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Abstract: This work investigates the feasibility of a renewable energy sources (RES)-based stand-alone power system for electricity supply,
to several simulated buildings, where energy is stored in a flywheel energy storage system (FESS). The system is assumed to be located
on Naxos Island, Greece, due to the island’s high wind and solar potential and was designed to cover both the load of a typical house and a
country house, where the excess electricity could be sold to the grid. An innovative storage device type, consisting of flywheels and electro-
chemical batteries, was selected as the energy buffer. The energy produced by hydrogen used in the proton electrolyte membrane (PEM) fuel
cell (FC) charges the flywheel. This apparatus is compared to diesel generators commonly used in stationary applications. Optimization of
the system, in terms of energy efficiency and economic feasibility, is also considered. The two systems were simulated using sensitivity,
optimization, and simulation modeling software, and custom calculations of both energy and finance were carried out. It was found that a one-
way grid connected project using state-of-the-art and totally green technologies, including hydrogen-fed PEM-FC and flywheels, can totally
cover the electrical demands of a typical house and country house, obtaining cost per consumed energy as low as 1.374 and 0.097 $=KWh,
respectively. These results actually indicate that hydrogen technology could be a reliable energy alternative in the near future. DOI: 10.1061/
(ASCE)EY.1943-7897.0000167. © 2014 American Society of Civil Engineers.
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Introduction

Renewable energy sources (RES) are characterized by their
unpredictable behavior, since their availability is generally driven
by local meteorological conditions. Therefore, intermediate energy
storage (buffering) is essential for continuous energy supply, espe-
cially for off-grid or one-way grid connected systems (Glasnovic
and Margeta 2010). Energy storage devices offer to hybrid systems
the stability of the supplied DC load characteristics (Niknam
et al. 2013; Wang et al. 2008; Bolund et al. 2007). Although
nonenvironmental-friendly options, such as diesel generators, are
often available (Elmitwally and Rashed 2009), the most common
currently commercially available choice is the batteries, even of
state-of-the-art technologies such as lead-acid, lithium, nickel-
based, and flow batteries (Nair and Garimella 2010). The most ad-
vanced technologies of energy storage systems are hydrogen-based
energy storage (Stamenic et al. 2012; Posso et al. 2009) and
flywheels (Niiyama et al. 2008). These are more advanced than
batteries of any type because are not plug-and-play systems. This
means that to finalize a project, which incorporates such systems,
several safety issues have to be taken into consideration by expert
teams on these establishments. Both are at an early commercial
stage and are thus characterized by high initial costs for installation

in large-scale power systems (Stamenic et al. 2012). This happens
because in large-scale power plants the increased desirable load is
essential to be supported by more expensive equipment and such an
investment might not be as profitable as in a smaller-scale system
(Ziogou et al. 2013). In Greece, the majority of the RES-relative
projects are based on a one-way grid connection (i.e., the scope
is to produce energy through RES and to sell it to the National
Power Corp., who is the owner and administrator of the national
grid). Usually, they are large-scale (higher than 50 kW) wind parks
or solar farms (Doukas et al. 2012). For the majority of cases, these
are established by European or US investors/manufacturers because
of the extremely high costs needed for such an establishment
(Kaldellis et al. 2012). For this reason, a study on small-scale proj-
ects that can stand without a grid connection can reinforce small
investors to hybrid RES projects in order to be relieved of the
national grid, which continuously raises the price per kW for
the small-scale and medium-scale consumers.

In the present study, an advanced hybrid energy storage system
is proposed and simulated. It is based on flywheels in combination
with the mature technology of electrochemical batteries. Flywheel-
based energy storage systems are modular devices containing a
flywheel stabilized by nearly frictionless magnetic bearings, inte-
grated with a generator motor and housed in a sealed vacuum en-
closure (Fig. 1). This advanced combination of two different
technologies for the development of a new battery-type storage
stack is crucial for two reasons: the successful long-time storage
of electric energy and at the same the coverage of an excessive in-
crease of the desirable load whenever it is considered as essential,
because of the operational characteristics of the two different com-
bined technologies such as the high discharge rate of flywheels.
One of the main advantages of flywheels is their lifetime because
they can be charged and discharged at high rates for many cycles
without major efficiency losses. The efficiency of flywheels is theo-
retically 92–96%, decreasing only 2–3% in an established system
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(Liu and Jiang 2007; Ruddell 2002). Moreover, the capacity of a
FESS to offer a huge variety of frequencies when connected
to an AC-bus underlines its adaptable character and allows
DC-coupled or AC-coupled to meet the demand of the established
hybrid system (Wang et al. 2008; Bolund et al. 2007). Flywheels
are considered as totally green technology because their operation
is not supported by chemicals and their raw materials are com-
pletely recyclable. However, in most applications this advanced
technology is accompanied by diesel generators (Wang et al.
2008; Leclercq et al. 2003; Davies et al. 1988), which are not con-
sidered an environmental friendly solution. The innovation in this
study is the use of flywheels in combination with hydrogen tech-
nology in an autonomous system for continuous operation, as a
backup energy system. Currently, flywheels and hydrogen technol-
ogies are not commonly used for energy storage because of their
estimated high cost, which is directly connected to storage time
(200–500$ per kW for 5–30 s and 1,000–3,000 per kW for 1 h);
however, flywheels in this range are not commercially available at
this time (Ruddell 2002; Leclercq et al. 2003; Davies et al. 1988;
US Dept. of Energy 2003).

