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a  b  s  t  r  a  c  t

The  design  of  the  automation  system  and  the  implemented  operation  control  strategy  in a  stand-alone
power  system  in  Greece  are  fully  analyzed  in the present  study.  A photovoltaic  array  and  three  wind
generators  serve  as the  system  main  power  sources  and  meet  a predefined  load  demand.  A lead-acid
accumulator  is used  to  compensate  the  inherent  power  fluctuations  (excess  or shortage)  and  to  regulate
the overall  system  operation,  based  on  a developed  power  management  strategy.  Hydrogen  is  produced
by  using  system  excess  power  in  a proton  exchange  membrane  (PEM)  electrolyzer  and  is further  stored  in
pressurized  cylinders  for subsequent  use  in  a PEM  fuel  cell  in  cases  of power  shortage.  A diesel  generator
complements  the  integrated  system  and  is employed  only  in  emergency  cases,  such  as  subsystems  failure.
The performance  of the  automatic  control  system  is evaluated  through  the  real-time  operation  of  the
power system  where  data  from  the  various  subsystems  are  recorded  and  analyzed  using a  supervised  data
ower management strategy
uel cell

acquisition  unit.  Various  network  protocols  were  used  to integrate  the  system  devices  into  one  central
control  system  managing  in  this  way  to  compensate  for  the  differences  between  chemical  and  electrical
subunits.  One  of  the  main  advantages  is  the  ability  of  process  monitoring  from  distance  where  users
can  perform  changes  to  system  principal  variables.  Furthermore,  the  performance  of  the  implemented
power  management  strategy  is  evaluated  through  simulated  scenarios  by  including  a  case  study  analysis
on system  abilities  to  meet  higher  than  expected  electrical  load  demands.
. Introduction

Greenhouse gas emissions (mainly CO2, NOx and CH4) are
he main contributors to global warming and are also related to
he excessive usage of fossil fuels that meet the world’s energy
emands, from simple daily domestic needs up to heavy indus-
rial applications. In order to prevent the aggravation of detrimental
ffects, environmental friendly solutions have to be proposed and
pplied. These solutions should focus on the elimination, or at least
inimization, of carbon based fuels and should develop a both

fficient and cost-effective, application that could replace conven-
ional power production processes.

Stand-alone power systems based on renewable energy sources

RES), could offer off-grid power supply for the electrification of
emote areas that are not connected to the main grid, the powering
f telecommunication stations and the desalination of water; pro-
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cesses that require significant amounts of energy. Such integrated
systems usually comprise a power production unit based on RES,
complemented by short- and long-term energy storage units.

The rate of development and application of stand-alone power
systems has increased significantly over the past few years. Starting
from simple applications back in the 1990s with the exploitation of
solar systems [1,2], the research society has moved to more compli-
cated systems with the introduction of short-term and long-term
energy storage units [3–5] that aim to the efficient and cost-
effective operation accounting also for the variations in regional
weather data. The analysis of such complicated and demanding sys-
tems has sparked the interest of theoretical studies that focus on the
integration of the various units through overall power management
strategies [6–10]. Design analysis based on the economic evalua-
tion of the involved subsystems has also been another research
area that is constantly developing [11–13] and lies on the optimal

selection of system sizes and configurations. However, real-time
operation of stand-alone power systems as implemented by the
automation infrastructure and its mathematical modeling back-
ground, has received limited attention in literature. Most studies

dx.doi.org/10.1016/j.jpowsour.2011.07.029
http://www.sciencedirect.com/science/journal/03787753
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ocused on the description of individual subsystems along with
heir electronic parts [14–18],  while other studies that describe the
tand-alone power system as an entity, failed to address the impor-
ant details and features regarding unit integration, their auxiliaries
ection (converters, inverters, etc.) and their overall operation. One
f the few concrete studies over this research area is found in [5],
here a quite sufficient approach for the description of the convert-

