Kalamata

Simulation case reference height annual average wind Weibull k shear Weather
abbreviation  for wind speed (m) speed (m/s) parameter coefficient a database
SAM (Greece, Kalamata)
S1.WS 98 3.8 1.12 0.16 weather station
S2.WS 98 4.75 1.12 0.24 weather station
S3.WS weather station
S4.Assumption 98 5.75 2 - Assumption
S5.NASA NASA SSE

HOMER (Greece, Kalamata)

H1.NASA NASA SSE
H2.WS 50 3.41 2 0.16/0.14 weather station
H3.WS weather station

H4.VAWT 50 5.01 2 0.14 NASA SSE

H5.VAWT 50 4.05 1.12 0.24/0.14 weather station

H6.VAWT 50 4.05 2 0.24/0.14 weather station

Regarding HOMER, H1 and H4 cases use HOMER wind speed data (NASA SSE) and its default
values for both locations. H1 case concerns the HAWT while H4 the VAWT simulations.
Moreover, H2 case calculates the wind speed at 50 m above ground from the weather
station or RETScreen data with a shear coefficient of 0.16 (red coloured values) while the
software adjusts the wind speed at hub height with a shear coefficient of 0.14. Similar
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method is followed for the simulation of the VAWT in the cases H5 and H6 for both
locations. The reason why a shear coefficient of 0.14 was chosen in order to adjust the wind
speed at the WT’s hub height (apart from the fact that it is the default value in both
software), is to obtain a more realistic energy prediction. As it was mentioned, in the power
low, the higher the exponent value, the higher the estimated wind speed value. Therefore,
the higher the wind speed value, the higher the energy prediction. However, the option of a
higher wind speed value than the ones obtained, it is covered by the assumption cases (54
for Kalamata and S3 for Capo Passero). Finally, S5 case with H1 case (light green rows) and
S3 with H3 (light orange rows) have the same inputs for Kalamata in order to compare the
outputs of the two software. Similarly, for Capo Passero the inputs are the same in the cases
S4 and H1 (light green rows).

Table 5. 2: Wind turbine simulation cases for Italy, Capo Passero

Simulation case  reference height annual average wind  Weibull k shear Weather
abbreviation  for wind speed (m) speed (m/s) parameter coefficient a database

SAM (Italy, Capo Passero)

S1.RETScreen 69 4.67 1.652 0.16 RETScreen
S2.RETScreen 69 5.45 1.652 0.24 RETScreen
S3.Assumption 69 6.45 2 - Assumption

S4.NASA NASA SSE

HOMER (Italy, Capo Passero)

H1.NASA NASA SSE
H2.RETScreen 50 4.44 2 0.16/0.14 RETScreen
H3.RETScreen 69 5.45 2 0.24 RETScreen

H4.VAWT 50 5.84 2 0.14 NASA SSE

H5.VAWT 50 4.44 2 0.16/0.14 RETScreen

H6.VAWT 50 4.44 1.652 0.16/0.14 RETScreen

Having analysed the inputs for the sensitivity analysis and the comparison between the two
software, the results from all the simulations are presented below. In both locations, the
best-case scenario is the assumption case for the HAWT where the highest wind speed value
is encountered. On the other hand, the worst-case scenario is H2 case as apart from the
lowest wind speed, it also uses a 0.14 shear coefficient for the adjustment of the wind speed
to the hub’s height and the default k parameter. By comparing the cases H2 with S1 for
Kalamata, it is observed that even both cases have low wind speed, S1 has a capacity factor
around 15% while H2 has 9.4%. This is attributed on the k parameter, which is smaller for S1
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case and consequently more favourable than H2 case. Another reason is that by comparing
the outputs of the two software packages when having the same inputs, it is shown that
SAM software gives an estimation of the annual specific production about 9.73% higher than
HOMER (average value). Specifically, the specific production percentage differences based
on SAM software for the cases S3/H3, S5/H1 (Kalamata) and S4/H1 (Capo Passero) are
8.16%, 9.7% and 11.35% respectively. Finally, it is noticed that the capacity factor for the
HAWT is higher in Kalamata than Capo Passero for all the simulation cases. The main
difference is the turbine’s hub height between the two locations as the wind speed in Capo
Passero is higher than the wind speed in Kalamata. Moreover, this might be an indication
that the wind speed values in Capo Passero are not high enough for the specific hub height
(69 m) of the WT.

Table 5. 3: Simulation results for Kalamata, Greece

Kalamata, Greece

Simulation Annual Specific .
case Energy Production ngfj:&)
abbreviation (kwh) (kWh/kw)
S1.WS 3017585.00 1311.99 14.98
S2.WS 4354678.00 1893.34 21.60
S3.wWS
S4.Assumption = 5834823.00 2536.88 29.00

S5.NASA

H1.NASA
H2.wWSs 1931280.00 821.82 9.38
H3.WS

H4.VAWT 7597.00 759.70 8.67

H5.VAWT 7484.00 748.40 8.54

H6.VAWT 3976.00 397.6 4.54

Regarding the VAWT (cases H4-H6), it is observed that by using NASA SSE wind speed at 50
m above ground, they provide quite descent results for their annual energy generation
especially for Capo Passero (capacity factor 13.6%, case H4).However, when the wind speed
is calculated for 50 m above ground (cases H5 and H6) the annual energy is reduced to
around the half of its value in both locations. The only exception is the case H5 for Kalamata
and it is attributed to the use of a low k parameter. According to the manufacturer’s
specifications, Aeolos 10 kW VAWT is expected to produce 8158 kWh/year at an annual
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average wind speed of 4 m/s and 15026 kWh/year at 5 m/s. The percentage difference form
those values to the simulated ones based on the manufacturer’s specifications are 6.88%
and 20.83% for Kalamata and Capo Passero respectively (case H4). Accounting for the
turbine losses of 6% that are included in the simulations and that the wind speeds at the
turbine’s hub height are 4.24 m/s for Kalamata and 4.93 m/s for Capo Passero (i.e. using the
power low, a=0.14) the percentage difference between the two values could be reduced.
Moreover, the values from the manufacturer’s specification concern the standard conditions
of temperature and pressure while HOMER makes a correction from the standard air density
to the actual.