In this study, special effort has been made for advanced tech-
nologies (such as flywheels) to be integrated in everyday systems,
thus promoting their further commercialization worldwide. For this
simulation, specific loads of a typical house and typical country
house (Prodromidis and Coutelieris 2011) were taken into account,
while Naxos Island, Greece, was assumed to be the installation lo-
cation, selected due to its high RES-potential (Prodromidis and
Coutelieris 2011). In these hybrid RES-based systems, the excess
electricity necessary to charge the flywheel is produced either by a
diesel generator or a hydrogen-fed proton electrolyte membrane
(PEM) fuel cell (FC). Moreover, in the country house scenario, the
excess electricity is sold to the Greek Public Power Corp. through a
one-way grid connection at 0.60 $=kWh, since the desirable load is
lower than that of a typical house allowing for a significant excess
of produced power, which increases the economic benefit of the
project. This extremely high selling tariff arises from the contract
being signed between the Greek authorities and the owner of a
project up to 10 kW, in accordance with Greek law. This price af-
fects the amount of money spent during the annual operation of a
hybrid system. These gains, from the selling, must be eliminated
from the annual investment and O&M costs.

The project presented here is analogous to the power plant
established at Utsira Island, Norway (Nakken et al. 2006). The
system integrated there uses wind power to produce hydrogen,
which is utilized in a PEM FC. Batteries along with a flywheel
supported by a synchronous motor are used as backup module
for the coverage of ten consumers served by the microgrid. Con-
ceptually, the main differences between the Utsira project and the
system presented here are focused on the design and the use of the
flywheels. In the Utsira project, flywheels are treated independently
of batteries to stabilize the local grid rather than to store the excess
of energy. It is also important to underline the absence of photo-
voltaic (PV) panels in the design and integration for the system
established at Utsira Island.

The initial motivation is to design and study a battery bank
with the stable operation of electrochemical batteries in combina-
tion with the high lifetime and the totally environmental friendly
character of a flywheel. This combination is considered a new
battery-type storage stack because all its parts operate as a portable
compact device. In terms of techno-economics, the basic scope of
this project is to investigate the feasibility of hydrogen usage in an
already established system and to find out the operational differ-
ences between the specific loads for a typical house and a country
house that must be covered by the same power system. Additional
information about the estimation of these loads can be found in
related literature (Prodromidis and Coutelieris 2011, 2012). Finally,
the core point to be shown by this work is whether a RES-based
totally environmental friendly system can be feasible without being
supported by a grid connection.

Theory

Technological Aspects

Technological achievements that take advantage of wind and solar
energy are generally known: PV panels transform solar radiation
into DC load and wind turbines (WT) convert kinetic wind energy
to electrical power. The total power produced by a typical PVarray
is given as (Kolhe et al. 2003; Duffie and Beckman 1980)

Psolar ¼ PSTCfder:PV

�
ḠT

ḠSTC

�
½1þ αPðTC − TC;STCÞ� ð1Þ

where PSTC is the output power of the panels in standard test
conditions, fder:PV is the derating factor, ḠT is the solar radiation
incident, ḠSTC is the radiation in standard test conditions
(1,000 W=m2), and αP is the temperature coefficient of the PV’s
power. The last brackets in the equation represent the performance
of the PV cells, influenced by the temperature, TC, to which the
photovoltaic array is exposed in real-time conditions.

The total power that can be utilized from the blowing wind
passing through a specific surface A can be calculated as (Manwell
et al. 2002; Lilienthal et al. 2004)

Pwind ¼ n0.5A2ρairu3 ð2Þ
where n is the efficiency factor; A is the swept area of the turbine’s
rotor; ρair is the air density, assumed constant; and u is the wind
velocity. It must be noted, however, that only approximately
30–40% of the total wind power can be transformed to electrical
energy at the horizontal axis turbines because of the mechanical
losses of the construction (Manwell et al. 2002).

