<@ sustainability

Article

Toward a Renewable and Sustainable Energy Pattern in
Non-Interconnected Rural Monasteries: A Case Study for
the Xenofontos Monastery, Mount Athos

Dimitris Al. Katsaprakakis

check for
updates

Citation: Katsaprakakis, D.A. Toward
a Renewable and Sustainable Energy
Pattern in Non-Interconnected Rural
Monasteries: A Case Study for the
Xenofontos Monastery, Mount Athos.
Sustainability 2024, 16, 2111.
https://doi.org/10.3390/s5u16052111

Academic Editor: Nicu Bizon

Received: 4 February 2024
Revised: 25 February 2024
Accepted: 1 March 2024
Published: 3 March 2024

Copyright: © 2024 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Power Plant Synthesis Laboratory, Department of Mechanical Engineering, Hellenic Mediterranean University,
71410 Heraklion, Greece; dkatsap@hmu.gr; Tel.: +30-2810-379220

Abstract: The scope of this article is to study and propose optimized electricity production plants
powered by renewable energy sources, in the frame of energy transition in non-interconnected, rural
monasteries. Energy transition, namely, the transition from fossil fuels to renewables and rational
use of energy, constitutes a major component of sustainability. In particular, monasteries constitute
a special and unique category of rural communities, given their size and the scale of the electricity
demand. As a case study, this work focuses on the Xenofontos Monastery, in Mount Athos. Mount
Athos, practically a mountainous peninsula at the North Aegean Sea (central-south Macedonia,
Greece), is an independent and self-governed community of 20 different monasteries, with no
electrical interconnection between them. The electrification of these monasteries started in the 1980s,
with the installation of autonomous small diesel generators. Since 2010, an attempt has been initiated
to replace these generators with power production and storage technologies based on renewable
energy sources, aiming to approach a more energy-independent and sustainable pattern in the
peninsula. The article examines two alternative systems, with small wind turbines and photovoltaic
panels as the power production units and small pumped hydro storage or electrochemical batteries
as storage technologies. New operation algorithms were developed and the sizing of the systems
was accomplished through the computational simulation of the examined plants” annual operations,
aiming at full coverage of the power demand. The article proves that 100% power demand coverage
from hydro power plants is possible with the support of pumped storage, achieving a Levelized Cost
Of Electricity in the range of 0.22 EUR/kWHh. This feature can be reduced at 0.11 EUR/kWh with the
support of lithium-ion batteries, yet with annual power demand coverage at 90%.

Keywords: monasteries energy autonomy; hybrid power plants; pumped hydro storage; lithium-ion
batteries; energy transition sustainability

1. Introduction

The sustainable energy autonomy of small and rural communities, located far away
from the nearest electrical grid and, therefore, unlikely to be interconnected, due to the
high interconnection cost and the low electricity demand, imposing no economic feasibil-
ity of the overall endeavor, constitutes traditionally a popular and favorite topic of the
relevant scientific and technical community. Aiming, apart from energy autonomy, at the
sustainability of the power production plants, the proposed solutions are configured with
the combined operation of power production technologies from Renewable Energy Sources
(RES) and energy storage technologies, formulating the so-called “Hybrid Power Plants”
(HPP) [1,2].

Essentially, the energy autonomy of these small and rural communities has to face
three major objectives:

e  Full real-time coverage of the power demand, without external support;
e  Stability and dynamic security of the power supply;
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e  Cost-effective production and maintenance process.

Working mainly on the aforementioned three objectives, several relevant articles can
be found in the scientific literature. The most commonly met approach is the combination
of wind parks or small wind turbines with photovoltaics and electrochemical batteries, to
undertake the power demand of a small community [3-5]. These systems are, in general,
characterized by high flexibility and modularity, due to the easily adapted size of the storage
plant. Also, since the power and frequency regulation is based on power electronics, they
ensure a high response rate and capacity to efficiently undertake any potential disturbances
or contingencies in the power production system and the electrical grid. Finally, they
exhibit low budgets. On the other hand, the setup levelized cost is considerably high, due
to the batteries” high procurement levelized cost (for lithium-ion batteries in the range of
400 USD/kWh of storage capacity). This, in turn, restricts the installed storage capacity
of the plant, which leads to short time periods of autonomous operation and low energy
supply security. As a final result, the achievement of 100% coverage of the energy demand is
very difficult with the support of electrochemical storage, precisely due to the low available
storage capacity [6,7]. Recent studies have examined the capacity of such plants to operate
under liberalized wholesale electricity markets, showing that a considerable drop in battery
procurement costs should be achieved [3].

The drawback of the low storage capacity is often compensated with the introduction
of additional alternative storage technologies, as supplements in the hybrid power plant’s
layout. A typical case can be the introduction of a hydrogen production and storage
plant, typically with electrolysis units [4,5,8,9], approaching, in this way, “green hydrogen”
production. This approach can strengthen the economic and technical features of the plant,
especially when the energy demand coverage in the transportation sector is examined,
although the hydrogen production still exhibits high energy costs.

Another promising amendment, with regard to the classic wind-photovoltaic-battery
configuration, is the introduction of a power production technology from biomass re-
sources, such as solid biomass, biogas, or bio-methane [1,5,10-12]. Such technologies, of
course, are feasible in geographical regions rich in biomass resources, such as Egypt [11]
or Cameroon [12] or the tropical climates in eastern Asia, and originate, most commonly,
either from agriculture, livestock, or urban processes. The great asset that a biomass tech-
nology brings is guaranteed power production. Practically, the need to maintain thermal
generators powered by fossil fuels as back-up units is eliminated, since this secure and
guaranteed production is, by all means, undertaken by the biomass generators. The feasibil-
ity and the effectiveness of such systems is maximized when they are concurrently utilized
for heat production, namely, as cogeneration plants. The heat can be supplied either for
decentralized final usage in agricultural [13] or the urban sector [14] or through district
heating networks for the heat demand coverage of a whole settlement, a neighborhood,
or a community [15-17]. In most cases, especially when there are considerable heating
loads during the whole annual period, the economic feasibility of these systems is high,
with the payback period of the corresponding investments in the range of 4-5 years [16].
Additionally, these systems create new occupation opportunities and are characterized, in
general, with high added value [17].

Approaching larger power demand scales, while the potential power production tech-
nologies remain the same, the most popular and technically feasible storage technologies
are based on mechanical storage, either in the form of static pressure or in the form of gravi-
tational energy. More specifically, energy storage with the aforementioned two alternatives
is achieved with well-known Compressed Air Energy Storage systems (CAES) [18-20] and
Pumped Hydro Storage systems (PHS) [21-23].

PHS systems, in general, constitute the most technically feasible and economically
competitive technology, with the most installations worldwide, compared to any other
available energy storage technology. They offer large storage capacities, which can provide
autonomous operation periods of several days, imposing, thus, high energy supply security,
a crucial parameter especially for non-interconnected electrical grids. On the condition
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of available favorable land morphology, they can also exhibit a very low levelized setup
cost, which can be as low as 30 EUR/kWh of storage capacity [24,25]. PHS systems have
been widely studied and proposed for 100% full coverage of power demand in insular
systems, offering security of supply and competitive production cost, even lower than
0.12 EUR/kWh [26-29]. The main drawbacks of PHS systems are their high budget,
the requirement for specific favorable land morphology for adequate and cost-effective
installation, and that they seem to be feasible for power demand higher than a minimum
size (at the range of 5 MW). Additionally, they are not modular and flexible, such as the
electrochemical storage devices.