Table 5. 4: Simulation results for Capo Passero, Italy

Italy, Capo Passero

Simulation Annual Specific .
. Capacity
case Energy Production Factor (%)
abbreviation (kwh) (kKWh/kW) 0
S1.RETScreen 3148869.00 1042.67 11.90
S2.RETScreen 4489736.00 1486.67 17.00
S3.Assumption | 6040304.00 2000.10 22.80
S4.NASA
H1.NASA
H2.RETScreen 2268897.00 756.30 8.63
H3.RETScreen 3539734.00 1179.91 13.50
H4.VAWT 11896.00 1189.60 13.60
H5.VAWT 5135.00 513.50 5.86
H6.VAWT 6636.00 663.60 7.58

In both locations the difference between the max and the min annual energy predictions
among the cases is around 3,800,000 kWh for the HAWT. This value demonstrates a great
uncertainty considering that the average and median energy values are around 4,100,000
kWh/year and 4,360,000 kWh/year for Kalamata and Capo Passero respectively. Hence, in
the technical (section 5.3) and economic evaluation of all the RET systems, the S2 case is
used for the HAWT in Italy and S2 and S3 for Kalamata as they are the closest to the median
and average of all the cases. Moreover, there is no point to install a system with low capacity
factor and specific energy production as it will not be economically viable. For the VAWT, the
best and the worst cases are presented in both locations in order to gain a better view in
their technical and economic viability.
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Table 5. 5: Average, median, max and min values for the HAWT

Kalamata Capo Passero
Specific Specific
HAWT Annt(Jka\INEhn)ergy Production Annt(Jka\INEhn)ergy Production
(kWh/kW) (kWh/kW)
Average 4102066.88 1771.43 4227585.57 1403.19
Median 4087873.00 1777.34 4489736.00 1486.67
Max 5834823.00 2536.88 6040304.00 2000.10
Min 1931280.00 821.82 2268897.00 756.30

The graphical representation of the HAWT is shown in the Figures5.1-5.4. The first two
depict the specific production with the average annual wind speed and the annual energy
with the capacity factor for all the cases for Kalamata. Similarly, the other two depict the
cases for the HAWT in Capo Passero. Finally, the last four figures of this section have been
acquired in picture format by HOMER software. They demonstrate that the pattern of the
monthly WT power output follows the pattern of the monthly average wind speed values of
each database that have been inserted in the software. Hence, the pattern of the Figure 5.5
matches with NASA SSE and Kalamata’s weather station monthly wind speed pattern.
Similarly, Figure 5.6 matches with the wind speed patterns of NASA SSE and RETScreen for
Capo Passero(see section 3.2, figures3.4 and 3.5).
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Figure 5. 1: Specific production and annual wind speed for the HAWT cases in Kalamata
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Figure 5. 2: Annual energy and capacity factor for the HAWT cases in Kalamata
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Capo Passero 3 MW HAWT
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Figure 5. 3: Specific production and annual wind speed for the HAWT cases in Capo Passero
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5.2.2 PV systems’ monthly specific production

This section presents the monthly specific production for all the PV systems in both locations
and the input parameters for the simulations. The same annual output parameters with the
WT have been chosen for comparison purposes and are presented in the following section.
However, the annual PV systems’ performance ratio is presented in the end of this section as
the performance ratio is a metric that concerns only PV systems.

The main inputs for the PV systems simulations were: the geographical location and PVGIS
meteo data, tilt angle (optimum for the PV plants and 90° for the PV facades), orientation
(due to south), field type of the array (i.e. fixed or tracking mounted), albedo value (default
value 0.2 for an urban environment and grass) and the array loss factors, which have been
explained in Section 2.2.1 and are summarised in the table below.

Table 5. 6: PV array loss factors

- . P L t IAM |
Thermal loss Wiring ohmic Module ower 955 @ s 055
factor loss at STC uality loss loss at fixed Soiling loss ASHRAE
q ¥ MPP voltage model by
20 (W/m?)*K 1.5% 1.5% 2% 4% 3% 0.05
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From Figures 5.7 and 5.8, it can be observed that the Customised 3 and 4 systems produce
steadily more energy per kW for both locations. This is mainly due to the efficiency of the
solar modules since the systems’ designs are identical. Customised 3 and 4 systems are
comprised by mono-crystalline solar modules, which have a better efficiency than the
polycrystalline modules (customised 1 and 2 systems). Moreover, it is noticed that the
systems produce less energy/kW during the summer months even if the available irradiation
is higher (green colour line) because the irradiation that falls into the panels and can be
absorbed is actually lower (blue colour line).
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Figure 5. 7: Monthly specific production for the PV fagades in Capo Passero
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Figure 5. 8: Monthly specific production for the PV fagades in Kalamata

Figure 5.9 presents the PV plants’ options that have been discussed for Capo Passero. It
shows the monthly specific production and the respective global inclined irradiation for both
fixed and tracking mounted PV system. As it was expected, the dual axis tracking mounted
systems produces around 30% more energy annually than the fixed mounted. However, as
mentioned, the decision on which option is used has been made in accordance with the PV
companies and the costs of the systems. Hence, it is actually demonstrated that even with
an increase of 30% in the annual energy production, it is not beneficial in these two locations
to install a tracking mounted PV plant because of its high capital and operation and
maintenance costs.
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Capo Passero PV plants options
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Figure 5.10 depicts a comparison between the monthly specific production of fixed mounted
PV plants in Kalamata and Capo Passero. It is shown that the PV plant in Capo Passero
produces more energy/kW mainly due to the slightly higher global irradiation.
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Finally, Table 5.7 presents the annual performance ratio for all the simulated PV systems. As
it was mentioned, the performance ratio describes the overall effect of system losses. Even if
the customised PV systems are identical in respect to their design for the two locations, it is
observed a difference of 0.7-0.9% in their PR between Greece and ltaly. This is attributed to
the losses from the PV module temperature and the partial use of irradiance due to the
reflection from the module front surface since the temperature and irradiance are the only
different input parameters for the two sites. For the PV plants, the difference in their PR is
mainly attributed to PV loss due to temperature. PVGIS gives higher average temperature
data in Kalamata than Capo Passero and the temperature coefficient of the PV modules used
in Kalamata is also higher than Capo Passero (Kalamata: -0.41%/°C, Capo Passero: -0.39%/°C)
resulting in higher losses.

Table 5. 7: PV systems' Performance Ratio

Simulations Performance Ratio (%) Performance Ratio (%)
Greece Italy |
Customised 1 73.6 74.4
Customised 2 73.0 73.9
Customised 3 74.5 75.2
Customised 4 74.6 75.3
PV plant fixed 76.2 77.0
PV plant tracking - 77.9

5.3 Annual and lifetime energy

This section analyses the annual and the lifetime energy prediction in both locations. All the
RET systems have been calculated for a lifetime of 15 and 25 years. The annual and lifetime
energy generation for the HAWT is S2 case (Kalamata includes S3 case as well) and for the
VAWT are the best- and worst-case scenarios (H4 and H6 for Kalamata and H4 and H5 for
Capo Passero). Tables 5.8 and 5.9, apart from the annual and lifetime energy, also present
two metrics regarding the systems’ performance; the specific production and the capacity
factor, which are used to compare systems with different sizes, designs or technologies.
However, both metrics are dependent on the weather resource. Hence, it is suggested that
the compared systems to be in the same location. This is also demonstrated in Figure 5.11,
which depicts the specific production for all the RET systems in Greece and ltaly. It is
observed that the PV systems in Capo Passero produce slightly more energy per KW
compared to Kalamata. The same stands for the VAWT. This is attributed to the difference in
their solar and wind recourse respectively. The only case that makes an exemption on this is
about the HAWT, which as have been discussed in Section 5.2.1 its lower specific production
might attributed in the turbine’s hub height.
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Table 5. 8: RET systems’ energy production and capacity factor-Greece