A flywheel is usually charged by spinning its rotor to maximum
speed using the electrical power offered by a diesel generator and
the grid. In this study, this electrical power is offered by the excess

Fig. 1. Schematic diagram of typical flywheel energy storage system
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electricity, over the system demands, which is offered by the RES
technologies used and discharge occurs by slowing the spinning
mass. In accordance, the stored energy in a flywheel can be written
as (Farret and Simoes 2006)

E ¼ 1

2
Iω2 ð3Þ

where ω and I are the angular velocity of the flywheel and the rotor
inertia, respectively.

The most efficient way to increase the stored energy is to speed
up the flywheel, whose limit is generally set by the tensile strength
due to inertial loads and the materials used. This limitation can
be partially overcome by the use of composite materials with
low density and high tensile strength, which develop inertial loads
and store kinetic energy more efficiently. These special composite
materials are rare and expensive (Bolund et al. 2007; Ruddell 2002;
Kolhe et al. 2003) and thus outside the scope of this study.

Hydrogen is usually produced by electrolysis and is considered
a totally green fuel as long as the electrical input comes from truly
renewable sources as in the present simulated project. In this study,
a PEM electrolyzer is supplied excess RES-produced electricity
to produce hydrogen from plain water (Clarke et al. 2010). This
hydrogen is piped through a compressor into special tanks that
withstand high pressures. The hydrogen is then used in the fuel
cell system that directly converts the chemical energy of the feeding
fuel into electricity without Carnot limitations (Millet et al. 2011).
Due to the high conversion efficiencies and the negligible environ-
mental impact, fuel cell technology is considered a promising tech-
nology for the generation of electrical power in the near future
(Shabani and Andrews 2011). Among several types of available
fuel cells, PEM FCs, which are used in the simulated projects
of the present work, present high power densities, quick start-up
times and load characteristics, while their normal operational tem-
perature is quite low (Hamelin et al. 2001). Moreover, due to the
low space limitations usually encountered, no compressor is used
here to pressurize hydrogen because the electrical needs of the sys-
tem would be increased and this would not constitute a promising
scenario from every aspect both financially and energetically.

Economic Aspects

The economic analysis of a hybrid stand-alone system, where
flywheels are used to store energy in combination with electro-
chemical batteries, is a very important step for the commercial
use of flywheel energy storage systems (FESSs). Moreover, the
financial analysis of technologies using hydrogen and their direct
comparison with diesel generators for a stand-alone system is
essential. Note that the capital cost of a RES-based stand-alone sys-
tem is quite high, being a critical parameter for the design of such a
system. In the present study, the economic analysis is finalized by
comparing the net Present cost (NPC) of the systems (including the
cost of CO2 emissions for a system with a generator, in accordance
with the Kyoto protocol), the levelized cost of energy, and the an-
nual operating costs. The above cost metrics have to be analytically
studied in off-grid RES-based projects because each comprehends
different parameters being crucial throughout a completed financial
study, revealing the economic feasibility. The different parameters
involved in this study are presented in the equations that follow.
The NPC represents the total capital spent by the apparent investor
at the end of the project’s lifetime and is given as (Brealy and Myers
1991)

CNPC ¼ Can:tot

CRFði;Rproj:Þ
ð4Þ

where Can:tot is the total annualized costs of the system and
CRFði;Rproj:Þ is the capital recovery factor, which is obtained
by the expression (Brealy and Myers 1991)

CRFði;Rproj:Þ ¼
ið1þ iÞRproj:

ð1þ iÞRproj: − 1
ð5Þ

where Rproj: is the lifetime of the project in years, determined as
25 years in the present study, and i is the real interest rate, given
as (Brealy and Myers 1991)

i ¼ i 0 − AIR
1þ AIR

ð6Þ

where AIR is the annual inflation rate and i 0 is the nominal interest
rate. Note that the total annualized cost of a system is the sum of
total replacement, operating and maintenance costs as well as the
salvage value of each component. The replacement costs differ for
each component.

The levelized cost of energy is calculated by

COE ¼ Can:tot

LprimAC þ Lgrid;sales
ð7Þ

where LprimAC is the primary AC load of the system and Lgrid;sales is
the energy (kWh) that is sold back to grid.

Moreover, the total NPC of a system with a diesel generator is
given by

CTNPC ¼ CNPC þ Cemissions ð8Þ
where Cemissions is the total cost of the CO2 emissions in the
project’s lifetime, given as (Prodromidis and Coutelieris 2011)

Cemissions ¼ EmissionsCperton ð9Þ
where Emissions are the pollutant species from the diesel generator
(in tons) and Cperton is the cost of emissions per ton.