In cases of no availability of favorable land morphology, such as in flat land terrains,
or of low power demand, the alternative option of CAES can be introduced. The total
efficiency of the storage cycle in CAES systems is in the range of 50% [30,31], while in PHS
it can reach 70% [32,33]. This drawback is anticipated to be handled with the technology of
adiabatic CAES, which, however, still faces major practical and technical issues regarding
heat storage [34,35]. CAES are more flexible, they can be developed in small size (micro-
CAES), and they do not require any specific land configurations. Micro-CAES can be
a competitive option for small power demand scales [18] or for specific remote power
production, such as non-interconnected desalination plants [20]. In these cases, micro-
CAES can exhibit better economic features than electrochemical storage plants. On the
other hand, it is not easy to develop CAES systems in the size of PHS systems, because of
the required large storage capacities (in the range of hundreds of thousands of cubic meters)
and at high pressures (which can be up to 70 bars). The only two so far implemented and
operating CAES systems of a large size in Germany and in the USA utilize underground
former salt mining caves as air storage tanks [36].

The aforementioned plants and systems have been proposed and studied for a variety
of applications, such as rural settlements [5,15,37], non-interconnected islands [25,26,28,29,36],
decentralized consumptions, like desalination plants [20,38], agricultural uses [13,39], etc. Fol-
lowing these efforts, the present article investigates the optimum solution for the power demand
coverage in a rural and non-interconnected Monastery from renewable energy production and
storage technologies. No similar work was found in the relevant literature. The innovation of this
work lies in the peculiarities met in monasteries, regarding both the energy demand, the available
resources, and the restrictions regarding the conservation of the natural environment and their
historical and architectural attitude. Additionally, new operation algorithms are proposed in this
article for the alternatively examined layouts. Through an iterative optimization process, new
results and insights are found. As a case study, the Greek Orthodox Monastery of Xenofontos, in
Mount Athos, was selected.

2. Methodology and Data

This article alternatively examines two different syntheses of hybrid power plants
for the coverage of small size, rural, and non-interconnected power demand. These two
alternative layouts are as follows:

e A hybrid power plant consisting of small wind turbines and a photovoltaic station,
as the main power production units, a small PHS plant, as the storage unit, and a
conventional diesel generator, as the back-up unit;

e A hybrid power plant consisting of small wind turbines and a photovoltaic station,
as the main power production units, lithium-ion batteries, as the storage unit, and a
conventional diesel generator, as the back-up unit.

As it is conceivable, the only difference regarding the involved technologies between
the two examined systems is the storage technology, which, in the first case, is a small-size
PHS plant and, in the second case, is a cluster of lithium-ion batteries. However, as will
be seen, this unique difference introduces considerable changes in the operation and the
achieved results of the HPP.

Two different operation algorithms are developed for the two alternatively examined
HPPs, imposed, practically, by the technical specifications and the economic features of
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the involved storage technology in each case: demand response, storage capacity, setup,
and operation cost. The annual operation of each plant is computationally simulated, and
according to the developed operation, algorithms and iterative executions are implemented
for different sizing scenarios, aiming at the approach or even the achievement of real-time
100% coverage of the electricity demand through the whole annual period.

A fundamental economic analysis is implemented for both systems, which enables
the calculation of some essential economic features, such as the setup cost, the mainte-
nance cost, and the Levelized Cost Of Electricity (LCOE), which is also used as the sizing
optimization criterion.

As a case study, as mentioned also in the previous section, the HPPs will be examined
for the Monastery of Xenofontos, in Mount Athos. The annual power demand time series
was developed given the power demand data captured from the existing power production
and management system.

Additionally, the available RES potential was estimated from the available climate
data in the European Centre for Medium-Range Weather Forecasts (ECMWF) and for the
period 20002019 [40] for a geographical point only 5.0 km away from the geographical
location of the Monastery. All meteorological data were downloaded in the form of annual
time series with hourly average values. These are used for all accomplished computational
simulations and calculations.

As none of these plants have so far been implemented, the whole work is purely based
on the computational simulation results and not on experimental or real operation data.

3. Power Demand and Meteorological Data
3.1. Power Demand

The Monastery is powered mainly by a diesel generator set, of 200 kW nominal power
output, supported by a small photovoltaic plant of 150 kW and lead-acid batteries with
total storage capacity of 50 kWh. Due to the installation of these technologies, an essential
power production and storage management system has also been installed, through which
typical power demand daily profiles are available, however only in graphical format and
not in the form of a time series. Based on the available power demand daily profiles,
the annual power demand time series of hourly average values was developed. Initially,
power demand daily graphical profiles for every 15 days were digitized (in total, 24 for the
annual period) so as to formulate the corresponding daily power demand time series, with
hourly average values. The daily profiles were introduced in the correct time positions in
a new annual time series power demand with hourly average values. The gaps between
the introduced daily profiles were filled with new daily profiles, produced arithmetically,
following a linear interpolation with weighted factors between two consecutive available
digitized profiles, so as to ensure a smooth transition between them. Finally, given that the
power demand exhibits a different profile on Sundays, additional Sunday daily profiles
were digitized according to the captured data, and they were introduced for every 7 days
in the developed annual power demand time series. In this way, the annual power demand
time series with hourly average values presented in Figure 1 was developed.

A monthly analysis of the annual power demand is given in Table 1. The average
daily consumption was calculated for every month by simply dividing the total electricity
consumption per month by the number of each month’s days.

Table 1. Monthly analysis of the annual power demand in the Monastery of Xenofontos.

Electricity Average Daily Maximum Minimum
Month Consumption Consumption Power Demand  Power Demand
(kWh) (kWh) (kW) (kW)
January 31,781 1025 158.6 9.4
February 27,862 995 158.6 10.1

March 33,630 1085 145.4 9.0
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Table 1. Cont.
Electricity Average Daily Maximum Minimum
Month Consumption Consumption Power Demand Power Demand
(kWh) (kWh) (kW) (kW)
April 40,025 1334 198.4 8.2
May 37,943 1224 183.5 9.9
June 36,961 1232 161.5 10.8
July 43,976 1419 161.7 13.0
August 42,712 1378 165.1 8.5
September 35,524 1184 145.8 8.6
October 36,834 1188 158.2 6.0
November 30,376 1013 146.4 7.5
December 36,025 1162 134.0 8.3
Annual
sum,/minimu, 433,649 1188 198.4 6.0
maximum, and
average values
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Figure 1. The annual power demand time series for the Monastery of Xenofontos in Mount Athos.

3.2. Meteorological Data

The available RES potential in the Monastery of Athos was estimated based on the
climate conditions in the under-consideration geographical area. To this end, the available
meteorological data were used from the ECMWF and for the period 2000-2019 [40] for a
geographical point only 5.0 km to the northeast of the Monastery. All meteorological data
were downloaded in the form of annual time series with hourly average values.