Specific Annual

. Capacity Lifetime Lifetime Energy
Greece RET systems Production Factor (%) Energy Energy (kWh) (kWh)
(KWh/kW/year) ° (KWh) &y
N=15 years N=25 years
Customised 1 900.40 10.28 8427.70 121358.88 196997.49
Customised 2 894.00 10.21 8193.50 117986.40 191523.06
Customised 3 911.41 10.40 8921.80 128473.92 208547.08
Customised 4 912.68 10.42 9041.00 130190.40 211333.38
PV plant 1542.95 17.61 621145.00 8944488.00 14519264.38
HAWT (S2) 1893.34 21.6 4354678.00 62707363.20 101790598.25
HAWT (S3) 1661.33 19 3821068.00 55023379.20 89317464.50
VAWT (H4) 759.70 8.67 7597.00 109396.80 177579.88
VAWT (H6) 397.60 4.54 3976.00 57254.40 92939.00

Table 5. 9: RET systems’ energy production and capacity factor-Italy

Specific Annual

. Capacity Lifetime Lifetime
Italy RET systems Production Factor (%) Energy Energy (kWh) Energy (kWh)
(kWh/KW/year) ° (kWh) gy gy
N=15 years N=25 years
Customised 1 1020.30 11.65 9550.00 137520.00 223231.25
Customised 2 1013.53 11.57 9289.00 133761.60 217130.38
Customised 3 1031.77 11.78 10100.00 145440.00 236087.50
Customised 4 1033.01 11.79 10233.00 147355.20 239196.38
PV plant 1653.88 18.88 166463.00 2397067.20 3891072.63
HAWT (S2) 1486.67 17 4489736.00 64652198.40 104947579.00
VAWT (H4) 1189.60 13.58 11896.00 171302.40 278069.00
VAWT (H5) 513.50 5.86 5135.00 73944.00 120030.63

In addition, from the capacity factor it is shown that the small-scale RET systems do not
perform as well as they could. The main reason for the PV fagades is that they cannot absorb
all the available solar irradiation in the two locations due to their tilt angle. Similarly, for the
VAWT the reason is the low annual average wind speed of the two sites. However, the
performance of the wind turbines is related with the specific spot of the installation. Hence,
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according to the site that they will be installed, their capacity factor might increase while this
is not the case for the PV systems. Moreover, it is observed that the PV plant performs quite
well in both locations. Hence, if, for example, the HAWT is excluded from the scenario of
Kalamata, in order to cover the required amount of energy, a PV plant of 2.6-2.8 MW
capacity would have to be installed depending on its PR. This is not big difference between
the installed capacity of the two systems (HAWT of 2.35 MW to PV plant of 2.6- 2.8 MW).
Note that the replacement of the HAWT generated energy concerns S2 case, which has a
quite descent capacity factor (21.6%). In the following chapter, which has the economic
analysis, is shown that especially for Greece, the large-scale HAWT has almost the double life
cycle cost/kW of installed capacity than the large-scale PV plants. This is expected for 25
years period of system lifetime and it is not the same for the Italian HAWTLCC. Therefore, for
Kalamata an altered scenario might be to include only PV plants for the large-scale systems’
category. Although, this suggestion is valid only if the HAWT performs lower or up to the
case S2. If it performs better, then this will change as more PV installed capacity will be
required to cover the HWAT generated energy.
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Figure 5. 11: Specific production for all the systems in Greece and Italy with WT variations

Table 5.10 shows the ranges of the annual required and predicted energy by the RET
systems in both locations. For Capo Passero, the range of the predicted energy is too narrow
as the only difference in the summation of systems’ annual energy is between the best and
the worst case of the VAWT (6.76 MWh/year). For Kalamata, this range is wider as apart
from the different VAWT cases, two cases for HAWT (S2 & S3) are also included (537.23
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MWh/year). It is observed that the predicted annual energy for Kalamata covers the
required energy even if the whole amount (max: 100%) is required or not (min: 80%).
However, in the 100% case, there is a deficit of 360 kWh/year, which is considered small
(6.86%) as it can be inside the limits of the simulation uncertainty prediction. On the other
hand, the energy shortage in the 100% case for Capo Passero is rather big (20.98%). This is
attributed to the low performance of the 3 MW HAWT. Finally, it has to be considered that
the amount of the required energy might remain constant during the years while the annual
predicted energy will degrade through the RET systems’ degradation mechanisms.

Table 5. 10: Total energy

- Required Predicted
Scenarios
Energy energy
MWh/year MWh/year
Capo Passero 5,956.80 4,707.27
max
Capo Passero
. 4,766.00 4,700.51
min
Kalamata max 5,387.40 5,018.00
Kalamata min 4,310.00 4,480.77
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Chapter 6: Costs and LCOE

6.1 Economic assessment background

The enhancement of the RET penetration in the global market requires the periodical
assessment of the cost-effectiveness of RET projects. The levelised cost of energy (LCOE) is
the common parameter that is used to assess the economic feasibility of RET systems.
Moreover, LCOE is commonly utilised for the comparison of several different energy sources,
so allowing RET to be compared to other electricity generation technologies [89]. Usually,
the comparison of the RET LCOE occurs, depending on the size and connection details of the
system, either with the retail electricity cost or the wholesale cost of the conventional
energy technology. For residential systems, it is more preferable to compare the LCOE value
to the retail electricity cost while for large-scale systems this comparison could occur to the
wholesale cost of fossil fuels generators [90]. It should be noted that conventional sources of
energy such as pollution and impacts on climate change include hidden costs that are
seldom incorporated in the comparison [89, 91].

6.1.1 LCOE formulae analysis

LCOE is defined as the ratio of the lifetime cost of a project to the lifetime energy
production.

LCOE = Total Life Cycle Cost (6.1)

" Total Lifetime Energy Production

Based on the parameters incorporated in the calculations, there are numerous types of
formulae. According to the Imperial College report “Investment in electricity generation: the
role of costs, incentives and risks” made on behalf of the UK Energy Research Centre, there
are two major methods used for the LCOE calculation: the “discounting” and the “annuity”.
In the “discounting” method, all the lifetime costs and energy outputs are discounted back
to the present value (eq. 6.2).

ZN 0 Cn
n=Uc14+4d)n
LCOE = ——2- (6.2)

n=0(1+d)n

Where C,is the costs of the system in year n. When n=0 the cost is equivalent to the initial
capital cost. E, is the energy produced by the system in year n. N is the project lifetime, and
d is the discount rate. Concerning this method, the reduction of non-financial parameters is
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a controversial issue [92]. Nevertheless, in the literature the LCOE is defined: “The sum of
the present value of LCOE multiplied by the energy generated should be equal to the present
valued net costs” (eq.6) [93]. Thus, based on this view of the literature, it is argued that
although the lifetime energy appears to be discounted, in reality this result is obtained by
rearranging Equation 6.3 [93].

N [LCOEn

— VN Cn

=0 (14d)n

(6.3)

The Equation 6.3 is originated by a published NREL document of 1995 [94]. It shows the net
present value of the LCOE while the methodology used in this study for the development of
the RET LCOE equation is based on expressing the average cost of the generated energy
throughout the system’s lifetime.

In the “annuity”’ method, the present values of the costs are calculated, and then they are
converted to an equivalent annual cost with the use of an annuity formula. Moreover, the
denominator of this equation is the average annual energy output over the lifetime of the
project (eq. 6.4).