Simulations

The aforementioned integrated mathematical model requires
the successful selection of different variables to obtain feasible
results. The crucial parameters for the financial aspects of the
present project are the lifetime of the specific power plant Rproj: ¼
25 years, the nominal interest rate, i 0 ¼ 4%, the annual inflation
rate, A:I:R ¼ 1.6%, which is the average price according to
European Statistical Economical Data (European Union 2012),
and the cost of emitted CO2 per ton, Cperton ¼ 46.5$. The latter
is given by the Kyoto protocol. After studying the local meteoro-
logical data to identify the most appropriate RES as elsewhere pre-
sented (Prodromidis and Coutelieris 2011), the 12V DC system
was designed to satisfy the requirement of efficiency maximization.
During the system design stage, a hybrid photovoltaic-wind system
was selected to cover the desirable load. The next step was the de-
velopment of a new storage system, equivalent to a battery-type
storage unit but including flywheels (Prodromidis and Coutelieris
2012). The HOMER software (HOMER Energy Team 2013) incor-
porated the flywheels in the form of load, which must be covered in
every time step of simulation, without giving the option to use them
as energy storage devices for the excess electricity in a system. This
hybrid storage system is a combination of a flywheel, a DC-DC
converter, and an electrochemical battery [Hoppecke 3,000 Ah
(Hoppecke Power from Innovation, Germany)]. The specific type
of electrochemical battery presents a round-trip efficiency of ap-
proximately 80% and was ultimately chosen because it offers great
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capacity at an affordable price and can be combined effectively
with flywheels (Prodromidis and Coutelieris 2012). A 10-kW
high-voltage flywheel was used in this scenario. The hybrid energy
storage system’s main characteristics are the round-trip efficiency
(75.2%) and the maximum charge rate (3.926 A=Ah), which is
higher than the most powerful commercial battery (Prodromidis
and Coutelieris 2012; Perrin et al. 2006). The flywheel is perma-
nently connected to a DC-DC converter for voltage regulation

purposes between the devices (being necessary due to the DC
current and parallel connection chosen), as shown in Fig. 2. To
compare with Nakken et al. (2006), the aforementioned hybrid
backup system is the main difference to that of Utsira; in the
Norwegian power plant flywheels are not connected with the bat-
teries to operate as one compact hybrid storage system. What they
actually have done is to use the flywheel/asynchronous machine
system independently as a grid stabilizer rather than as an energy
storage system. Furthermore, solar energy is not used in Utsira
power plant; thus, a direct comparison between these projects
underlines the difference of the selected approaches.

Integration of the completed simulated systems was finalized
through the electromechanical layouts as presented in Figs. 3
and 4. The figures present hybrid RES-based systems capable of
covering the load of a typical house and a typical country house
using solar and wind energy sources. However, they present some
differences concerning the energy storage and grid connection,
as shown in Table 1. Scenario a2 uses a one-way grid connection
only for selling the excess electricity and not for covering the load
as a back-up energy source. The hybrid battery bank is charged by a
diesel internal combustion engine (Fig. 3), which could be replaced
by a fully equipped system that uses hydrogen to charge the hybrid
storage system (Fig. 4).

To construct the most environmentally friendly system, an in-
ternal combustion engine (ICE) was directly compared to hydrogen
technologies for charging the hybrid battery bank (Direct Industry
2013). This consideration allows better management of the other-
wise wasted excess electricity. It is important to note that the direct
supply of electricity from the fuel cell has not been avoided here
due to the significantly increased initial costs of a high-power
PEM-FC (Barbir 2005) because the operational and maintenance
costs of such a project based on hydrogen can fluctuate on a low
level. In the present paper, this will be analytically examined
through the simulation of different scenarios.

Besides the use of different technologies for the coverage of the
hybrid storage system, the main difference between the ICE and the
hydrogen systems as presented herein is that the hybrid storage sys-
tem of the second case (flywheel with Hoppecke battery, Fig. 4) is
not directly connected to a DC-bus, but to an inverter that provides
the load to the typical house. This is crucial to allow direct com-
parison of the ICE and hydrogen system, because the electrolyzer
load should be covered exclusively by the RES technologies. Thus,
the load from the hybrid battery bank can be used only for the needs
of the typical house and not for the electrolyzer.

All of the systems considered were assumed to utilize solar and
wind energy simultaneously while the desirable load for the charge
of the hybrid storage system is covered either by a hydrogen-fed
fuel cell or a diesel generator, for the sake of comparison. Actually,
the FESS technology incorporated here consists of a rotor sus-
pended by bearings inside a vacuum chamber to reduce friction,
connected to an electric motor that has the capability to operate
as a generator whenever it is appropriate (Bolund et al. 2007). Spec-
ifications of the simulated devices are presented in Table 2. The
devices used here, with the exception of the hydrogen-related
equipment, are as in previously presented works for Naxos Island

Fig. 2. Innovative storage system

Fig. 3. Components of hybrid system with diesel generator

Fig. 4. Components of hybrid system with hydrogen technology

Table 1. Presentation of Different Scenarios

Scenarios Load (kWh=year) Description

a1 7,775 (typical house) PV, wind, electrolyzer, hydrogen tank, PEM FC, hybrid storage system, one-way grid connection
a2 2,980 (typical country house) PV, wind, electrolyzer, hydrogen tank, PEM FC, hybrid storage system, one-way grid connection
b1 7,775 (typical house) PV, wind, diesel generator, hybrid storage system
b2 2,980 (typical country house) PV, wind, diesel generator, hybrid storage system
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(Prodromidis and Coutelieris 2011, 2012), and their efficiencies are
presented in Table 3.