More specifically, in Figure 2, the annual fluctuation of the ambient temperature is
presented for the year 2019. This ambient temperature annual time series will be used for
the calculation of the electrical power output from the photovoltaic plant.

Similarly, in Figure 3, the annual fluctuation of the incident solar irradiance on the
horizontal plane and the daily cumulative solar radiation are also presented. This time series
will also be used for the calculation of the electrical power output from the photovoltaic plant.

Additionally, in Figure 4, the fluctuation through the 20-year measurement period of
the annual maximum solar incident irradiance and the annual cumulative incident solar
radiation on the horizontal plane is also presented. The minimum and the maximum
annual cumulative incident solar radiation on the horizontal plane are calculated equal to
1499 kWh/m? and 1592 kWh/m? for the years 2002 and 2007, respectively.
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Figure 2. Ambient temperature fluctuation for 2019 at the measurement location of the meteorological data.
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Finally, in Figure 5, the fluctuation of the wind velocity at 10 m height above ground
is presented for the two consecutive years 2018 and 2019. The replication of the annual
wind velocity profile is clear in this graph. The wind velocity annual time series for the
year 2019 will be used for the calculation of the power production from the wind turbines.
The annual average wind velocity for the 20-year measurement period is calculated equal
to 4.2 m/s (minimum value) in 2000 to 4.9 m/s (maximum value) in 2012. In 2019, it was
calculated at 4.5 m/s, close to the 20-year average value, which is 4.6 m/s.

2,000 4,000 6,000 8,000
Two-year period 2018-2019 (h)

10,000 12,000 14,000 16,000 18,000

Figure 5. Wind velocity fluctuation for 2018 and 2019 at 10 m height above ground at the geographical

location of the meteorological data measurements.

Additionally, in Figure 6, the wind velocity annual wind rose graph, and the corresponding
Weibull probability density graph is also given [41]. The wind rose graph shows a wind blowing
prevailing direction from the northeast. Both graphs are given for the year 2019. The Weibul C
and k parameters are calculated equal to 4.9 m/s and 1.39, respectively.
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Figure 6. The (a) annual wind velocity rose graph and (b) Weibull distribution density at 10 m height
above ground at the geographical location of the meteorological data measurements.

Finally, in Figure 7, the wind potential map at the under-consideration geographical
area is depicted versus the annual average wind potential.
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Figure 7. Wind potential map, versus the annual average wind velocity at 10 m height above ground
at the geographical location.

The map was developed with the widely acknowledged application of WAsP of
the Denmark Technical University [42]. To this end, the land terrain at the specific area
was digitized and introduced in the application, together with the annual wind potential
measurements. In the same figure, the location of the meteorological measurements station
and the selected site for the wind turbine installations are also depicted, showing their
vicinity (distance approximately close to 4.5 km).

4. Layouts and Operation Algorithms

The operation algorithms for the two alternative hybrid power plants are presented
in this section. Both algorithms are executed for every time calculation step, namely,
for every hour, given that the introduced annual time series are formulated with hourly
average values.

4.1. The Hybrid Power Plant with the PHS System

The layout of the first examined system is depicted in Figure 8. It consists of small wind
turbines, a photovoltaic plant, and a PHS system as a storage plant. It will be also supported
by a conventional diesel generator as the back-up unit. An Energy Management System
(EMS) will undertake the implementation of the operation algorithm as presented below:
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Figure 8. Layout of the first examined hybrid power plant.

The operation algorithm of this HPP is analyzed in the following steps:

For every time calculation step j, the total power production Py, and Ppy from the wind
turbines and the photovoltaic plant is introduced, as well as the power demand Py.
The total power production from the RES technologies Prgs will be

Pres = Pw + Ppw 1)

For security reasons, the wind power production is always supplied for power storage,
namely, it cannot be used for direct power demand coverage. The total direct penetration
Presp from the photovoltaic plant is restricted at 50% of the current power demand,
for dynamic security and stability reasons. In general, this percentage has been found
to be from 30% to 50% for secure RES penetration in electrical systems [43—45]. In this
case, given the fast response of hydro turbines, the percentage of 50% was selected. This
means that

if va > 0.50-Pg, then PRESp =0.50-Py, )

if Ppy < 0.50-Py, then Prgsp = Ppy, 3)

The remaining power demand Pgyye,, after the photovoltaic power penetration, will be
equal to

Pyrem = Pq — Presp, 4)
The available power for storage Prgsay is equal to
Presav = Pw + (va - PRESp)/ ®)

The required water volume Vp that must be pumped in the PHS upper reservoir in
order to store the available power Prgs,y for the duration t of the time calculation
step is given by the following relationship (y the specific weight of water, Hp the total
pump head and np the average, overall pumps’ efficiency):

Vp = PRESav't'T]p /v-Hp, (6)

The required water volume V1 that must be removed from the PHS upper reservoir is
calculated, so that the remaining power demand Py,en, can be covered by the hydro
turbines for the duration t of the time calculation step (Hy, the total water falling head
and ny, hydro turbines’ average, overall efficiency):
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Vh = Parem t/nn-v-Hp, (7)

The remaining water volume in the PHS upper reservoir at the end of the time step j
will be

Vist(j) = Vst — 1) + Vp — Vi, )

The remaining water volume V(j) is checked whether it exceeds or not the maxi-

mum volume storage capacity Vmax of the upper reservoir, and the following cases
are distinguished:

a. If Vt(j) > Vmax, then the available power for storage Prpsay from the RES units
cannot be fully stored. The absorbed power Pg; for storage will be defined by
the available margin for water storage in the upper reservoir, namely:

Pst = p'g'Hp'[Vmax — Vh — Vs — 1)]/(ﬂp‘t)/ )
The produced power surplus Py from the RES units will be

Psur = PRESaV - Pst/ (10)

Given the fact that the upper reservoir is full, the water volume in the reservoir
will be adequate for the full coverage of the remaining power demand Pgyem
from the hydro turbines. Hence, the hydro turbines” produced power will be

Py =Pgq — Presp, (11)
The power production P4z from the diesel generator will be equal to zero:
Pag =0, (12)

The remaining water volume in the PHS upper reservoir at the end of the
current time calculation step will obviously be equal to Viax:

Vst(j) = Vmax/ (13)

b. If Vst(j) < Vmax, then the available power for storage Prgsay from the RES units
will be fully stored. The absorbed power Pg; for storage will be equal to

Pst = PRESaV/ (14)

The produced power surplus Psy, from the RES units will be equal to zero:
Psur =0, (15)

A new check is executed in order to examine whether the remaining volume
Vi(j) is lower than the minimum possibly contained volume V,, in the upper
reservoir. The minimum contained volume Vyj,, is configured mainly from the
height from the reservoir’s bottom of the water intake in the pipelines. The
following sub-cases are distinguished:

i If Vt(j) < Vinin, then the contained water volume Vg(j — 1) in the upper
reservoir is not adequate, and the remaining power demand P 4;er, cannot
be fully covered by the hydro turbines. The hydro turbines” power
production Py, will be defined by the contained water volume in the
upper reservoir, namely:

P =nn-p-g-Hn [Vst( — 1) + Vp — Vimin] /t, (16)
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The power production P4z from the back-up unit (the diesel generator)
will be

Pdg =Pdrem — Pn, (17)

The remaining water volume in the PHS upper reservoir at the end of
the current time calculation step will obviously be equal to Vpyjn:

Vst(j) = Vminr (18)

ii. If Vinin < Vt(j) < Vmax, then both the remaining power demand Pgrem,
can be fully covered by the hydro turbines and the available power from
the RES units Prpsay can be fully stored. The hydro turbines” power
production Py, will be given by the relationship 11 and the power storage
Psyr will be given by the relationship 14. The power production surplus
from the RES units will be zero (relationship 15). The power production
from the diesel generator will be also equal to zero (relationship 12). The
remaining water volume in the PHS upper reservoir will be given by the
relationship 8.

