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Abstract: The transition to renewable energy sources for a sustainable, low-carbon future is driven
by the need for the mitigation of climate change. The integration of RES-based systems and storage
units can deal with the intermittent nature of natural variables. The selection of storage technology is
determined by various parameters related to space, topography and water resource availability. In the
present study, two different storage methods, wind-powered pumped hydro storage and hydrogen
fuel cells, are compared in terms of fulfillment energy and water demand of a small Aegean Sea
island for the project’s 25-year lifespan.
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1. Introduction

Climate change indicates the imperative need for the transition to renewable energy
sources (RES) [1]. The European Union’s climate and energy plan is summarized in the
Renewable Energy Directive 2018/2001/EU, according to which, by 2030, 32% of the
total final energy consumption must be satisfied by RES and a 32.5% energy efficiency
improvement and 40% reduction in greenhouse gas emissions must be achieved. The
RES transition is a crucial step towards the reduction in greenhouse gas emissions (GHG)
and the mitigation of the effects of climate change [2]. Projects based on the utilization
of RES are the solution to the rise in global temperature and the reduction in negative
environmental effects [3].

However, the RES transition brings a series of challenges. The most important issue is
the intermittent nature of RES, especially wind and solar power [4]. RES rely on weather
conditions, and the prediction and management of energy production requires new ap-
proaches [5,6]. Hybrid renewable energy systems (HRES) can deal with the stochastic
nature of the natural variables through the integration of storage units. HRES combine at
least one form of RES and at least one form of energy storage technology for the surplus
renewable energy that cannot be utilized immediately, due to a lower energy demand
compared to energy generation. Storing energy during periods of low demand and/or
high energy generation, and utilizing the stored energy when the demand is high and/or
the energy production is low, leads to the satisfaction of unmet demand.

Wind-powered pumped hydro storage (WPHS) is one of the most used energy storage
technologies. However, its application is restricted by space requirements, access to suitable
terrain [7] and water resource availability [8]. On the other hand, WPHS has a long life, fast
response time and is suitable for long-term storage as only minor leakage and evaporation
losses take place.

The development of hydrogen storage solutions has recently become more attractive.
Green hydrogen is the hydrogen that is produced only by RES, and it is a completely clean
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and sustainable energy storage technology [9]. Compressed hydrogen storage is one of
the most common methods of hydrogen storage, based on the ease of transportation and
storage for long periods [10]. Compared to WPHS, installing a hydrogen production unit
requires much less space, and no special topographic parameters are required.

The subject of stand-alone HRES becomes more attractive in the context of autonomous
networks, such as non-interconnected islands (NNIs). The use of HRES provides a signifi-
cant supply of the required electrical demand, avoiding simultaneous general or partial
blackouts during periods of high demand. At the same time, the problem of providing
clean water to these islands can be solved by the integration of a desalination unit to the
HRES, in which the abundant seawater can be desalinated using RES to produce freshwater
water for domestic and agricultural purposes.

In this research study, two different HRES constituting two different storage technolo-
gies, WPHS and HFC, are compared in order to make the comparison between the most
widely used storage technology and an immature one that requires much less installation
space. The study area is a Greek island in the South-East Aegean Sea with a lot of tourist
traffic in the summer months and subsequent increased water and energy needs. The
project’s lifespan is 25 years and results are extracted as hourly synthetic time series for
25 years of wind speed. The fulfillment of all water and energy demand of the island is the
main purpose of the research study with the simultaneous aims of the RES transition and
GHG reduction.

2. Material and Methods

The study area is Fournoi Korseon island in the South-East Aegean Sea. The perma-
nent population is about 1400 people; however, the tourist traffic in the summer months
triples this number. Meteorological data have been obtained by the National Observatory
of Athens Automatic Network-NOANN [11]. Domestic water demand is based on the
population, water for agricultural purposes is based on the crops of the island, the tempera-
ture, precipitation, evapotranspiration and the weighted crop coefficients [12], while data
concerning electricity consumption is obtained by the Public Power Corporation.

According to [13], among the different parameters studied, the wind potential is
the one that affects the results of the HRES more significantly as far as the loss of load
probability, the cost of water and the cost of energy are concerned. Therefore, in this
study, the production of synthetic time series of wind speed is conducted, following the
methodology described in [14]. As a result, the maintenance of the hourly variation and the
monthly seasonality of the wind potential is achieved, attaining the reliability of the results.

Produced wind energy is estimated according to the power curve of the selected wind
turbine (WT) for this study, which is the Enercon E-900 kW (3.6 MW installed), and based
on the height of the installation and the wind potential. In the HRES with the WPHS,
the storage technology uses the surplus energy of the produced wind energy after the
fulfillment of the demand (domestic water, agricultural water and electricity, following this
priority) to pump seawater to an upper reservoir and release it for unmet demand through
the day. In the HRES with the HFC, the same surplus energy is used for the desalination of
the required water and afterwards, the electrolysis to produce compressed hydrogen. The
hydrogen is driven to a fuel cell to produce energy for the unmet demand.