Regarding the economic parameters, attention was paid to the
lifetime of each component, which does not affect the energy cal-
culations. Moreover, the electrolyzer and fuel cell do not have the
same initial and replacement costs at the end of their life, because
the parts replaced are the membranes and not the entire apparatus
(about 60% of their initial cost [30]). The lifetime of the main body
of the electrolyzer is defined as 20 years (Table 2) while the lifetime
of membranes has been estimated as 10 years. Also, the costs of the
whole hybrid storage unit (Table 2) came from the standard cost of
batteries in combination with the average price between 200 and
500 $=kW for the flywheels. For this reason, and because CO2

emissions are also included, the economic study was finalized
by custom calculations without using HOMER software. This soft-
ware was used to specify the systems’ energy calculations while the
costs were calculated separately for each component and then ap-
propriately summed to obtain the final budget. Finally, the lifetime
of each battery, converter, and flywheel was decided to be 10, 15,
and 30 years, respectively (Prodromidis and Coutelieris 2012).

Methodology

The selected technical characteristics of the apparatuses used
here are presented, as well as the methodology followed for the
energetic and financial optimization. The efficiency of inverters/
converters is typical, obtained through technical data sheets pub-
lished by their producers (California Energy Commission 2013).
The mass of the diesel consumed in the diesel generator can
be found throughout the combination of density of the diesel
fuel and the consumption of a typical diesel generator (lt=kWh)
(Cummins Power Generation 2008) and by using the higher heating
value (HHV) for diesel (44.8 MJ=kg ≈ 12.5 kWh=kg) (NIST
2011). Thus, the produced energy can be easily calculated. The
value

used for the DC electrolyzer in the present study is based on the
technical characteristics of HOGEN PEM electrolyzer, which pro-
duces 1.0 Nm3=h of hydrogen and consumes 6.6 kWh=Nm3

(73.95 kWh=kg) (Barbir 2005). Typical industrial electrolyzers
have electricity consumption in the range between 4.5 and
6.0 kWh=Nm3 (Barbir 2005), which means that efficiency varies
from 65% up to 75% (Barbir 2005). Accordingly, a value of
70% (Table 3) has been selected for the current project, being
representative for this hydrogen technology.

PEM fuel cell efficiency varies between 34% and 40%
(Wilkinson et al. 2010). The operating lifetime for the membranes
is 12,000 h before being replaced, while the rest of the device parts
(cables, gauges, metallic parts, etc.) are of endless life, i.e., their
lifetime has been set equal to the duration of the whole project
(Wilkinson et al. 2010). Finally, the efficiency of PVand wind tech-
nologies, which are used during simulations, exists in HOMER
technical libraries (http://homerenergy.com/Pre_DL.html). This
software tool uses several types of PV panels and several wind tur-
bines with specific predefined characteristics (http://homerenergy.
com/Pre_DL.html). The values used in the present study are pre-
sented in Table 3. The values used are all within the allowable
ranges with a maximum variation of �5%, which is lower than
the total error produced by the simulations carried out by HOMER;
therefore, their accuracy does not significantly affect the final
results.

Validation

To validate the process presented here, an already established
RES-based system was simulated and optimized in terms of
both energy and economics, namely HARI project, located at
Leicestershire, UK (Little et al. 2007). A detailed description of
the simulation parameters and techniques used as well as relative
discussions about the results can be found elsewhere (Prodromidis
and Coutelieris 2010). In general, excellent agreement between

Table 2. Specifications of Devices Used

Devices Capacity Capital costs Lifetime Reference

Diesel generator 1 kW 200 $ 15,000 h http://www.directindustry.com/prod/cadoppi/gasoline
-generator-sets-66301-585676.html

Electrolyzer (except membranes) 3 kW 3,200 $=kW 20 years Barbir (2005)
Membranes — 4,800 $=kW 10 years Barbir (2005)
Hybrid storage system

Flywheel 2 × 10 kW 6,500 $=unit 30 years http://epp.eurostat.ec.europa.eu/portal/page/portal/
publications/recently_publishedHoppecke battery 2 × 3,000 Ah 10 years