N Cn x d
n=0(1+d)n [1—(1+d)_N]
21[\1,:1511
N

LCOE =

(6.4)

Based on the Imperial College report, the two aforementioned methods should provide the
same LCOE values when they utilise the same inputs. However, an examination of these two
formulas showed that the LCOE would be the same only if the annual output of the energy
source is constant over its lifetime. This does not apply for renewable energy sources and for
the RET systems because their energy output varies constantly [91, 92].

Finally, except from the different formulas that can be formed for the calculation of the
LCOE, there are simulation software packages such as the System Advisor Model (SAM),
RETScreen, and HOMER. These software packages can compute the levelised cost of energy
or offer RET system economic analysis based on the given inputs. Moreover, they can
provide an economic assessment of renewable energy projects through the use of financial
models. Therefore, the above discussion indicates that sufficient information cannot be
obtained by acquiring an LCOE value for a system if the calculation method is unknown.
Additionally, the LCOE for a RET system in a specific location can be calculated as a single
number, a range of numbers or a statistical distribution [89, 90, 93]. The LCOE formula
incorporates numerous variables that may be subject to uncertainties since these variables
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would be assumed for the lifetime of the project. Hence, it would be more suitable not to
treat the LCOE values as a single number and to conduct a sensitivity analysis in order to
account for these uncertainties [93].

Generally, a RET system can be deemed financially viable when it reaches grid parity. The
term grid parity, for a RET system, refers to the point at which the RET LCOE is equal to the
retail cost or to the wholesale cost of electricity. Despite the fact that the LCOE value
constitutes an average cost over the lifetime of a project, it is frequently contrasted with the
current electricity cost that is characterised by volatility [93]. Due to the fact that the
electricity cost has increased while the RET system cost has decreased, grid parity has
already been accomplished in some locations in Europe and the USA [91, 93].

Individuals may be interested in investing in RET system for various reasons based on the
expected return on investment. However, in order to decide, they would have to weigh the
climate benefits and the substantial cost of electricity generated by the system. Moreover, it
should be noted that there is a level of inertia in all investments because even if all the
economic indicators support this investment, the stability of the investment and transaction
cost are important factors for investors. Transaction cost consists of all the processes
needed for the completion of an investment.

From an economic perspective, individuals might not be sufficiently influenced to invest in a
RET system by grid parity. As it occurs with investments, there is some level of risk. For
example, based on an IEA report, PV plants have low risk characteristics based on their low
operation and maintenance cost, short lead times and absence of fuel costs and emissions
[95]. However, the decision to invest will be based on evaluations of economic factors other
than grid parity. The two main parameters considered for the economic evaluation of a RET
system investment are: the Net Present Value (NPV) and the Pay-Back Period of the
investment. The NPV defines the suitability of the investment and demonstrates if the
benefits would be greater than the costs. Therefore, NPV should be as large as possible and
always positive in order to invest in a project. Furthermore, the Pay-Back Period is the length
of time needed to recuperate the expenses of the project [96].

The LCOE parameters depend on the location and size of the RET system and current market
policies and prices. The lifetime finance and the lifetime energy production constitute the
two main categories. For lifetime finance, the parameters include the system installation
cost, financial factors (inflation and discount rates), operation and maintenance costs,
support mechanisms, insurance, taxes, loans (equity/debt ratio), credits, depreciation,
carbon credits, etc. For lifetime energy production the parameters include the irradiation,
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wind speed and temperature values, PV and Wind system conversion efficiency (dependent
on selected technology),system electrical and mechanical design, system degradation rate,
reliability and operational issues (e.g. shading) etc. These parameters may not all be
integrated in the LCOE formula, but those included should be clearly stated [93].

In this study, LCOE is the average cost paid to produce 1 kWh of electricity during a certain
period under the financial parameters valid for the system operation in that period.
Particularly, the average cost per kWh is the required amount to be paid for the
reimbursement of all the expenses within the project lifetime.

The LCOE formula that is used in this study is the following:

SN o [Cn X ()"

N _o[En x(1—nxD)]

LCOE = (6.5)

where C,is the cost of the system (expressed in euros) (installation, system components,
electrical equipment, finance, operation and maintenance (O&M) etc.) in year n. When n=0
the cost is equivalent to the investment cost (Cp). E, is the energy produced by the system
(expressed in kWh or MWh) in year n and Ej is energy production in the first year when no
degradation is applied .N is the system lifetime (expressed in years), i and d are the inflation
and discount rate of the investment (expressed as fractions representing percentage change
per annum) and D is the annual degradation rate of the system energy output (expressed as
a fraction representing percentage change per annum).

This formula takes into account all the cost for the system lifetime and it also considered the
energy degradation of the system through time. Moreover, it can be modified accordingly to
the RET policies of the two countries in order to express also the benefits for the proposed
systems and can be correlated with the NPV and Payback period of the systems [97].
However, in this study, the correlation with the NPV and Payback period is not
demonstrated as the RET policies and electricity prices change over time. Hence, it is better
to examine the net LCOE value for the proposed systems and account for any benefits close
to the realisation stage of the projects.

6.1.2 RET Policies

Although it was stated above that the RET policies are not included in the LCOE analysis of
this study, this section presents the RET policies of Greece and Italy as well as indicative
costs, LCOE and capacity factor values to provide a reference to the reader.
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There are various support schemes in Italy and in Greece for the different renewable energy
technologies. Namely, for Italy are [98]:

e Feed-in tariff | (tariff onnicomprensiva)

e Feed-in tariff Il (Ritirodedicato)

e Net-Metering (scambio sulposto)

e Premium tariff |

e Premium tariff Il (Conto energia per ilsolare termodinamico)

e Tax regulation mechanisms | (Reduction in value-added tax)

e Taxregulation mechanisms Il (Reduction in real estate tax)

e Tenders (Auction Process)

while for Greece are [99]:
e Feed-in tariff |
e Feed-in tariff Il (rooftop PV)
e Feed-in tariff Il (Feed-In premium exemptions)
e Net-Metering (Law N0.3468/2006 amended by Law No0.4203/2013)
e Premium tariff (Feed-in Premium)
e Subsidies (Development Law)
e Tax regulation mechanism (Development Law)
e Tenders (Feed-in Premium - Pilot Tender).

All of the schemes are not eligible for all RET, hence only the ones concerning the RET types
of this study are analysed below.

Greece

1. Feed-in tariff Il (rooftop PV): The scheme promotes electricity generation by rooftop PV
installations of up to 10 kW through a guaranteed feed-in tariff. The electricity exported to
the grid is measured by the national energy supplier that sends electricity bills to the
operators of PV installations. The supplier will be responsible for the difference of electricity
charges if the feed-in tariff for the generated electricity surpasses installation operator's
charges. The scheme concerns private individuals, small enterprises and public entities.

In this scheme the 10 kW PV fagades may be included. The tariff will be € 80/MWh from
August 2019 and is paid for 25 years from the moment of connection (art. 3 par. 3 FEK
1079/2009).
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The electricity generated by an installation or plant is offset with self-consumed energy. Any
additional electricity is supplied to the grid without any responsibility for compensation.
Except from this, PV installed on public buildings as a result of EU funded programmes can
obtain up to 20% of the value of the total annual electricity generation (art.14A par.4 Law
No.3468/2006).