4.2. The Hybrid Power Plant with the Lithium-Ilon Batteries

The layout of the second examined system is depicted in Figure 9. It consists of small
wind turbines, a photovoltaic plant, and a cluster of lithium-ion batteries (Li-ion) as a
storage plant. It will be also supported by a diesel generator as the back-up unit. The
operation of the system will be accomplished by the inverter’s control system and the
operation controller of the diesel generator.

\

ald -
/ ||Wind turbines

Li-ion batteries

; @ 4C> O inverters

Photovoltaics’ g@
inverters ‘ L
Q h v & DG
wll
ISC: inverters’ control system Photovoltaic plant -
DGP: diesel generator unit operation controller Batteries

Figure 9. Layout of the second examined hybrid power plant.

The operation algorithm of this second examined plant is analyzed in the following steps:

1. For every time calculation step j, the total power production Py, and Ppy from the wind
turbines and the photovoltaic plant is introduced, as well as the power demand Pg.
The total power production from the RES technologies Prgg will be

Pres = Pw + va; (19)
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The photovoltaic power penetration can reach 100% of the current power demand,
due to the smoother power production profile, with regard to the wind turbines, and
the system’s management from the inverters’ power electronics, which enable direct
reaction to any potential disturbance in the production system. Hence, as a first step,
the photovoltaic power production Ppy is compared to the power demand Py:

a. If Ppy < Py, then all the available power production from the photovoltaic plant
is supplied for the power demand coverage. The photovoltaic power direct
penetration Ppy-, will be equal to

va-p = Ppw (20)

Unlike the photovoltaic plant, the wind turbines” direct penetration is re-
stricted up to a maximum penetration percentage with regard to the current
power demand, which is defined at 50% in this study. The wind power
production Py, is compared to the remaining power demand, after the photo-
voltaics’ penetration:

i. If Py <0.50-(Pq — Ppy-p), then all the available wind power production
can be fully absorbed for direct power demand coverage; hence, the
wind power direct penetration Py, will be

Pyp =Py, (21)

ii. If Py, > 0.50-(Pq — Ppy-p), the available wind power production exceeds the
margin for direct wind power penetration, so the wind power penetration
will be restricted according to the maximum allowed percentage:

Pyp =0.50-(Pg — Ppy-p), (22)

In any one of the previous two sub-cases:

e  The total direct penetration of the RES units will be
PResp = Ppv-p + Pup, (23)
e The available power for storage will be
Presav = Pres — Presp, (24)

e  The remaining power demand, after the RES units’ direct penetration, will

be
Parem =Pa — PRESp/ (25)
b. If Ppy > Py, then all the current power demand can be fully covered by the
photovoltaic production. The direct photovoltaic penetration will be
va—d =Py, (26)

Also,

e  The direct wind power penetration will be null:
Pyp =0, (27)
e  The total RES units’ penetration will be
Presp = Ppv-p, (28)

e  The available power for storage will be given again by the relationship 24;
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The remaining power demand, after the RES units’ direct penetration, will be
equal to O:

I)drem =0. (29)

3. Assuming that the remaining power demand Py,e, Will be fully covered by the storage
plant and the available power for storage Prgsay will be fully stored, the new storage
energy Eg(j) in the batteries at the end of the current time calculation step with duration
t will be

where

Est(j) = Est(j - 1) + PrESav-tMst — Pdrem't/ndisr (30)

Est(j — 1): the energy stored in the batteries at the end of the previous time step j — 1;
t: the duration of the time calculation step (1 h);

Nst: the charging efficiency of the batteries;

Ndis: the discharging efficiency of the batteries.

4. The following cases are distinguished:

a.

If Est(j) > Est-max, Wwhere Egimax is the maximum total storage capacity of the
batteries, then the available storage margin in the batteries is not enough for
the full storage of the available power Prgs,y. In that case, the stored power Pg;
will be defined by the available storage margin, namely, it will be

Pst = [Est-max — Est j— 1) — Pgrem-tl/(tnst), (31)

The RES power production surplus Prgssyr will be
PRESsur = PRESaV — Py, (32)

Obviously, due to the batteries’ full storage level, the remaining power demand
will be fully covered by them; hence, the batteries’ power production Pp,;
will be

Ppat = Pdrem, (33)
The power production from the diesel generator unit will be null:
Pge =0, (34)

Apparently, the batteries’ new charge level will be equal to their nominal
storage capacity:
Est = Est-max, (35)

If Et(j) < Est-max, then the available storage margin in the batteries is adequate
for the full storage of the available power Prgs,y; hence, the stored power
will be

Pst = PRESaV/ (36)

The RES power production surplus is null:

Pressur =0, (3 7)

Additionally, it is further investigated if the energy storage level Eg(j) at the
end of the current time calculation step j is lower than their minimum charge
level Egt min- Specifically, the following two sub-cases are distinguished:

i If Est(j) < Est-min, then the available stored energy in the batteries from
the previous time step Est(j — 1) is not adequate for the full coverage of
the remaining power demand. The power production from the batteries
will be

Pba’t = [Est(j - 1) + Pst't - Est—min]'ndis /t/ (38)
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The diesel generator production will be

Pdg =Pdrem — Ppat, (39)

Apparently, the batteries” new charge level will be equal to their lowest

charge level:
Est = Est-min, (40)

ii.  If Est(j) > Egtmin, then the available stored energy is enough for the
full coverage of the remaining power demand. The batteries” power
production will be given by the relationship 3).

The diesel generator production will be null (relationship 34).
The batteries” new charge level will be equal to

Est(j) = Est(j — 1) + Pg-t st — Ppat-t/Mdiss (41)

5.  For the aforementioned cases:

e  The batteries’ charge rate Py 1o Will be
Pstpat = PstMsts (42)
o  The batteries’ discharge rate Pgjs pat Will be

Pdis—bat = Pbat / MNdis- (43)

5. Assumptions, Technical Features, and Economic Parameters
5.1. Technical Features

In the aforementioned algorithms, the power production from the photovoltaics and
the wind turbines are involved. The power production from the photovoltaics is calculated
following the essential methodology described in the relevant literature [46], together with
the essential theory of solar geometry and solar radiation, which will lead to the calculation
of the incident solar irradiance on the photovoltaic panels [47]. The required data are
the incident solar irradiance on the horizontal plane (Figure 3), the ambient temperature
(Figure 2), the wind velocity (Figure 5), and the photovoltaic panels’ installation inclination
versus the horizontal plane. The panels will be installed with a southern orientation.
Following an iterative calculation process, summarized in Table 2, it is found that for the
specific geographical location, the annual cumulative incident solar radiation is maximized
for 30° inclination.