Hydrogen tank 40 kg 1,150 $=kg 25 years Barbir (2005)
PEM-Fuel cell (except membranes) 5 kW 4,000 $=kW Project lifetime Wilkinson et al. (2010)
Photovoltaic plus invertors 1 kW 3,000 $=kW 30 years Kolhe et al. (2003)
Wind turbine 1 × 5 kW 32,500 $=unit 15 years Duffie and Beckman (1980)

Table 3. Efficiency per Device

Device Efficiency (%) Reference

Converter/inverter ≥94 Generally known (typical)
Diesel generators ≈ 30 http://www.directindustry.com/prod/cadoppi/gasoline-generator-sets-66301-585676.html
Electrochemical battery 80 Nair and Garimella (2010)
Electrolyzer 65–75 Barbir (2005)
Flywheel 92–96 Ruddell (2002)
Hybrid storage system 75.2 Prodromidis and Coutelieris (2012)
PEM-FC 40 Wilkinson et al. (2010)
PV 13 Kolhe et al. (2003)
Wind turbine 30 (of the blowing wind energy) Duffie and Beckman (1980)
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predictions by simulations with experimental observations has been
observed, while the power of optimization was also indicated.

Results and Discussion

The proposed system (Fig. 4) was first validated against the
simulation of a power plant based on PV panels, wind turbine
and hydrogen technologies, which has already studied and installed
in Morocco (Panahandeh et al. 2011), which is the only available
system using solar and wind energy sources along with a hydrogen
and battery storage system. This validation was performed only in
terms of energy due to the limited economic data being available.
The results of the Morocco installation have been reproduced here
throughout the HOMER platform with the use of local meteoro-
logical data (World Weather Online 2013). For the given load
and the combination of equipment in the DC-coupled configuration
of the above system (Panahandeh et al. 2011) (which is compatible
with the configuration proposed here), the energy production was
found to be 22,418 kWh per year and the excess electricity
11,172 kWh per year. The above values, for the energy production
and the excess electricity, are not shown in the original cited work
(Panahandeh et al. 2011), but this does not constitute a major prob-
lem since the objective of the validation is to reconstruct an already
established system and to replace the battery-based storage system
with the innovative hybrid storage system, as in Fig. 2, in order to
evaluate the power of the proposed configuration. It was found that
the amount of energy for the uninterrupted operation of the system
is 3,060 kWh per year, which could be used to charge the storage
system. The equivalent amount of hydrogen, which could be pro-
duced by this energy excess, is 215 kg. As can be easily calculated
from the typical efficiencies for each device (Table 3), this amount
of hydrogen is produced by 10,928 kWh of excess energy, while
11,267 kWh are available. Consequently, the scenario is feasible
while the innovative configuration presented here allows for an eas-
ier manipulation of the excess electricity and for lower energy
losses. It must be noted that the amount of energy has to be supplied
from/to the energy storage bank (batteries plus hydrogen) for the
Moroccan power plant is 3,060 kWh per year while its losses equal
7,596 kWh per year, which corresponds to 67.9% of the available
energy excess, since the total input of the storage energy devices is
3,576 kWh per year (Panahandeh et al. 2011). As far as this per-
centage for the proposed system here is only 2.18% (244 kWh per

year, Fig. 4), thus underling the significant eliminations of energy
waste due to the use of the hybrid storage system in conjunction
with the innovative design used.

After validation and the discussed clear benefits of the innova-
tive system applied in an already existed power plant, the one-way
connection of the hybrid storage system to a DC-bus was consid-
ered for the present project, which will take place in Naxos Island
using different devices to satisfy the desirable loads (typical house
and country house). Since the environmentally friendly character
of the system is the major criterion to be fulfilled, a two-way grid
connection must be avoided due to the use of polluting technolo-
gies throughout the energy mixture of the country. The minimum
amount of energy that is appropriate to be stored to the hybrid stor-
age system for the continuous operation of the system was covered
by hydrogen technology (electrolysis, hydrogen storage unit, PEM
FC) or a diesel generator depending on the scenario considered,
without the use of RES components. Each scenario was divided
into sections that were simulated separately, while their energy
parts were combined to produce the final results. To further under-
stand the energy results, four different scenarios have been exam-
ined: a1 and a2 with the hydrogen technology, and b1 and b2 with
the diesel generator as shown in Figs. 3 and 4. After optimizing the
systems, in terms of energy, Fig. 5 shows that both scenarios a1 and
b1 fulfill the requirements to cover the desirable AC primary load
for a typical house (7,775 kWh=year). Fig. 6 respectively shows
that systems a2 and b2 cover the load of a typical country house
(2,980 kWh=year) by using the same established technologies as
the typical house’s load; therefore, the amount of excess electricity
produced is higher because the desirable load is lower. Note that
these specific desirable simulated loads were designed after study-
ing the electricity consumption of several appliances considered
essential for operation of a typical house and typical country house
(Prodromidis and Coutelieris 2011). The amount of energy pro-
duced by both systems is the same; however, scenarios a1 and
a2 utilize the excess load from RES-based components more effi-
ciently than scenarios b1 and b2 with the diesel generator. This
occurs because both systems use the one-way connection of the
hybrid storage system to a DC-bus; thus, in scenarios a1 and a2
hydrogen is produced by the excess electricity, but in scenarios
b1 and b2 the excess electricity is wasted. As far as diesel generator
is used in a system (scenario b1 and b2), sales to the grid are not
considered because the energy produced there is not green due to
diesel use. Scenarios a1 and a2 represented totally green energy