2. Feed-in tariff lll (feed-in premium exemptions): From 2016, RES and CHP plants that are
going to be connected to the transmission system take part in the electricity market and are
granted a sliding feed-in premium (called “Operating support based on a differential
compensation price”). From 2017, feed-in premium is granted through tenders. However,
smaller installations are exempted, i.e. wind energy plants <3MW and other RES installations
<500kW, as they are qualified for a feed-in tariff.

For Greece if a HAWT is installed less than 3 MW then it will be included in this scheme. The
tariff will be€ 98/MWh (art.4 par.1b Law No. 4414/2016) and the duration of Operating
Support Contracts is 20 years. This support mechanism is not eligible for solar PV plants.

Every first trimester of each year, Reference Prices are changed (art.4 par.5 Law
No0.4414/2016). Except from this, the level of the feed-in tariff is also altered i.e. decreased if
the plant operator obtains support from any type of investment (except EU support). In this
case, the support is decreased based on the Capital Depreciation Coefficient (art.3 par.7 Law
No. 4414/2016).

3.Net-Metering: In Greece, a net metering system was launched for autonomous producers
in 2014. FEK B’ 3583/2014 illustrates the net metering process. Moreover, “virtual net
metering” was pioneered in 2016 (art. 2 par. Law No. 3428/2006). Particularly, the
development of PV and Wind power projects of up to 500 kW will be allowed to city/regional
councils, schools, universities, farmers and farming associations if installations are placed at
a significant distance from the location of the actual power consumption (art.14A par.4 Law
No0.3468/2006). A new but similar virtual net metering scheme has been established in 2017.

PV plants connected to the grid are eligible (art.14A Law No0.3468/2006). For the
interconnected system: PV plants <20kW or 50% of the agreed capacity consumption (PV
Capacity <0.5 x Sum of the agreed power consumption (kVA). For non-profit legal person this
could reach up to 100%.

Wind power plants up to 50 kW connected to the mainland grid is eligible (art.14A Law
No.3468/2006).
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An annual cycle is followed by Net metering process. The electricity supplied to grid and the
used electricity need to be measured in order for the electricity retailer to issue each
electricity bill. If there is a positive difference, namely more electricity is generated and
supplied to the grid than used, this surplus is credited to the following electricity bill. After
the end of the year, the electricity retailer will not disburse any surpluses to the self-
producing electricity consumer but they will be cancelled. If there is a negative difference,
for example, more electricity was used than generated, the plant/ installation operator is
responsible for the payment of the difference (art.2. FEK B’ 3583/2014).

Italy

Feed-in tariff | (tariff onnicomprensiva): Except for PV plants with an installed capacity from
1 kW to 0.5 MW, all plants have the right to choose the feed-in tariff instead of the premium
tariff | (Art.3, c.1 and c.4 & 7, c.4 and c.6 DM 23/06/16). Based on their size, plants may
enter this scheme directly or through a registry listing with capacity limits adjusted each
year.

PV systems are not eligible for this scheme. On the other hand, wind energy is eligible for
capacities between 1 kW and 0.5 MW (Art. 3 and 7, c.4, DM 23/06/16) and plants with a
capacity up to 60 kW can access incentives directly (Art. 4, c. 3 DM 23/06/16). Hence, the
small-scale wind turbines are eligible for this scheme in Italy. The tariff for onshore wind
plant with installed capacity between 20-60 kW is € 190/MWh for 20 years of operation.

Feed-in tariff Il (Ritirodedicato): The sale of electricity in Italy is regulated by the
"RitiroDedicato" rather than a "classical" feed-in tariff. The producers do not have to sell
their energy on the free market personally because GSE (i.e. Manager of Energy Services)
handles the sale on their behalf. Hence, GSE acts as a mediator between the producers and
the market. Due to this system, renewable energy can access the market in an indirect and
easier manner. Producers up to certain capacities (100kW for PV and 500kW for hydro if
they make use of other support schemes, 1 MW for all sources if they do not make use of
support schemes) may choose between the minimum tariff (prezzominimogarantito)
determined by the energy authority and the market prices (Art. 7 AEEG 280/07 in connection
with Art. 4 AEEG 34/05).”

Regarding solar energy, the formulas for calculating the exact minimal tariff are available in
Art. 7, par. 6, of the adapted Annex A, AEEG 280/07. This tariff is re-assessed every year and
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is based on the ISTAT's (office for statistics) calculation on the consumption prices of families
of workers and employees (Art. 7 par. 5 AEEG 280/07).

Eligible period: The guaranteed minimum tariffs are applicable for one year (Art. 7 par. 2
AEEG 280/07).

Hence, this scheme can be utilised from the 100 kW PV plant and the PV fagades.

Net metering is similar to Greece. All plants generating up to 500 kW are eligible, regardless
of the technology used.

Premium tariff | is for all types of plants except for PV. For onshore wind turbine plant with
installed capacity between 1-5 MW the incentive is € 135/MWh for 20 years’ time period.

Finally, apart from these schemes, Italy support both solar and wind investments by a
reduction in value-added tax and/or reduction in real estate tax.

Indicative costs

According to an IRENA report, the global weighted average total installed cost for solar PV is
1388 USD/kW in 2017 (€ 1243.14/kW) while the capacity factor and the LCOE are 0.18 and
0.10 USD/kWh(€ 0.09/kWh) respectively. For onshore wind, the weighted average total
installed cost is 1535 USD/kW (€ 1374.80/kW) while the capacity factor and the LCOE are
0.48 and 0.05 USD/kWh(€ 0.045/kWh) respectively. The exchange rate from USD dollars to
Euros was 1 USD= 0.895636 EUR as per 17/05/2019. “For the LCOE data, the real WACC
(weighted average cost of capital/ or discount rate) is 7.5% for OECD countries and China,
and 10% for the rest of the world” [100]. These indicative values show that even if onshore
wind is more expensive than solar PV, as a capital cost, its LCOE is half compared to solar PV.
This is attributed to the capacity factor, which is more than double for the onshore wind
compared to the solar PV. However, this might not be the case for sites with low wind
resource as the capacity factor might fall to values similar or even lower than the solar PV
values. Hence, these aspects have to be taken into account before the final suggestions of
the RET scenarios.

6.2 Cost

This section discusses the quotations that have been acquired for the RET systems and the
methodology that have been used for the life cycle cost (LCC) calculations. Finally, it presents
the LCC for all the RET systems.
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For the PV systems in Italy the quotation for the components has been acquired by a
different company from the one that gave the quotation from installation and O&M costs.
On the other hand, in Greece the same company provided the quotation for both the PV
products and work required for the PV systems. Regarding the HAWT the branch of Enercon
in Greece provided the quotations for both countries. Aeolos company gave a quotation for
the required products to assembly the VAWT and their transport to Greece and Italy ports
but different companies gave quotations for their transport from the ports of the two
countries to the locations of Kalamata and Capo Passero as well as their installation and
O&M costs. The same stands for the coloured PV modules, which will be shipped to Capo
Passero and Kalamata but the respective companies that have undertaken the PV plants
have also undertaken to provide the rest of the materials needed for the PV fagades as well
as their installation and maintenance. However, the costs of the RET systems, in this study,
are divided in two categories; initial investment and operation and maintenance cost. The
initial investment cost includes the materials of the system, the transportation of the
materials to the specific locations and all the works required for their installation. The O&M
cost incudes their annual maintenance plus any part that has to be replaced during their
lifetime. Hence, the life cycle costs of the systems include both categories and have been
calculated for two financial scenarios and two project lifetimes. The project lifetimes are in
accordance with the calculations of the lifetime energy hence the LCCs have been calculated
for N=15 years and N=25 years of the systems’ operation. The financial scenarios concern
the long-term inflation and discount rates of the two countries.