Table 2. Fluctuation of the annual cumulative incident solar radiation on a flat inclined surface at the
installation location of the photovoltaic plant.

Inclination Angle (°)

Solar Radiation 20 25 30 35 40
Component Annual Cumulative Solar Radiation on Flat Inclined Surface (kWh/m?)
Direct 973.2 992.8 1004.9 1009.3 1006.1
Indirect 675.9 664.3 651.2 634.9 616.3
Diffused 12.2 19.0 27.1 36.6 47.4
Total 1661.3 1676.1 1683.2 1680.8 1669.8

The produced electrical power from the wind turbines is simply calculated from the
annual wind velocity time series at the site selected for the wind turbines’ installation
(Figures 5 and 7) and a typical power curve for a small wind turbine of 50 kW nominal
power, as shown in Figure 10.
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Figure 10. A typical adopted wind power curve for the involved 50 kW small wind turbine.

The location of the PHS installation is depicted in Figure 11, on a 3D digitized land
terrain. The lower reservoir installation site is located on land previously used for mining.
This means that the already formulated cavity will enable the minimization of the required
excavation works, while, impacts on the natural environment are also eliminated. The
absolute altitudes of the lower and the upper reservoir free surfaces are 256 m and 378 m,
respectively, giving a nominal geostatic head of 122 m. The total maximum storage capacity
of each tank is 25,236 m3. Given the geostatic head and the volume of the upper reservoir,
the achieved storage capacity of the PHS plant is calculated at 10.5 MWh. This storage
capacity, divided by the annual average daily electricity consumption (1.2 MWh, Table 1),
gives an autonomy operation period of the PHS plant of 8.7 days.

C’/@ Legend

| === Tunnel
— obar

QL L 10 bar
S | = i

20 bar

Figure 11. Three-dimensional depiction of the PHS installation on a digitized land terrain.

The geometrical dimensions of the reservoirs are depicted on the typical 2D and 3D views
presented in Figure 12.
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Figure 12. Top view, side view, and 3D view of the reservoir.

The total length of the pipeline is calculated at 879.4 m and will consist of 151.2 m of
an underground horizontal part, through a tunnel, and of 728.2 m of on-surface installation,
inside a canal that will be created with excavation, and then it will be filled, to eliminate
any optical deterioration of the physical landscape. Glass reinforced polyester tubes will be
used, given their lower cost and anti-corrosive attributes.

Regarding the second investigated HPP layout, with electrochemical battery support,
for the needs of this work, it is assumed that lithium-ion batteries will be employed, with
an average charge and discharge efficiency of 90% and a maximum discharge depth kept at
80%. The selected type is the Lithium Iron Phosphate (LFP), due to its high life period and
discharge depth [48].

Additionally, the life period of the lithium-ion batteries is adopted equal to 8 years,
so for a total life period of the hybrid power plant of 25 years (see next Section 5.2), two
replacements of the batteries should be implemented, the first one at the 9th year, and the
second one at the 17th year.

Finally, regarding the operation of the thermal generator as a back-up production unit,
a total efficiency of 43% is assumed, where the lowest calorific value of the consumed diesel
oil is adopted equal to 10.25 kWh/L [49] and its procurement price at 0.9 EUR/L.

5.2. Economic Parameters

The sizing optimization of the examined system was based on the minimization of
the LCOE, on the condition of 100% power demand coverage from the renewable energy
sources. For the execution of the iterative calculations, the economic parameters presented
in Table 3 were assumed, based on real quotations provided by the equipment potential
manufacturers and on relevant essential market research.

Table 3. Economic parameters involved in the optimization calculation process.

Value
Parameter 1stHPP  2nd HPP
Wind park total setup cost (EUR/50 kW wind turbine) 180,000
Photovoltaic plant total setup cost (EUR/kW)p) 1000
Hydro power plant and pump station (EUR) 705,000 0
Water reservoirs (EUR/m?) 8.8 0
Pipelines (EUR) 120,000 0
Lithium-ion batteries (EUR/kWh) 0 400
Electrical grid (EUR) 140,000 50,000
Buildings (EUR) 50,000
Several other setup costs (EUR) 50,000
Annual operation and maintenance cost (EUR/year) 10,000 5000
Lifetime period (years) 25

Discount rate (%) 4.0
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The LCOE was calculated with the following relationship [50]:

CAPEXOPEX )

LCOE = ( , (44)
Eel

where

CAPEX: the total setup of the plant;

OPEX: the annual operation and maintenance cost;

t: the lifetime period of the plant, assumed equal to 25 years;

Eq: the annual electricity production from the hybrid power plant, excluding the thermal
generator production.

The annual operation and maintenance costs are calculated with the following relationship:

Ewn
Tlth'I_Iu

OPEX = Cpaint + -Cq, (45)

where

Chaint: the annual maintenance cost, set equal to EUR 10,000;

Eu: the annual electricity production from the thermal generator;
N the total efficiency of the thermal generator, set equal to 43%;
Hy: the lowest calorific value of diesel oil, equal to 10.25 kWh/L;
cq: the diesel oil procurement price, set equal to 0.9 EUR/L.

6. Results
6.1. The Hybrid Power Plant with the PHS

An iterative calculation process was executed for different dimensioning scenarios of
the plant, regarding the size of the reservoirs and the nominal capacity of the wind park and
the photovoltaic station. For each one of these scenarios, the annual electricity production
and storage were calculated by applying the computational simulation algorithm presented
in Section 4.1. Finally, based on the aforementioned technical features and economic
assumptions, the LCOE for each one of these scenarios was also calculated. The results are
summarized in Table 4.

As seen in Table 4, the iterations were executed for four different sizes of the upper
reservoir, starting from 30,000 m® and ending at 15,000 m3. The capacity of 30,000 m® was
also included in the calculations just to have a clear picture of this configuration too, even
though, given the available land morphology in the PHS installation site, it was selected to
keep the maximum storage capacity at 25,000 m?, so as not to deteriorate considerably the
natural landscape due to extensive excavation works.

We also note that this sizing optimization process has as its major target achieving
100% annual demand coverage from the RES technologies and the PHS. Obviously, a
second-order criterion is the minimization of the LCOE. Given these objectives, it is seen
that the optimum solution is the construction of two reservoirs with 20,000 m3 storage
capacity each and the installation of two wind turbines of 50 kW each and a photovoltaic
plant of 350 kW. With this scenario, the annual penetration of the hybrid power plant is
100%. and the LCOE is minimized at 0.2274 EUR/kWh. The total setup cost of the overall
project is estimated at EUR 2,215,000.