Fig. 5. Produced, AC-primary, and excess load for each system (load = typical house)
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production, which is only prerequisite for an energy producer
to sell electricity, as each contract between the Greek Public Power
Corp. and any individual producer, back to Greek grid. Fig. 6
also shows that scenarios a2 and b2 present the same results be-
cause the same peak load must be covered when the country house
is being used.

The results from the HOMER simulation show that the annual
electrical energy necessary to charge the hybrid storage system
(2,890 kWh=yr) can be covered either by hydrogen technologies
(a1) or by a diesel generator (b1), as depicted in Fig. 7. Only sce-
narios a1 and b1 are important since the other scenarios a2 and b2
use exactly the same technologies to cover a significantly lower
load. It is interesting to show analytically in Fig. 7 the scenarios
that use advanced technologies like hydrogen and also use a
combination of devices, which marginally cover the desirable loads
(AC primary load and hydrogen load). In the systems with the
diesel generator, it was found that 2,856 kWh=year must be pro-
vided by the diesel use for more economical results. This small
shortfall for scenario b1 to meet the storage system’s demands
(34 kWh=year) is a negligible amount (1.2%) being in the range
of experimental error. Moreover, this amount of energy in the hy-
drogen system is much larger (12%) because the benefit of selling
energy back to grid is higher than of transforming this to hydrogen
in order to precisely cover the needs of the hybrid storage device.
Besides, this percentage is smaller than the sudden increase of the

peak desirable load (15%), defined for HOMER simulation
purposes. Three steps are involved from hydrogen production to
consumption; thus, power losses increase and the electricity re-
quired to charge the hybrid storage system has to be a level higher
than in the diesel generator system. However, for the hydrogen-
based system, the appropriate H2 load that should be stored is found
to be about 202 kg=year.

The simulation results determined the average produced elec-
tricity value per hour per month and this value represents a percent-
age of the total production, which can be used to predict the amount
of excess electricity stored in the hybrid storage system. The energy
produced can be transformed to hydrogen stored through the
following approach: the energy needed to produce the total mass
of hydrogen stored (kg) is the summation over 1 year of the energy
produced at each month times the total energy that enters the hybrid
storage system during the same month over the total energy
produced. This amount must be finally multiplied by an efficiency
factor defined by the rated consumption of a fuel cell over the rated
power produced by this cell. For a typical PEM FC, the annual
amount of hydrogen need for the specific load considered here
is 202 kg H2 [for a PEM FC: 0.035061 kgH2=h correspond to
0.5 kWh (Yilanci et al. 2008)]. Although HOMER is widely
accepted in the relative scientific community (Bernal-Agustin and
Dufo-Lopez 2009), the finalization of the whole project with this
tool has been roughly satisfied because of the internal limitations

Fig. 6. Produced, AC-primary, and excess load for each system (load = typical country house)

Fig. 7. Desirable annual electrical energy of hybrid storage system using a flywheel with a Hoppecke 3 kAh battery
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(especially in terms of economics) for the overall simulation of
each power system. Therefore, exact results have to be carried
out through external custom calculations.

Another factor considered when comparing the two systems is
emission reduction. The results of comparing the different scenar-
ios for emissions are presented in Fig. 8. Scenarios a1 and a2
present zero emissions; thus, hydrogen technologies seem to be
the most preferable. Scenarios b1 and b2 emit large quantities
of CO2 into the environment due to diesel consumption.