The dimensioning of both HRES’s components, the equations describing the operation
of both storage technologies, WPHS and HFC, as well as the economic parameters of all
the components, are based on [13]. For the WPHS, 2.6 MW of pumping station is installed,
with a hydro turbine of 1.2 MW and an upper reservoir of 75,000 m3. The HFC consists
of an electrolyzer of 2.8 MW, a fuel cell of 1.9 MW and a hydrogen tank of 1900 kg. Both
storage technologies are based on two days of autonomy, while the restrictions of the upper
reservoir and the hydrogen tank are related to a minimum state of charge of both, which is
10% of the total storage capacity. In both HRES, a desalination unit of nominal capacity
of 1300 m3/day is assumed to be installed. For the first HRES, energy is consumed in the
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pumping station and produced by the hydro turbine, while in the second HRES, energy is
consumed in the electrolyzer and the desalination unit and produced by the fuel cell.

The operation of both HRES is presented in Figure 1. The production of the wind
speed time series for the first year of operation is produced. For the hourly time step, the
produced wind energy and the demand data are estimated. The demand met directly by
the wind energy is calculated. If there is an energy surplus REsur, it is added to the storage
unit (upper reservoir or hydrogen tank) until it reaches its maximum capacity (SOCmax),
and the new state of charge (SOCstorage) is calculated. When the storage unit is full and
there is an energy surplus, this energy is sent to the dump. If there is an energy deficit, the
storage technology (hydro turbine or fuel cell) is used for the production of this energy
until it reaches its minimum capacity (SOCmin), and the new met demands, as well as
the new SOC, are calculated. If the SOCstorage reaches its minimum capacity, the unmet
demand is calculated. This procedure is followed for the 8760 timesteps of a whole year
and continues for the next year of synthetic wind speed time series until the completion of
25 years, which is the lifetime of the HRES.
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Figure 1. Flow chart of the operation of the HRES.

The final cost of the produced desalinated water and the final cost of the produced
energy from the HRES over the 25-year period are estimated. These values are based
on the initial cost, the operation, maintenance, replacement, and salvage costs, the pro-
duced energy from the hybrid system, and the energy consumed for desalination (equal to
5.85 kWh/m3 according to [5]) for each HRES. The number of times the storage units reach
their lower limit during each year in the 25-year period is also estimated, which shows the
critical periods in which the use of conventional fuels is necessary. It also estimates what
percentage of the demands can be covered solely by wind turbines and what percentage
can be covered by the storage units for each HRES and each demand, and whether these
percentages fluctuate widely over the 25-year period. Finally, the water–energy–food
interactions are estimated for 25 years of operation of the HRES.
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3. Results and Discussion
3.1. Coverage Rate of Energy Sources

The contribution of WTs and each storage technology over 25 years is presented in
Figure 2a. WTs contribute the largest percentage of needs coverage, while between the two
storage technologies, the largest contribution in all years is provided by WPHS, although
both storage units have been dimensioned for two days of autonomy. However, in HFC,
more energy is required for the desalination of the water that is sent to the electrolyzer.
In Figure 2b, the coverage rate of WTs, WPHS and HFC is presented for each demand
separately: d for domestic water, ir for irrigation water and el for the electric load. In
Figure 2c, the number of times that each storage unit, the upper reservoir or the hydrogen
tank, is empty throughout one year of simulations and 25-year wind data are presented.
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3.2. Cost of Water and Cost of Energy

The cost of water and the cost of energy for both HRES is presented in Figure 3.
The prices for both water and energy are higher for HFC compared to WPHS; however,
especially for the cost of water, the results for both HRES are encouraging considering
that the price of freshwater on the islands today is over 8 €/m3, and the extensive use of
underground water for agricultural purposes leads to serious environmental problems.
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3.3. Average Values and WEF Nexus

The average values for all of the results from the 25-year simulation are presented
in Table 1. The WPHS system excels both in meeting the energy and water demands
of the island, and in the final prices of water and energy. Also, in Table 1, the water–
energy–food interactions are presented. Water for food (WFF) represents the water needed
for agricultural purposes, energy for food (EFF) estimates the energy required for the
desalination of irrigation water, and water for energy (WFE) is the water used by the
pumps in the WPHS and the water that is desalinated for the electrolyzer in the HFC,
which is noticeably less. Energy for water (EFW) is the water needed for the desalination of
freshwater. Energy for energy (EFE) is the energy used by the pumps in the WPHS and the
energy used by the electrolyzer in the HFC, which is also noticeably less.
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Table 1. Average values for 25 years.

WPHS HFC

WT (%) 56.19 56.19
WPHS (%) 18.92 -
HFC (%) - 17.12
dWT (%) 74.98 74.98
irWT (%) 57.71 57.71
elWT (%) 54.09 54.09

dSTORAGE (%) 11.31 10.35
irSTORAGE (%) 24.46 22.64
elSTORAGE (%) 19.10 17.15

Cost of water (€/m3) 1.580 1.787
Cost of energy (€/kWh) 0.270 0.305

WFF (m3) 92,322 90,293
EFF (kWh/year) 540,085 528,214
WFE (m3/year) 2,597,806 926.00

EFW (kWh/year) 443,084 457,096
EFE (kWh/year) 5,151,984 148,768
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