The PHS setup cost is calculated as the sum of the reservoirs, the pipelines, the hydro
power plant, pump station, and 50% of the connection grid setup cost. The PHS-specific
setup cost is calculated by dividing the PHS setup cost by the achieved storage capacity.
As seen in Table 4, the PHS-specific setup cost is calculated at 215.9 EUR/kWh of storage
capacity, for the optimum size of the HPP.
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Table 4. Results of the sizing optimization iteration process of the hybrid power plant with the PHS support.
Reservoirs’ Capacity (m3)
30,000 25,000 20,000 15,000
Wind Turbines Number-Photovoltaic Nominal Power (kWp)
2-300 1-300 2-250 3-300 2-300 2-350 2-350 2-350 3-300 3-350
Wind park’s total initial production (kWh) 321,402 160,701 321,402 482,103 321,402 321,402 321,402 321,402 482,103 482,103
Photovoltaics’ total initial production (kWh) 418,263 418,263 348,553 418,263 418,263 487,974 487,974 487,974 418,263 487,974
Direct photovoltaics” penetration (kWh) 150,380 150,380 147,015 150,380 150,380 152,836 152,836 152,836 150,380 152,836
Hydro turbines production (kWh) 283,269 260,200 281,816 283,269 282,631 280,813 280,813 279,057 282,188 280,813
Thermal generator production (kWh) 0 23,069 4818 0 638 0 0 1756 1081 0
Total RES and PHS production (kWh) 433,649 410,580 428,831 433,649 433,011 433,649 433,649 431,893 432,568 433,649
Electricity storage (kWh) 479,233 428,425 470,920 483,002 478,166 478,084 475,173 471,325 476,825 474,887
PHS annual average efficiency (%) 59.1 60.7 59.8 58.6 59.1 58.7 59.1 59.2 59.2 59.1
Total RES and PHS demand coverage percentage (%) 100.0 94.7 98.9 100.0 99.9 100.0 100.0 99.6 99.8 100.0
RES production surplus (MWh) 110,052 159 52,020 266,984 111,119 178,456 181,367 185,215 273,161 342,354
RES production surplus percentage (%) 14.9 0.0 7.8 29.7 15.0 22.0 224 229 30.3 35.3
Total setup cost (EUR) 2,385,000 2,205,000 2,335,000 2,455,000 2,275,000 2,325,000 2,215,000 2,105000 2,235,000 2,285,000
LCOE (EUR/kWh) 0.2431 0.2373 0.2407 0.2495 0.2332 0.2375 0.2274 0.2181 0.2297 0.2338
Achieved storage capacity (kWh) 9970 9970 9970 8309 8309 8309 6647 4985 4985 4985
PHS setup cost (EUR) 1,655,000 1,655,000 1,655,000 1,545,000 1,545,000 1,545,000 1,435000 1,325,000 1,325,000 1,325,000
Storage-plant-specific setup cost (EUR/kWh) 166.0 166.0 166.0 185.9 185.9 185.9 215.9 265.8 265.8 265.8
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The optimum scenario, apart from meeting the dimensioning objectives, has two
additional important positive features. Firstly, the number of installed wind turbines is
only two, and, secondly, the storage capacity of the reservoirs is 20% reduced with regard
to their maximum possible size at the specific site. Both these features contribute to the
restriction of any potential impacts and deterioration of the natural landscape, due to the
construction of the project, and will certainly facilitate the licensing process and, finally, the
implementation of the plant.

In Figure 13a, the annual power production synthesis graph is presented with this
first-examined HPP and for the optimum sizing scenario, while in Figure 13b,c, the power
production synthesis graphs are presented from the 1st to the 10th of January and from
the 11th to the 20th of August, respectively.
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Figure 13. (a) Annual power production synthesis graph with the first examined HPP. (b) Power
production synthesis graph with the first examined HPP and from the 1st to the 10th of January.
(c) Power production synthesis graph with the first examined HPP and from the 11th to the 20th of
August. (d) Annual fluctuation of the daily electricity production. (e) Annual fluctuation of the water
stored volume in the PHS upper reservoir.

In Figure 13d, the annual fluctuation of the daily electricity production is presented.

Finally, in Figure 13e, the annual fluctuation of the water stored volume in the PHS
upper reservoir is presented.

In Table 5, the monthly aggregated electricity production is given for the involved units.

Table 5. Monthly aggregated electricity production.

Monthly Production (kWh)

Month Photovoltaics Direct Penetration Hydro Turbines
January 8606 23,174
February 9311 18,567
March 12,549 21,090
April 14,765 25,250
May 15,057 22,887
June 14,956 22,003
July 17,583 26,415
August 16,350 26,336
September 13,344 22,186
October 12,573 24,253
November 8908 21,468
December 8834 27,183

Annual sum 152,836 280,813
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6.2. The Hybrid Power Plant with the Lithium-Ion Batteries

Similarly, with the HPP layout with the support of the PHS plant, in the case of the sec-
ond examined layout, with the support of the lithium-ion batteries, again the optimization
process was based on an iterative calculation process for different dimensioning scenarios
of the plant, regarding the number of the wind turbines, the nominal power of the photo-
voltaic plant, and the storage capacity of the lithium-ion batteries. The optimization process
was based on the computational simulation of the HPP’s annual operation, following the
algorithm described in Section 4.2.

Given the relatively low storage capacity of the lithium-ion batteries, imposed by their
high procurement cost, the achievement of clear 100% RES penetration most probably will
not be economically feasible. To examine this, the iteration process was executed with two
alternative objectives:

e  Firstly, the minimization of the LCOE cost, without satisfying the criterion for 100%
RES penetration;

e  Secondly, with the concurrent satisfaction of both criteria, namely, achievement of
100% RES penetration and minimization of the LCOE, namely, as was implemented
with the first HPP.

The results of the two optimization processes are presented in Tables 6 and 7, respectively.

As seen in Table 6, the minimum LCOE, equal to 0.1096 EUR/kWh is achieved for
300 kWh of storage capacity, one wind turbine of 50 kW, and 300 kWp of photovoltaic
plant, leading to annual RES penetration of 90.2%. The annual RES production surplus is
24.7% with regard to the initial RES available electricity production. The diesel oil annual
procurement cost is calculated equal to EUR 8672. The setup cost of this HPP is equal to
EUR 845,915, including two battery replacements.

On the other hand, given the results presented in Table 7, the minimum required
plant that gives 100% RES penetration consists of lithium-ion batteries with 2700 kWh
storage capacity, two wind turbines of 50 kW nominal power each, and 500 kW), of pho-
tovoltaic power. The total setup cost of the plant, including two battery replacements, is
calculated at EUR 3,353,237. The electricity-production-specific cost is calculated equal to
0.3208 EUR/kWh, namely, 2.9 times higher than its minimum value.
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Table 6. Results of the sizing optimization iteration process of the hybrid power plant with the lithium-ion support. Optimization versus the LCOE minimization.