rs used in stand-alone power systems was presented, along with
 brief analysis on their capacity and ability to deliver the amount
f energy needed. Roncero-Sánchez et al. [19] also described the
se of PWM  (pulse-width modulation) converters for the connec-
ion of wind generators to the main grid. The characteristics of
he electronic parts gave rise to the design of state-feedback con-
rollers that can be used for current control. Despite the importance
f system integration under well-designed converters, one of the
ital parts for a reliable system operation is the data acquisition
ystem. Agbossou et al. [20] and Little et al. [21] presented the
rchitecture of an automatic operation that has been applied in two
imilar hydrogen-based systems utilizing solar and wind energy. All
ecessary connections were sufficiently described in conjunction
ith the monitoring system, but the applied power management

trategy was limited shown. Koutroulis and Kalaitzakis [22] devel-
ped an integrated computer-based data-acquisition system for
ES plants and the proposed method was based on an easy-to-
se graphical environment, for processing, displaying and storing
he collected data. In their study, they proposed the remote-user
peration that is essential in autonomous applications.

The aim of this paper is to present a complete study that focuses
n the automation system design and its implementation in a
tand-alone power system located at Neo-Olvio, Xanthi, Greece [6].
he main challenge in such complicated systems is the successful
ntegration of the involved units. All different devices are integrated
nto one central control unit and based on their communication
rotocols an overall Supervisory Control and Data Acquisition Sys-
em is developed. A user friendly-environment is also proposed
n order to allow for remote operation and system monitoring.
long with the analysis of the control architecture and the inte-
rated infrastructure an algorithm (power management strategy)
as been developed for the efficient operation of the system. The
lgorithm performance is assessed through a simulated scenario
t three different load demand levels. The objective of the the-
retical simulation analysis is (i) to calculate the contribution of
he subsystems towards a reliable system operation, (ii) to identify
esign modifications needed for the protection of the subsystems
rom excessive utilization that can limit their operating lifetime
nd (iii) to maintain the eco-friendly character of the application
hrough the implementation of the control strategy. Such an anal-
sis is considered as a necessary step prior to scale-up attempts
nd consistent with the operation planning of stand-alone power
ystems.

. Description of the main units in the stand-alone power
ystem

The stand-alone power system under consideration consists of
everal subsystems that contribute with different levels towards
eeting a load demand. A photovoltaic system (PV) consisted of

44 photovoltaic panels, each one rated at 69.4 Wp results in a total
nstalled capacity of 10 kWp with an overall average efficiency of
0%. Three wind generators rated at 1 kWp each, are also installed
nd contribute to the wind energy exploitation. The energy stor-

ge system comprises short-term and long-term storage units. The
hort-term power needs (in a time scale of minutes up to a few
econds) are satisfied through parallel strings of lead/acid cells of
imilar capacity, contributing to an overall accumulator of 3000 Ah
urces 196 (2011) 9488– 9499 9489

(4 × 750 Ah). Each accumulator bank consists of 24 cells connected
in series, with a nominal voltage of 2 V each, thus providing a nom-
inal DC-bus voltage of 48 V. The accumulator is a critical element
for the efficient operation of the autonomous energy supply sys-
tem as it regulates the power flow in the system. The long-term
power needs are met  by a hydrogen-based system that is consisted
of a PEM electrolyzer, a hydrogen storage unit and a PEM fuel cell.
The PEM electrolyzer is supplied with pure water at the anode and
through the utilization of electrical power, hydrogen is produced
at the cathode. The minimum and maximum power levels that the
electrolyzer is allowed to operate as set by the manufacturer are
1.05 kW (Pmin,elec) and 4.2 kW (Pmax,elec), corresponding to 25% and
100% of the nominal power, respectively. The produced hydrogen is
initially stored in buffer tanks until the pressure inside these tanks
reaches a preset limit of 7 barg. At that point, a hydrogen com-
pressor raises the gas pressure to the final storage pressure levels
ranging between 15 and 30 barg. In this way, the buffer tank serves
as a regulatory unit to compensate for fluctuations in the hydro-
gen production rate and also allows for significant energy savings
[6,7]. The capacity of the final hydrogen storage system is 1 m3/at
30 bar which is equivalent to around 35 kWh. The stored hydro-
gen is utilized during periods of power deficit in the autonomous
system in a PEM fuel cell, rated at 4 kWp. Hydrogen is supplied at
the anode whereas air is supplied at the cathode. The produced
water is collected and stored in a tank to be subsequently utilized
in the electrolyzer so that a self-sustain closed loop system in water
is maintained. Strict water quality specifications apply and there-
fore a water monitoring and conditioning unit is installed. In case
the stored hydrogen is not sufficient to meet the system power
deficit, an installed diesel generator provides the necessary power
to the system, but is mainly considered as a back-up emergency
unit. The system components are connected through multiple rel-
evant converters of each kind, DC/DC (PV array, fuel cell), AC/DC
(wind generators, electrolyzer, diesel generator), to the accumula-
tor which forms the DC bus. There the energy is either stored by the
charging sources (fuel cell, diesel generator, PV array, wind genera-
tors) or consumed by supplying the internal (electrolyzer, auxiliary
units) and external load. A schematic of the installed componets
and their interconnections is shown in Fig. 1. Information on the
flow of energy (both chemical and electrical) via the subsystems is
also provided. At this point it is highlighted that the sizing of each
subsystem was  based on the approach of Zhou et al. [13] and for
the short-term energy storage system (accumulator) a prerequi-
site that was applied referred to an overall autonomy of 1–1.5 days
during the worst case scenario.