The mean inflation rate in Greece in the last 25 years is 3.3% while the discount rate during
the same period is 1.8%. Italy mean inflation rate is 2.1% while discount rate is 1.8 % from
1994 to 2019. Moreover, it was decided to double the inflation rate in both countries in
order to examine the changes in the life cycle costs of the systems. The first scenario uses
the mean inflation and discount rates while the second uses a double inflation rate while
having the same discount rate. Below are presented the life cycle costs for all the systems
for the two countries. In this way, a range of LCC values is obtained for both 15 and 25 years
of the systems’ operation. In both countries, Scenario 2 gives higher life cycle cost as the
inflation is double than Scenario 1 and all the other input parameters remain the same. The
less costly case for all the systems is for Scenario 1 and N=25 years. Based on the prices
provided for Greece, it is noted that the PV fagades in Italy cost around 11% more than
Greece for 25 years of lifetime (Scenario 1). Similarly, the VAWT cost around 40% more in
Italy than Greece. On the other hand, the PV plant in Greece is slightly more expensive than
Italy (4.3%) while the HAWT has a considerable higher cost in Greece (40% more than Italy).
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All the aforementioned percentage differences are based on the prices per kW for each

system and concern the most favourable financial case (Scenario 1 for N= 25 years).

Table 6. 1: Life cycle costs (Scenarios 1 and 2), Greece

Greece RET Life Cycle Life Cycle Life Cycle Life Cycle
systems Costs (€) Costs (€) Costs (€) Costs (€)
Scenario 1 Scenario 2
N=15 years N=25 years N=15 years N=25 years
Customised 1 26196.69 30854.32 26867.37 34587.80
Customised 2 26053.95 30711.58 26724.63 34445.06
Customised 3 27947.79 32605.42 28618.47 36338.90
Customised 4 27947.79 32605.42 28618.47 36338.90
PV plant 369300.90 434627.76 378243.27 486036.28
HAWT 3742279.24 | 4607588.16 | 4032906.26 5643156.06
VAWT 36241.17 44017.54 36688.29 48865.58
Table 6. 2: Life cycle costs (Scenarios 1 and 2), Italy
Italy RET Life Cycle Life Cycle Life Cycle Life Cycle
systems Costs (€) Costs (€) Costs (€) Costs (€)
Scenario 1 Scenario 2
N=15 years N=25 years N=15 years N=25 years
Customised 1 28167.55 34768.12 29335.76 38890.26
Customised 2 28024.81 34625.38 29193.02 38747.52
Customised 3 29918.65 36519.22 31086.86 40641.36
Customised 4 29918.65 36519.22 31086.86 40641.36
PV plant 85852.30 103977.30 89381.27 115879.86
HAWT 2980984.26 3521123.82 | 3105106.57 3910264.95
VAWT 52146.28 73569.58 55796.94 86692.59

6.3 LCOE

Tables 6.3 and 6.4 show the LCOE values for the systems’ lifetimes, scenarios and countries.

The range of the LCOE value is related to the systems’ finance and it can be observed

between Scenarios 1 and 2 in the respective systems’ lifetime. For instance, for N=15 years

in the most of the systems in Greece the difference between Scenario 1 and 2 is around half
cent to 0.8 cent per kWh. This difference becomes around 1 to 2.7 cent/kWh for N=25 yrs.
This is reasonable as the inflation rate in Scenario 2 is higher than Scenario 1. Hence, by
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calculating a longer time period the gap between Scenario 1 and Scenario 2 values becomes
bigger. On the other hand, by comparing the different lifetimes in the same scenario, it is
clearly depicted that the cost per generated kWh drops significantly as the system’s lifetime
is prolonged. Further, the tables show the LCOE values for the wind turbines by using the
same cases, which have been used in the lifetime energy calculations. It is clearly
demonstrated that the LCOE value can change considerably by changing the wind speed of
the site even for the same scenario and system lifetime (VAWT cases).

Table 6. 3: LCOE (Scenarios 1 and 2), Greece

Greece RET svstems LCOE LCOE LCOE LCOE
v (€/kWh) (€/kWh) (€/kWh) (€/kWh)
Scenario 1 Scenario 2

N=15years  N=25 years N=15 years N=25 years

Customised 1 0.216 0.157 0.221 0.176
Customised 2 0.221 0.160 0.227 0.180
Customised 3 0.218 0.156 0.223 0.174
Customised 4 0.215 0.154 0.220 0.172
PV plant 0.041 0.030 0.042 0.033
HAWT (S2) 0.060 0.045 0.064 0.055
HAWT (S3) 0.068 0.052 0.073 0.063
VAWT (H4) 0.331 0.248 0.335 0.275
VAWT (H6) 0.633 0.474 0.641 0.526

Table 6. 4: LCOE (Scenarios 1 and 2), Italy

ealv RET svstems LCOE LCOE LCOE LCOE
yREDSY (€/kWh) (€/kWh) (€/kWh) (€/kWh)
Scenario 1 Scenario 2

N=15years  N=25 years N=15 years N=25 years

Customised 1 0.205 0.156 0.213 0.174

Customised 2 0.210 0.159 0.218 0.178

Customised 3 0.206 0.155 0.214 0.172

Customised 4 0.203 0.153 0.211 0.170

PV plant 0.036 0.027 0.037 0.030

HAWT (S2) 0.046 0.034 0.048 0.037

VAWT (H4) 0.304 0.265 0.330 0.310

VAWT (H5) 0.705 0.613 0.750 0.720
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Figures 6.1 to 6.4 depict the respective LCOE values from Tables 6.3 and 6.4 by divide them
to small and large-scale RET systems for comparison purposes. For every large-scale RET
systems an extra LCOE value is depicted in the figures. These extra values have an 8%
difference to the original LCOE values and include an uncertainty of 8% in the lifetime energy
yield prediction (systems with the (U) symbol in the figures).According to Thevenard and
Pelland, “the combined uncertainty over a PV system’s lifetime could be up to 7.9% for an
average modelled energy yield” [101, 102]. In this study, an 8% of combined uncertainty
have been applied in the lifetime energy yield of all systems for uniformity purposes.
Moreover, this uncertainty concerns the 25 years of the system’s lifetime though in the
graphs, it is depicted for all the scenarios.