Lithium-Ion Batteries Storage Capacity (kWh)
0 200 200 300 200 200 300 300 300 300 400
Wind Turbines Number-Photovoltaic Nominal Power (kWp)
1-200 1-200 2-200 2-200 1-250 1-250 1-300 2-300 1-350 2-350 2-350

Annual electricity available production from photovoltaics (kWh) 278,842 278,842 278,842 278,842 348,553 348,553 418,263 418,263 487,974 487,974 487,974
Annual electricity available production from wind turbines (kWh) 127,429 127,429 254,858 254,858 127,429 254,858 127,429 254,858 127,429 254,858 254,858

Total annual electricity available production from RES (kWh) 406,271 406,271 533,700 533,700 475981 603,410 545,692 673,121 615,402 742,831 742,831
Annual direct electricity penetration from photovoltaics (kWh) 232,016 232,016 232,016 232,016 254,460 254,460 267,997 267,997 277,133 277,133 277,133
Annual direct electricity penetration from wind turbines (kWh) 46,080 46,080 55,402 55,402 42,314 50,365 39,717 47,027 37,923 44,724 44,724

Total annual direct electricity penetration from RES (kWh) 278,096 278,096 287,418 287,418 296,774 304,825 307,714 315,024 315,056 321,857 321,857
Annual electricity production from batteries (kWh) 0 60,130 71,748 82,155 65,377 72,914 83,465 86,548 83,587 85,574 95,233
Annual thermal generator production (kWh) 155,553 95,423 74,482 64,076 71,497 55,910 42,470 32,077 35,006 26,218 16,559
Total annual electricity production (kWh) 433,649 433,649 433,649 433,649 433,649 433,649 433,649 433,649 433,649 433,649 433,649
Annual RES contribution to power demand coverage (kWh) 278,096 338,226 359,167 369,573 362,152 377,739 391,179 401,572 398,643 407431 417,090
Total annual RES penetration percentage (%) 64.1 78.0 82.8 85.2 83.5 87.1 90.2 92.6 91.9 94.0 96.2
Annual RES stored electricity (kWh) 0 74,168 88,517 101,331 80,646 89,957 102,943 106,755 103,094 105553 117,446
Annual RES absorbed electricity (kWh) 278,096 352,264 375936 388,750 377,420 394,782 410,657 421,779 418,150 427,409 439,303
Annual RES absorbed electricity percentage (%) 68.5 86.7 70.4 72.8 79.3 65.4 75.3 62.7 67.9 57.5 59.1
Annual RES electricity production surplus (kWh) 128,175 54,007 157,764 144950 98,561 208,629 135,035 251,342 197,252 315,422 303,529
Annual RES electricity production surplus percentage (%) 31.5 13.3 29.6 27.2 20.7 34.6 24.7 37.3 321 425 40.9
Total setup cost, including battery replacements (EUR) 480,000 657,277 837,277 925915 707,277 887,277 845915 1,025915 895,915 1,075,915 1,164,554
Diesel oil consumption (L) 35,293 21,650 16,899 14,538 16,222 12,685 9636 7278 7942 5949 3757
Diesel oil procurement cost (EUR) 31,764 19,485 15,209 13,084 14,600 11,417 8672 6550 7148 5354 3381

LCOE (EUR/kWh) 0.1291 0.1171 0.1238 0.1271 0.1104 0.1197 0.1096 0.1213 0.1107 0.1231 0.1267
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Table 7. Results of the sizing optimization iteration process of the hybrid power plant with the lithium-ion support. Optimization versus the LCOE minimization
and the 100% RES penetration.

Lithium-Ion Batteries Storage Capacity (kW)

2600 2600 2700 2800 2900
Wind Turbines Number-Photovoltaic Nominal Power (kWp)

2-500 3-500 2-500 2-450 2—-450
Annual electricity available production from photovoltaics (kWh) 697,105 697,105 697,105 627,395 627,395
Annual electricity available production from wind turbines (kWh) 254,858 382,287 254,858 254,858 254,858
Total annual electricity available production from RES (kWh) 951,963 1,079,392 951,963 882,252 882,252
Annual direct electricity penetration from photovoltaics (kWh) 294,030 294,030 294,030 289,600 289,600
Annual direct electricity penetration from wind turbines (kWh) 40,174 43,149 40,174 41,432 41,432
Total annual direct electricity penetration from RES (kWh) 334,204 337,179 334,204 331,032 331,032
Annual electricity production from batteries (kWh) 99,360 96,459 99,445 102,138 102,282

Annual thermal generator production (kWh) 85 11 0 479 335
Total annual electricity production (kWh) 433,649 433,649 433,649 433,649 433,649
Annual RES contribution to power demand coverage (kWh) 433,564 433,638 433,649 433,170 433,314

Total annual RES penetration percentage (%) 100.0 100.0 100.0 99.9 99.9
Annual RES stored electricity (kWh) 123,804 120,268 123,964 127,331 127,564
Annual RES absorbed electricity (kWh) 458,008 457,447 458,168 458,363 458,596

Annual RES absorbed electricity percentage (%) 48.1 424 48.1 52.0 52.0
Annual RES electricity production surplus (kWh) 493,955 621,945 493,795 423,890 423,656

Annual RES electricity production surplus percentage (%) 51.9 57.6 51.9 48.0 48.0

Total setup cost, including battery replacements (EUR) 3,264,598 3,444,598 3,353,237 3,391,875 3,480,514
Diesel oil consumption (L) 19 2 0 109 76
Diesel oil procurement cost (EUR) 17 2 0 98 68

LCOE (EUR/kWh) 0.3127 0.3293 0.3208 0.3246 0.3327
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In Figure 14a,b, the annual power production synthesis graphs are presented for the specific
HPP and for the sizing scenario with the minimum LCOE and with 100% RES penetration.
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Figure 14. (a) Annual power production synthesis graph with the second examined HPP and for the

sizing scenario with the minimum LCOE. (b) Annual power production synthesis graph with the
second examined HPP and for the sizing scenario with 100% RES penetration.

Additionally, for the aforementioned two sizing scenarios, in Figure 15a,b, the power
production synthesis graphs are presented from the 1st to the 10th of January. Similar
graphs are, finally, presented in Figure 16a,b for the aforementioned two sizing scenarios

and from the 11th to the 20th of August.
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Figure 15. (a) Power production synthesis graph with the second examined HPP from the 1st to
the 10th of January and for the sizing scenario with the minimum LCOE. (b) Power production

synthesis graph with the second examined HPP from the 1st to the 10th of January and for the sizing
scenario with 100% RES penetration.
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Figure 16. (a) Power production synthesis graph with the second examined HPP from the 11th
to the 20th of August and for the sizing scenario with the minimum LCOE. (b) Power production
synthesis graph with the second examined HPP from the 11th to the 20th of August and for the sizing
scenario with 100% RES penetration.

In Figure 17, the monthly aggregated electricity production from the involved units
is presented.
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Figure 17. Annual fluctuation of the daily electricity production.
In Table 8, the monthly aggregated electricity production is given for the involved units.

Table 8. Monthly aggregated electricity production.