3. Integrated infrastructure and implementation of the
control system

Designing flexible control architecture is one of the key factors
to enable interoperability, extensibility and automated operation
of an autonomous power system. Furthermore, there is a need to
integrate different devices into one central control system. The
choice of the communication protocol is dictated by each device
manufacturer and as a result, various network protocols are imple-
mented in the stand-alone power system at Neo Olvio. These
devices use common or industrial communication protocols such
as RS-232C, Ethernet or Controlled Area Network (CAN). Also in
order to transmit data from the site to a central master control
unit, which is a Supervisory Control And Data Acquisition (SCADA)
system, a distributed Profibus network is used. The fuel cell, the

electrolyzer and the DC/DC converter use CAN protocol to com-
municate with the SCADA system, whereas the DC/AC inverters
use common serial protocols which are converted through a serial
bridge server into TCP/IP (Transmission Control Program/Internet



9490 C. Ziogou et al. / Journal of Power Sources 196 (2011) 9488– 9499

Fig. 1. Schematic of the stand-alone power system located at Neo Olvio, Xanthi, Greece.
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Fig. 2. Schematic representation 

rotocol) packets. All these different protocols are translated to an
PC (Ole Process Control)-based format due to homogeneity rea-

ons. The implementation of such architecture creates a uniform
entralized environment for the SCADA system, which is designed
o collect and distribute system real-time data with flexibility and
calability. The schematic representation and the interconnection
f the communication devices are presented in Fig. 2 [23].

One advantage of the stand-alone power system is the fact that
ts operation can be monitored remotely using standard browser-

ased technology. The user can make changes of key variables, such
s the power supply level of the PEM electrolyzer or the current
rawn from the PEM fuel cell, and monitor the system response. The
ata from the system operation are stored in an archiving system
 automation system architecture.

for easy retrieval by an authorized user and subsequent processing.
Figs. 3 and 4 show screenshots of the graphical user interface of the
integrated system in operation where real-time data are shown as
graphical shapes over a static background. In Fig. 3 the overall elec-
tric energy flow is shown along with the interconnections of each
subsystem to the main DC bus-bar. This primary interface shows a
representation of the system in graphical form. On the left side of
the interface the subsystems that produce power are shown (PV-
array, wind generators (WG), diesel generator (BPU) and fuel cell),

while on the right side the subsystems that require power (aux-
iliaries, load utilities and electrolyzer) are also monitored. In the
middle part the accumulator (BAT) and the storage of hydrogen
and water are presented. The flow diagram of the electrochemical
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Fig. 3. SCADA system general layout (electrical system).