The RET systems in Capo Passero have lower LCOE values from the respective systems in
Kalamata. Even for the VAWT where the life cycle cost of the system is 40% higher in Italy
than Greece, it still has a lower LCOE value in H4 case and for N=15 yrs because of the better
performance of the VAWT. However, this performance cannot compensate the LCC in the
long-term (25 yrs). In addition, the worst case of the VAWT is the only case where Greece
has lower LCOE values than Italy. Further, the HAWTs have the greatest LCOE difference
between the two countries as the better performance of the HAWT in Greece cannot
compensate the price difference between the countries. Regarding the PV systems, the PV
facades have slightly lower LCOE value in Italy even if they are more expensive. This is
because they are not that much costlier than the ones in Greece (11%) and the solar
resource in Capo Passero is slightly higher than in Kalamata. The PV plant has an LCOE
difference of 0.3 to 0.5 cent/kWh (higher values in Kalamata) between Greece and Italy,
which is expected as it is a combination of slightly lower LCC and slightly higher solar
recourse for Capo Passero.
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Figure 6. 1: LCOE small-scale systems (Scenarios 1 and 2), Greece
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Figure 6. 3: LCOE large-scale systems (Scenarios 1 and 2), Greece
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Figure 6. 4: LCOE large-scale systems (Scenarios 1 and 2), Italy

The range of the LCOE for the PV plants for all the scenarios, including the uncertainty, is €
0.030-0.046/kWh in Kalamata and € 0.027-0.041/kWh in Capo Passero. Respectively, for the
HAWT the LCOE range is € 0.045-0.070/kWh for Kalamata and € 0.034-0.052/kWh for Capo

9 Author T. Georgitsioti KM3NeT 2.0 - 739560
document KM3NeT_INFRADEV_WP10_deliverableD10.03.pdf WP 10

version: 1 Release date: 24/07/2019 Public



Chapter 6: Costs and LCOE  [ekXe] AV

Passero (S2 case). For the KM3Net site in France at Toulon, which was stated that green
energy will be bought to cover the experiment needs, it was acknowledged that the green
energy costs around € 0.15/kWh for retail prices (domestic) [103]. Thus, the € 0.15/kWh is
considered as the upper limit since for large amounts of energy a low-price deal may be
achieved. Finally, it is noticed that the LCOE value for the large-scale RETsystems is well
below the retail price of the green energy in Toulon. However, it has to be stated that
compare to the small-scale RET systems is slightly lower than the PV fagades (0.3-1
cent/kWh) while it is around the half price for the VAWT (best case).
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Chapter 7: Conclusions and recommendations

Chapter 7 presents the main conclusions of this study. It also makes some suggestions for
the steps forward after having evaluated the results in relation to different target groups
(i.e. investors, governments/ local authorities, general public, scientists).

Main conclusions

This study has as a base the concluding points of the first deliverable and investigates
various types of PV and Wind energy conversion systems for the locations of Kalamata and
Capo Passero. It analyses and uses the available tools (weather data and simulation software
programs) in order to have an approach, at this stage of the project, regarding the prediction
of the annual and lifetime energy yield of the RET systems in these two locations. Further, it
describes generally the systems’ design and provides their indicative LCCs. Finally, the
technoeconomic evaluation of the systems is presented using the LCOE as a metric.

Chapter-wise the main concluding points are:

In Chapter 2, after the analysis of various meteorological databases and simulation software
programes, it was concluded that three software programs for the RET systems simulation will
be used in this study. Specifically, PVsyst software was used for all the PV systems
simulations while HOMER and SAM were used for the WT simulations. 32 simulations in total
were made by using these software programs for both locations in order to predict the first
year’s annual energy of the RET systems. Moreover, Chapter 2 built the base for the
comparison of the meteorological databases that was conducted in Chapter 3.

Chapter 3 demonstrated the discrepancies that can be caused in the data for the same
location just by the choice of database. The annual percentage differences between
RETScreen and PVGIS CM-SAF for Capo Passero are 1.67%, 16.9%, and 33.62% for the
temperature, the GHI, and the wind speed respectively. Similarly, for Kalamata the annual
percentage differences between the two databases are 17.41%, 10.52%, and 8.58% for the
temperature, the GHI, and the wind speed respectively. In general, four weather databases
were examined for three weather parameters that were used in the software programs.
These databases were the PVGIS CM-SAF, RETScreen, NASA SSE, and wind speed data from
Kalamata’s weather station while the weather parameters were the temperature, the GHI,
and the wind speed. Capo Passero receives slightly more solar irradiation and has higher
wind speed annually than Kalamata according to all databases. Regarding the irradiation and
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temperature, PVGIS CM-SAF database was used for the PV systems’ simulations. It is a valid
solar database that provides recent solar irradiation data and has a small uncertainty in its
data for Europe. Moreover, the highest annual GHI values for both locations were provided
by PVGIS CM-SAF database; 5.38 kWh/m?day and 4.97 kWh/m?day for Capo Passero and
Kalamata respectively. Regarding the wind speed data, which are more trivial and not
straight forward to interpret, various values are considered for the two locations. For
Kalamata, the used wind speed values in this study are from the local weather station and
HOMER are used while for Capo Passero are from HOMER and RETScreen databases. HOMER
database gives the highest wind speed values for both locations, namely 5.84 m/s and 5.01
m/s at 50 m above ground for Capo Passero and Kalamata respectively. Additionally, it was
observed that even if the wind speed values from the weather station and RETScreen
databases were extrapolated to 50 m height, their values were sufficiently lower than the
one provided by HOMER(Kalamata weather station and RETScreen annual averaged wind
speed at 50 m and a=0.16 equals 3.41 and 3.48 m/s respectively while for Capo Passero,
RETScreen annual average wind speed at 50 m and a=0.16 is 4.44 m/s). Finally, by taking
different values of shear coefficient in order to extrapolate the wind speed values in various
heights, it was observed that in both locations the annual average wind speed is from low to
medium even for the calculated data at the HAWT’s hub height.

Chapter 4 presented the PV and WT market in respect of the most popular manufacturers. It
demonstrated various models of RET systems and analysed the technical characteristics and
the designs of the chosen systems. It showed that the initial choice of the systems’
components, for a certain location, is dependent on three key parameters; their technical
characteristics compared to the weather resource (i.e. if they are suitable for a certain
location), the balance between the cost and performance compared to their design, and the
availability of these products in the specific locations. Chapter 3 and 4 built the base for the
annual energy prediction of the RET systems by the simulation software packages.