Monthly Production (kWh)

Month Photovoltaics Wind Turbine Batteries Thermal
Direct Penetration Direct Penetration Generator
January 12,880 6540 8836 3524
February 15,742 3905 6701 1530
March 22,565 2753 6983 1338

April 26,188 2811 6369 4647
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Table 8. Cont.
Monthly Production (kWh)
Month Photovoltaics Wind Turbine Batteries Thermal
Direct Penetration Direct Penetration Generator

May 27,990 2157 6551 1245
June 27,927 1548 6100 1385
July 32,414 1731 7047 2805
August 30,145 2838 7017 2686
September 23,893 2228 6681 2728
October 21,041 2436 7278 6071
November 14,071 5162 7158 3986

December 13,140 5607 6745 10,525

Annual sum 267,997 39,717 83,465 42,470

7. Discussion

From the results presented in the previous section, it is concluded that 100% real-time
coverage of the annual electricity demand in the Monastery with RES can be achieved,
leading also to a relatively low LCOE, only with the HPP layout with the PHS. In this
case, the LCOE was calculated at 0.2274 EUR/kWHh, which can be considered as acceptable,
particularly for the type and the circumstances of the specific case study: low power
demand scale for an autonomous, non-interconnected community. The storage capacity
of each one of the water reservoirs should be 20,000 m® and the installed RES power
should be 100 kW for the wind park (two wind turbines of 50 kW each) and 350 kW, for
the photovoltaic plant. The annual RES electricity surplus is 22.4%, which can also be
considered as sensible. The project’s total setup cost was calculated equal to EUR 2,215,000.

The achievement of 100% RES penetration with the HPP supported by electrochemical
storage leads to a considerably high increase in the LCOE, at 0.3208 EUR/kWh. This is,
obviously, due to the higher setup cost configured by the still high procurement prices of
lithium-ion batteries. The required size of the project is defined by 2700 kWh of storage
capacity, 100 kW of wind park, and 500 kW, of photovoltaic plant. The project’s total
setup cost is calculated at EUR 3,353,237 (including two batteries replacements), namely,
51.4% higher than the setup of the first HPP. Finally, the annual RES electricity surplus is
calculated 51.9%, precisely due to the low available storage capacity. This value cannot
be accepted and constitutes another indicator, apart from the LCOE, of the low economic
feasibility for the achievement of 100% RES penetration with the specific HPP layout.

On the other hand, the potentially minimum LCOE is remarkably lower than both
the aforementioned LCOE values. It is achieved with the second investigated HPP, with
electrochemical storage, and it was calculated equal to 0.1096 EUR/kWh. The plant’s size
is defined by 300 kWh of storage capacity, one wind turbine of 50 kW, and 300 kW, of
photovoltaic power. With this plant’s size, the achieved annual RES penetration is 90.2%
and the annual RES electricity surplus 24.7%. The annual diesel oil procurement cost, for
the coverage of the remaining power demand with the thermal generator, was estimated at
EUR 8672, assuming a diesel oil procurement price of 0.90 EUR/L. In this case, the project’s
setup cost is minimized, dropping at EUR 845,915, while the annual RES electricity surplus
becomes 24.7%.

At a first glance, accounting only the minimization of the LCOE, the last-presented
HPP and size should be selected. It exhibits the lowest setup cost and the lowest LCOE, and
it leaves only 9.8% annual electricity demand to be produced by the thermal generator. This
could be the obvious conclusion. Another advantage of this choice is that the construction
of the PHS is cancelled, so any probable deterioration, even minor, of the natural landscape
will be avoided.

However, particularly for Monasteries, especially in Mount Athos, it should be also
taken into account that these kinds of projects are often 100% funded by funding calls
or even donations from pilgrims, institutes, etc. This, practically, means that the setup
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cost of the project, perhaps, does not constitute a main issue. On the contrary, regarding
the economics of the project, the most important issue is to minimize the operation and
maintenance cost, which should be covered every year by the Monastery’s revenues. At
this point, it should be clarified that the HPP, regardless the involved units and size, will not
produce any kind of direct income, since the produced electricity will be exclusively used
for the power demand coverage in the Monastery. Hence, the minimization of the plant’s
operation and maintenance cost is essential and can be achieved with the elimination of
the diesel o0il consumption. In this case, the HPP with the PHS is, of course, the most
appropriate solution. Furthermore, this plant has also the advantage that it only needs to be
constructed once, and it exhibits a long-life period, unlike electrochemical batteries, which
should be replaced regularly, roughly, every 8 years, imposing a considerable periodic
expense on the project’s economics and creating this additional burden for the monks to
seek for the required monetary amount.

Another important outcome is the storage capacity setup- or procurement-specific
cost. For the selected scenario with the PHS plant, the setup-specific cost was calculated
at 215.9 EUR/kWh of storage capacity. The corresponding feature of the HPP with the
lithium-ion batteries was calculated at 886.4 EUR/kWh, including two replacements, for
25 years of life.

Finally, the HPP with the PHS exhibits two additional comparative important advan-
tages. Firstly, its high added value, since all the works and the majority of the equipment
can be accomplished and supplied by local experts and firms. Secondly, its long autonomy
time period, which is very important regarding the security of the system. For 20,000 m?
of water storage capacity, the autonomy operation period, accounting a daily average
electricity consumption of 1200 kWh, is calculated at 6.9 days. The achieved autonomy
period with the lithium-ion batteries, even under the economically infeasible scenario of
100% demand coverage with 2700 kWh of storage capacity and 80% maximum discharge
depth, is calculated only at 1.8 days.

8. Conclusions

This article presents a parametric study on the electricity demand coverage from renew-
able energy sources for small size autonomous communities, such as non-interconnected
Monasteries. Two alternative hybrid power plant layouts were investigated, with the main
difference being the storage plant. In the first case, a small pumped hydro storage system
was employed, while in the second case, lithium-ion batteries were introduced. In both
cases, small wind turbines and photovoltaics were used as electricity production units. Two
different operation algorithms were also developed, adapted to the specific needs of the
Monastery and the technical operational features of the involved technologies. The method
was applied in the Monastery of Xenofontos, in Mount Athos.

Given the accomplished and presented work, the support of the pumped storage
system offers high autonomy period (7 days) and exhibits the capacity for 100% electricity
demand coverage with acceptable LCOE (0.2274 EUR/kWh). The 100% electricity demand
coverage with the support of lithium-ion batteries leads to a 52% increase in the LCOE
and only 1.8 days of autonomy period. If the achievement of 100% annual electricity
demand coverage from renewables is not crucial, then the HPP with the electrochemical
battery support exhibits the minimum LCOE, equal to 0.1096 EUR/kWh and 90% annual
renewables penetration.

The study proves the technical and economic feasibility for the power demand cover-
age with hybrid power plants in cases of autonomous, rural communities, and a very low
demand scale. If there is favorable land morphology at the installation site, the introduction
of a small size pumped storage system can be feasible. Electrochemical batteries can be the
optimum solution if the annual renewables penetration percentage is acceptable to remain
in the range of 90% and the annual expense of the diesel oil procurement can be affordable.
This, however, may not be the case, particularly for Monasteries, where the setup cost of
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such systems is most likely to be covered by subsidies and donations, whereas, on the
contrary, the annual operation cost should be covered by any potential regular incomes.

Pumped storage plants also have the comparative advantages of higher added value
and long autonomy periods. On the other hand, the required technical work for the
installation of a pumped storage system will surely imposes a larger impact on the local
landscape aesthetics, which, depending on the specific case, may not be acceptable.

The results of this study are highly applicable to similar cases of remote and rural
insular or agricultural communities and very low power demand scale.
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CAES Compressed Air Energy Storage
ECMWEF  European Centre for Medium-Range Weather Forecasts

EMS Energy Management System
HPP Hybrid Power Plant
LCOE Levelized Cost Of Electricity
LFP Lithium Iron Phosphate
PHS Pumped Hydro Storage
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