Fig. 4. SCADA system general layout (chemical system).
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ubsystem is presented in Fig. 4 and it consists of the electrolyzer
HY/ZR R-101), the compressor (P-83), the storage units (V-83 and
-84) and the fuel cell (FC R-201). Other subunits include water
torage (V-21) and dehydrators (V-82). As can be seen, the fuel cell
s in actual operation and 1.18 kW are being produced. The devel-
ped interface has an activated navigation and reporting features
hat enable the user to supervise the state of the overall system and
ecide for the subsystem operating pattern.

The utilization of the aforementioned architecture enables the
tudy of the effects that the selected power management (or oper-
tion) strategy has to the system performance and also provides
he ability to test and implement flexible automated algorithms of
lternative strategies. The power management strategy relies on
he estimation of the accumulator State-of-Charge (SOC). Thus, the
OC is the key system control variable that is maintained within
pecified upper and lower bounds. The SOC of the accumulator is
alculated as:

OC(t2) = SOC(t1) · �ac + Iac · �ac · (t2 − t1) (1)

here �ac is the self-discharging rate of the accumulator (%), �ac

s an efficiency factor with a value around 95%, Iac is the operation
urrent (A), and ti is the time interval (h), for i = 1, 2, . . .,  n.

The SOC of the accumulator is a variable that can be esti-
ated indirectly during the operation of the system, based mainly

n voltage measurements [24–26].  Usually, specific accumulator
xperiments are performed and based on I–V measurements dur-
ng charging and discharging cycles, an equation that relates the
oltage with the accumulator’s SOC can be derived and is unique
or the type of the accumulator used. The desired accumulator SOC
ange for the reliable power flow in the system is easily related to
oltage operating conditions. Operation within such a SOC range
nsures that the accumulator can anticipate power fluctuations
rom the power generation units successfully. If SOC moves outside
he desired range the system initiates the appropriate procedure
n order to fulfill the electrical load demand. Therefore, the elec-
rolyzer system is used when there is an excess of power and the
OC (or accumulator voltage) is above the maximum level, while
n cases of power shortage, the system uses the stored hydrogen in
rder to meet the load demand through the operation of the fuel
ell and SOC level is below a minimum value. Fig. 5 presents the
owchart of the implemented control algorithm [6].

Power deviations from the load demand are defined as (accord-
ngly the energy deviations form the same equation with energy
ariable instead of power):

 = PRES − PLOAD, (2)

here P is the power excess or shortage (W), PRES is the power sup-
ly by the renewable energy sources (PV array and wind generators)
W)  and PLOAD is the load demand (W).

The power management strategy was developed based on the
oncept of Hierarchical Control Theory, which is mainly applied
n electrical integrated systems and dictate the operation of the
nvolved subsystems based on a predefined hierarchy made on the
ecision flow [27]. The basic steps presented in Fig. 5 are described

n detail in Section 5.

. Experimental results from the operation of the
ubsystems

In this section, the operating results for the main subsystems of
he stand-alone power system are presented in order to evaluate

heir performance, as well as, the applicability of the automa-
ion architecture. All subsystems in the stand-alone power system
re operating continuously and according to the operating policy
epicted in Fig. 5. For the current study though, the main objective,
Fig. 5. Control algorithm flowchart of the autonomous operation.

as far as the sensitive subunits of the PEM electrolyzer and PEM
fuel cell are of concern, is the evaluation of their start-up and shut-
down dynamics and thus, these subsystems are tested separately
(including the storage units) in the system with the help of an oper-
ator, either from a distance or on site. With such a dynamic testing,
the performance of the installed power electronic converters can
simultaneously be evaluated so as to minimize any potential faults.

4.1. Photovoltaic and wind generators systems

Fig. 6 shows the power output from the PV-system and the wind
generators, as well as the utilities load power demand for a period
of two-weeks in March 2011. The recorded maximum power levels

are 7.1 kWp for the PV system and 2.2 kWp for the wind genera-
tors, whereas the minimum and maximum power levels are 0.5
and 2.2 kWp for the load utilities, respectively. As it can be seen,
the output power of the wind generators is rather low due to the
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Fig. 6. Power levels of the PV-system, wind generators and load utilities over a
period of two weeks.
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Fig. 8. Operating voltage of the lead-acid accumulator over a period of two  weeks.
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Fig. 9. Operating power of the diesel generator over a period of two weeks.
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ig. 7. Operating current of the lead-acid accumulator over a period of two weeks.

ow local wind speeds at that time period, meaning that the load
emand (utilities) was mainly met  by the PV-system. In general,
ower deficit was exhibited in 71% of the time during the two weeks
ime period that was covered by the short-term storage unit of the
ccumulator that follows in the analysis.