Chapter 5 described analytically all the input parameters of all the simulations. A sensitivity
analysis was made for various wind speed, k Weibull parameter, and shear coefficient values
and quantified the uncertainty of WT’s annual energy prediction. It was shown that the
difference between the maximum and the minimum annual energy was around 3,800,000
kWh for the HAWT among the sensitivity cases for each location. Moreover, from the
simulations it was revealed that the HAWT in Capo Passero might not perform as it was
expected because its capacity factor for the best-case scenario is 22.8% while the respective
value for Kalamata’s HAWT is 29%. This might be an indication that the wind speed values in
Capo Passero are not sufficiently high for the specific hub height (69 m) of the WT.
Regarding the VAWT, the sensitivity analysis showed that their annual energy production is

’ Author T. Georgitsioti KM3NeT 2.0 - 739560 :‘ * ‘:
document KM3NeT_INFRADEV_WP10_deliverableD10.03.pdf WP 10 Tear”

version: 1 Release date: 24/07/2019 Public



Chapter 7: Conclusions and recommendations [§ets)e) 40y

reduced approximately to the half between the best and worst case. Further, an analysis was
made for the monthly specific production of the PV systems. PV systems simulation results
were as expected for both PV facades and PV plants. It was shown that the PV facades
perform worse during the summer months because of their tilt angle while the PV plants
perform vice versa during the year in both locations. Similarly, for the comparison between
the tracking mounted versus the fixed mounted system in Italy, it was shown that the
tracking mounted systems produces around 30% more energy annually because it captures a
larger spectrum of the solar irradiance. Further the PV systems in Italy perform slightly
better than Greece(PR difference of 0.7-0.9%). This is mainly attributed to the losses from
the PV module temperature and the partial use of irradiance due to the reflection from the
module front surface since the temperature and irradiance are the only different input
parameters for the two sites. Finally, Chapter 5 summarises the performance parameters for
all the systems and presents their lifetime energy production for both 15 and 25 years of the
systems operation. It was shown that it might be more profitable for Kalamata to replace the
HAWT with a PV plant of similar installed capacity. More specifically, the comparison
referred to S2 case, which has a HAWT capacity factor of 21.6% even if the proposed PV
plant’s capacity factor is 17.61%. Chapter 6, which focuses on the economic analysis, showed
that especially for Greece, the large-scale HAWT has almost the double life cycle cost/kW of
installed capacity than the large-scale PV plants. This is expected for a 25-year period of
system lifetime and it is not the same for the Italian HAWTLCC. Hence, although it seems
that the HAWT performs better than the PV plant for a certain wind resource, it might not be
a profitable investment.

Chapter 6 presents the background of the systems’ economic analysis and the RET policies in
the two countries. It has to be noted that the RET policies are not included in the techno-
economic calculations as they change periodically and their results might be misleading for
prospect investors at this stage of the project. However, at the realization stage, it is
suggested that they are included in order for the investor to have the whole picture of the
costs and the profits of the investment. At this point, the study provides a general view for
all the RET systems’ LCCs and a range for the average cost per generated kWh by the
systems during 15 and 25 years of operation under valid financial parameters (i.e. inflation
and discount rates). Regarding the LCC of the systems, in both countries, Scenario 2 provides
higher life cycle cost as the inflation is double than Scenario 1 while all the other input
parameters remain the same. Based on the less costly scenario (Scenario 1, 25 years), the PV
facades in Italy cost around 11% more than Greece and the VAWT cost around 40% more in
Italy than Greece per kW of installed capacity. On the other hand, the PV plant in Greece is
slightly more expensive than Italy (4.3%) while the HAWT has a considerable higher cost in
Greece (40% more than Italy).
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Generally, for the LCOE values, it is clearly depicted that the cost per generated kWh drops
significantly as the system’s lifetime is prolonged and that the LCOE value can change
considerably for a WT by changing the wind speed of the site even for the same scenario and
system lifetime. The RET systems in Capo Passero have lower LCOE values from the
respective systems in Kalamata even for the cases where the life cycle cost is higher in Italy
than Greece. The only exemptions are for the worst case of the VAWT and for the 25 years
of the VAWT lifetime where its performance is not high enough to compensate the high LCC
in the long-term. Further, the biggest discrepancy of the LCOE values between the two
countries concerns the HAWT, as the better performance of the HAWT in Greece cannot
compensate the price difference between the countries. The HAWT LCOE range is € 0.045-
0.070/kWh for Kalamata and € 0.034-0.052/kWh for Capo Passero (S2 case). Regarding the
PV systems, the PV fagades have slightly lower LCOE value in Italy while the PV plants have
an LCOE difference of 0.3 to 0.5 cent/kWh (higher values in Kalamata). The range of the
LCOE for the PV plants is € 0.030-0.046/kWh in Kalamata and € 0.027-0.041/kWh in Capo
Passero. Finally, by comparing the retail price of the green energy in Toulon (0.15/kWh) with
the LCOE values, it is shown that the large-scale RET systems are well below this price while
the small-scale have slightly higher pricefor the PV facades (0.3-1 cent/kWh) or double the
price for the VAWT (best case).lt has to be stated that for large amounts of energy a low-
price deal may be achieved in Toulon. Hence, when the wholesale price of the green energy
is acquired, it will be compared with the LCOE values of the large-scale RET systems.

7.2 Recommendations

This study investigates the possible RET systems that can be installed in the two out of three
sites of the KM3Net project. It presents a holistic review regarding the technical and
economic feasibility of the systems in these two locations.

For prospect investors, the study provides the average net cost per generated kWh during
the experiment and the systems’ lifetime in both locations (LCOE values). The LCOE
methodology, which is used, offers a robust base as it can be easily modified, when more
specific information is available. The modifications can incorporate the RET incentive policies
and the grid electricity prices of the two countries and correlate the LCOE values with the
NPV and the payback period of the systems. The required info for this further analysis is the
exact location of the RET installations. This will be agreed in cooperation with the local
authorities of the two locations and it will offer the following advantages:1) to investigate
further the wind resource in order to have a clearer view on the HAWT and the VAWT
performances (especially for HWAT it has been demonstrated that the wind speed is a
decision-making point for the choice of the model or for its replacement with a PV plant),
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2)to know the exact buildings for the PV facades installation and the available space for the
PV plant installationwill contribute to the knowledge of the systems’ specific design, cost and
energy yield. The above will shorten the LCOE ranges for each RET and express, apart from
the costs, the economic benefits to the investors. In addition, this study is a techno-
economic analysis, which reports analytically on the various systems’ performances
compared to their costs. Hence, the investor is in a position to judge the provided
information and decide the minimum performance that is required by the system in order to
have a profit.

For governments/local authorities and general public, this study promotes the RET and
enhances people’s awareness by presenting realistic values on their performances and costs.
Moreover, it reveals that the experiment’s energy needs willnot burden the local
environment and that the surplus of the generated energy will contribute to the local energy
demand of each location by suppling green energy. This environmental friendly approach
can be promoted in cooperation with the local authorities by the installation of the small-
scale RET systems inside the cities.

Regarding the scientific community, a research paper that discusses the results of this study
can be written and published. The methodologies, which are used in this study, are not
novel. However, the results that have arisen from the combination of these methodologies
and the comparison among the various RET types and between the two countries constitute
a subject of scientific interest. More specifically, the study provides the different techno-
economic status of various RET between two locations with similar RES in two different
countries. Hence, this information contributes to the better understanding of the technical
potential and the transformation of this potential into economic terms and values for these
two locations. Moreover, the scientific community is especially interested in field studies of
various RET types and locations. Hence, if this project is implemented, the monitored data
can be analysed and evaluated in order to contribute to the scientific knowledge of the field
systems’ performance.

Concluding, the work forward is to agree with the governments/local authorities for the
places of installation in order to finalise the scenarios on the RET systems’ models,
capacities, designs, and costs. Of course, any decision on the steps forward will be in
accordance with the renewable energy laws of each country [104].Finally, an optional
parameter can be presented regarding the CO, emission savings. This is considered as an
adding value in a RET investment, as the systems’ generated energy during their lifetime is
clean from greenhouse gas emissions.
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