The final step of this study is to compare the scenarios in terms
of economy. Emission costs as specified by the Kyoto protocol
were taken into account to determine how the costs of the diesel
generator system (scenarios b1 and b2) increase through time.
The preferred power system would be that with the lowest initial
and NPC costs. Fig. 9 shows that the capital costs of the established
hydrogen technologies (scenarios a1 and a2) are higher than those
of the conventional diesel generator (scenarios b1 and b2). How-
ever, the same results are not observed in terms of NPC in any of
this study’s scenarios. Scenario a2, which incorporates hydrogen
technology and covers the load of a typical country house, is
capable of minimizing NPC by selling excess electricity to the grid,
because the total load is smaller than in scenarios a1 and b1. These
estimates depend upon the project’s lifetime, which in the present
study is considered constant (25 years). Fig. 9 shows that the initial
cost of a system using hydrogen technologies is 65% higher than
one using more conventional technologies. On the contrary, the
NPC for scenario incorporating hydrogen technology is 72% lower
than that of more conventional technologies. This increases as the

excess electricity not used by the typical country house in one year
is sold to the grid.

The levelized cost of energy (Fig. 10) and annual operating costs
(Fig. 11) represent the economic feasibility of each system. The
behavior of Eq. (7) is depicted in Fig. 10. The results for hydrogen
technologies presented in this figure are very optimistic, although
the NPC values of system a1 are rather higher than those of system
a2, which covers the typical country house’s load and gives excess
electricity back to the grid. Accordingly, system a2 presents an 88%
lower energy cost than system b1, a result that sounds feasible.
The same comparison also applies to scenarios a2 and b2 for the
same load coverage, where the system with hydrogen technology
(a2) appears to be more economic for the given energy production.
This discrepancy of the energy costs between systems a2 and b2
increases from the previously mentioned 88% to 95%. The cost
per kWh in a2 is 0.097 $=kWh and is directly comparable that
of the Public Power Corp. (0.10 $=kWh). Therefore, the economic
aspects of this design also encourage the use of advanced technol-
ogies rather than conventional ones.

Further economic results are presented in Fig. 11, where the
annual operating costs are 8.2% lower in scenario a1 than in
scenario b1 while system a2 provides a substantial annual return.
The impressive result is that in scenario a2, the amount
of −5,192 $=year is the clear benefit of an investor after the
coverage of the operating costs. Presently, diesel generator
systems appear the most economically feasible, and only in some
specific circumstances specifically, when the desirable load fluc-
tuates in a low-level hydrogen technology is used in totally green
power plants.

Fig. 8. Comparison of emissions per scenario; emissions for scenarios
a1 and a2 are zero and emissions for scenarios b1 and b2 are identical

Fig. 9. Initial costs and NPC for scenarios

Fig. 10. Levelized cost of energy of each system

Fig. 11. Operating costs for each system
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Conclusion

In this present study, four different RES-based scenarios were
simulated for an off-grid power plant, assumed to be located on
Naxos Island, Greece. The innovation of this project is the use
of nonconventional technologies (namely, flywheels and hydrogen)
for energy storage/buffering in conjunction with RES systems for
electricity production. Although the combined use of hydrogen
with flywheels has already been presented elsewhere (Prodromidis
and Coutelieris 2012), the ecofriendly character and the stable op-
eration throughout a typical year for such a system was under ques-
tion. Furthermore, the proposed solutions were compared with the
alternative of supporting the hybrid system with a diesel generator.
Simulations were carried out using a modified calculation tool
incorporating HOMER software and custom calculations. The
use of flywheels in combination with batteries and hydrogen tech-
nologies is found to be feasible, as the simulations show that all the
hybrid systems can satisfy the desirable loads for both a typical
house and typical country house. The system comprising flywheels
and hydrogen was founded competitive against well-established
technologies like batteries, while it can be considered as unique
solution through the years for some specific cases such as scenario
a2. This is further strengthened by the totally green character of the
system, which has zero CO2 emissions. Finally, this study indicates
that flywheel systems and hydrogen technologies can be both
considered as alternative back-up energy options, at least for
low-budget investments.

Notation

The following symbols are used in this paper:
A = surface area (m2);

AIR = annual inflation rate;
C = costs ($);

COE = levelized cost of energy ($=kWh);
CRF = capital recovery factor;

E = energy (J);
Emissions = amount of emissions (kg);

F = photovoltaic factor;
Ḡ = solar radiation (W=m2);
I = inertia of the flywheel’s rotor (kgm2);
i = real interest rate;
i 0 = nominal interest rate;
L = load (kWh);
P = power (W);
R = lifetime (years);
T = temperature (°C);
u = velocity (m=s);
X = distance (m);
α = temperature coefficient (%=°C);
ρ = density (kg=m3); and
ω = angular flywheel’s speed (rad=s).

Subscripts

air = atmospheric air;
an.tot = total annualized;

C = photovoltaic cell;
der.PV = photovoltaic derating factor;

emissions = pollutant emissions;
grid,sales = energy (kWh) sold back to grid;

NPC = net present cost;
P = power;

perton = per ton;

primAC = covered primary AC load;
proj. = simulated project;
solar = sun as source;
STC = standard test conditions;

T = temperature;
TNPC = total net present cost; and
wind = blowing wind as source.
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