.2. Lead-acid accumulator

Fig. 7 shows the operating current of the lead-acid accumulator
uring the same time period. Negative values of current indicate
ischarging and positive values indicate charging of the accumula-
or. During this period time, when the PV-system provides enough
ower for the stand-alone power system to operate, excess power

s available for charging the accumulator and consequently its oper-
ting voltage is increased (Fig. 8). After sunset, shortage of power
sually exists and the accumulator is discharged to meet the system
nergy needs with a subsequent voltage reduction. An operation
onstraint that is imposed to the accumulator operation refers to
he lower allowable limit of 48.2 V (corresponds to a SOC of 75–80%)
hat should not be surpassed. In such a case the diesel generator is
onnected to the DC-bus bar and sets to operation until the accu-
ulator reaches a voltage level of 55 V. The inverter/charger scans

he accumulator records and initiates the diesel operation. Fig. 8

hows the two time instances during the two-week time period
hat the accumulator reached its lower limits and forced the diesel
enerator to start operating (Fig. 9).
Fig. 10. Power level of the PEM electrolyzer operation.

4.3. PEM electrolyzer, PEM fuel cell and hydrogen storage unit

In a representative experiment, the operation of the electrolyzer
was  recorded and Fig. 10 shows the power levels during the time of

operation. As it can be seen, the power levels of the electrolyzer are
ranging satisfactory between the allowable limits of 1.05–4.2 kW.
Only for a few minutes at the beginning of hydrogen production,
the electrolyzer is recorded to operate at a lower level (around the
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Fig. 11. Storage pressure during the PEM electrolyzer operation.
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Fig. 12. Output power from the PEM fuel cell.
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The introduction of the hysteresis band in the boundary lim-
its of the SOC of the accumulator can also be seen in Fig. 5.
This zone provides larger flexibility in the operation of the
0% of its nominal power), which is considered as a normal case at
he start-up operation time of this subsystem.

Fig. 11 shows the pressure in the hydrogen storage system,
hich is filled with hydrogen during the electrolyzer operation.

he produced hydrogen is temporarily stored in the buffer tanks
ntil the pressure inside these tanks reaches the limit of 5.5 barg.
hen the compressor is used to further raise the pressure of hydro-
en to the main storage tanks. An important issue in hydrogen
torage systems is the constant monitoring on the buffer tanks pres-
ure in order to avoid exceeding the maximum operating pressure
imit.

A similar test experiment was also conducted for the analysis of
he PEM fuel cell operation. As it can be seen from Fig. 12,  the PEM
uel cell was tested for various levels of output power ranging from
.6 kW to 3.8 kW which corresponds to a range of about 7 lt min−1

o 43 lt min−1 of hydrogen consumption, respectively. The storage
ressure during the operation of the fuel cell is shown in Fig. 13,
here its constant decrease due to the continuous hydrogen con-

umption can be observed. When the hydrogen inventory reaches
he low operational pressure limit of 7 barg, the diesel generator
s specified to be set to operation in order to provide power to the
ystem instead of the fuel cell.
Fig. 13. Storage pressure during the PEM fuel cell operation.

5. One year simulation study

5.1. Description of the main power management strategy

In previous works [6,7], mathematical models for describing the
subsystems (Fig. 1) operating feautures have been developed. Based
on the analysis of various power management strategies [6,7], the
operating strategy depicted in the flowchart of Fig. 5 was selected
and for the present work is utilized and enhanced by including the
diesel generator and compressor operation in the respective cal-
culations. The main objective of the simulation study is to analyze
and report the contribution of every subsystem in meeting three
different constant load demands. Based on the simulation results,
the subsystems which are affected more by this change of the load
demand are identified and subsequently certain design modifica-
tions in the stand-alone power system could be proposed in order
to apply an efficient operation without driving the subsystems to
excessive use. Subsystems that operate less than expected could
be down-scaled or even removed from the system, whereas oth-
ers that contribute more than initially expected could be expanded
in cases of a scale-up. Moreover, in order to minimize the environ-
mental effect of the stand-alone power system, the diesel generator
operation should be as minimal as possible. It is noted that the
algorithm used in the simulation studies is the one presented in
Fig. 5 where based on the calculation of power deficit or surplus
and according to the SOC of the accumulator, certain decisions that
dictate the operation of each subsystem are taken. Moreover, since
the hydrogen storage system capacity is considered low for the real
system a higher capacity value is used for the simulation studies.
Fig. 14 presents the main details of the implemented power man-
agement strategy followed by an analysis on the various cases and
on the importance of the hysteresis band zone as is included in
Fig. 5.

The hysteresis band zone is defined as the acceptable band in
the vicinity of minimum and maximum SOC limits that can allow:

• The accumulator to continue its operation (charging) beyond the
maximum SOC limit (SOCmax charge).

• The PEM electrolyzer to continue its operation by using power
provided by the accumulator until SOCelec.

• The PEM fuel cell to continue its operation until SOCfc.
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Fig. 14. Power management strategy for the stand-alone power system (- - -: operating according to SOC and power (P) values, —: always operating).

Table 1
Values of variables used in the simulation studies.

Hysteresis band zone limits (SOCnom = 100% is the accumulator
SOC when fully charged)

SOCmax charge = SOCmax + 3%·SOCnom

SOCfc = SOCmin + 3%·SOCnom

SOCelec = SOCmax − 3%·SOCnom

SOCmin 80%
SOCmax 90%
SOCinitial 92%
Load 1–1.5–2 kW
Fuel cell output power Equal to the load demand
Diesel generator output power Equal to the load demand
Minimum operating power level of the electrolyzer, Pmin,elec 1.05 kW
Maximum operating power level of the electrolyzer, Pmax,elec 4.2 kW
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(

Initial hydrogen inventory 200 N m (a
Initial storage pressure 7 barg
Maximum storage pressure 100 barg

lectrolyzer, the fuel cell and the accumulator. In this way, the
nits can be protected from heavy and unnecessary utilization
r irregular operation (reduction of frequent start-ups and shut-
owns) [6].  Specifically, the addressed power management strategy
acilitates the prolonged electrolyzer operation when conditions
n the system impose the initiation of an electrolyzer operating
ession. It also maintains a smoother operation regardless of the
nstantaneous variations in the RES power production as long as
OC > SOCelec. Similarly, the fuel cell follows a more efficient oper-
ting pattern with the use of the hysteresis band, as it is prevented
rom frequent start-ups and shut-downs in its operation when SOC
s below or close to SOCmin. All decisions taken and implemented in
he power management strategy are presented below and detailed
nformation on the developed algorithm through logical block dia-
rams can be found in [7].

For P ≤ 0 (power deficit)

(i) Case 1: (SOC ≤ SOCmin): the accumulator is prevented from fur-
ther discharging and the fuel cell is employed to provide the
necessary power to meet the power deficit. In case the out-
put power of the fuel cell is higher than the power deficit, this
excess power is utilized to charge the accumulator. In case of a
hydrogen deficit, the diesel generator operates in the place of
the fuel cell as an emergency back-up unit.

(ii) Case 2: (SOCmin < SOC < SOCfc): if the fuel cell is in operation,
then it continues to operate until the SOC reaches the limit of

SOCfc. In case the fuel cell is not in operation or the hydrogen
levels are below a critical level to support the fuel cell oper-
ation, then the accumulator discharges to satisfy the power
deficit.
he 15% of the maximum capacity of the pressurized tanks equivalent to 300 kWh)

(iii) Case 3: (SOCfc ≤ SOC): The accumulator discharges to provide
the power deficit to the system.

For P > 0 (excess power)

(i) Case 1: (SOCmax charge < SOC and P > Pmax,elec): the electrolyzer
is utilized at its nominal power level and the excess power
P-Pmax,elec is dumped.

(ii) Case 2: (SOCmax < SOC < SOCmax charge and P > Pmax,elec): the elec-
trolyzer operates at a power equal to Pmax,elec and the excess
power P − Pmax,elec is used to charge the accumulator without
exceeding the SOCmax charge limit.

iii) Case 3: (SOCmax < SOC and P < Pmin,elec): the accumulator pro-
vides the power deficit of P − Pmin,elec in order to support the
electrolyzer operation at its minimum power level.

(iv) Case 4: (SOCmax < SOC and Pmin,elec ≤ P ≤ Pmax,elec): the RES fully
and independently support the operation of the electrolyzer.

(v) Case 5: (SOCelec < SOC < SOCmax): if the electrolyzer is in opera-
tion, it continues to operate, while the accumulator operates
according to the cases 1–4.

(vi) Case 6: (SOC ≤ SOCelec): the lead-acid accumulator is charged
by the available power from the RES.

In every sampling time period during the simulation (regardless
of the power excess or shortage), the storage pressure of the buffer
tanks is monitored. In case it exceeds the limit of 7 barg, the com-

pressor starts to operate in order to fill the final storage tanks. The
power demand of the compressor is provided solely by the accu-
mulator. The values for the variables of Table 1 were used in the
simulation studies.
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Table 2
Average values per period for solar irradiation, air temperature and wind speed for
each time period.

January–April May–August September–December

G (W m−2) 119.6 224.8 103.8
T  (◦C) 10.6 25.3 17.6
vwind (m s−1) 1.05 0.8 1.04

Table 3
Average (per period) net total energy (kWh) for each time period for three case
studies of load demand.

Load demand January–April May–August September–December Overall

1 kW 5.13 34.2 −1.43 37.88
1.5  kW −11.3 17.3 −18.14 −12.12
2  kW −27.75 0.47 −34.84 −62.12

Table 4
Percentage of time (%) referring to the different SOC cases during the simulated
period of one year for the three case studies of load demand.

Load
demand

% time being at
SOC < SOCmin

% time being at
SOCmin ≤ SOC ≤ SOCmax

% time being at
SOC > SOCmin

Sum

1 kW 11.78 68.21 20.01 100
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Table 5
Total hydrogen production, consumption and average inventory over a one-year
period for the three case studies of load demand.

Load demand H2, production,
N m3

H2, consumption,

N m3
H2, avg.inventory,

N m3

1 kW 684.8 497.1 328.8
1.5  kW 389.3 389.9 96.5
2 kW 250.5 250.1 73.1

9000750060004500300015000
0

150

300

450

600

750  Load Demand at 2kW
 Load Demand at 1.5kW
 Load Demand at 1kW

H
yd

ro
ge

n 
St

or
ed

, N
m

3
Time, h
1.5  kW 31.26 55.65 13.09 100
2  kW 44.73 45.83 9.44 100

.2. Load demand variations

The simulation time step is selected to be 1 h which is suitable for
epresenting the variation in the wind and solar energy for a one-
ear operation (8760 h). The employed mathematical models have
een taken by [7] and are used in the present study. The input mete-
rological data during the given one year operation for the region
f Neo Olvio, Xanthi have been collected and Table 2 presents the
verage values for the solar irradiation (G, W m−2), air tempera-
ure (T, ◦C) and wind speed (vwind, m s−1) for each time period (four

onths).
Based on the system input data and according to the overall

ystem mathematical model, the PV-array contribute 90.5% of the
otal produced power with the rest produced by the three wind
enerators system. To this end, the PV-array is considered as the
ain contributor to the power production in the system, since the

egional wind speeds are too low for the wind generators to operate
ontinuously.

Table 3 presents the average values of the net total energy,
 = ERES − ELOAD (similar as to Eq. (2) that referred to the net power),
or the stand-alone power system in terms of energy excess (pos-
tive values) and energy shortage (negative values) for each time
eriod of four months during a year of operation. As it can be seen,
nly during the summer period an energy excess is observed in the
ystem for all cases of load demand, while during the remaining
ime of year a shortage of energy is observed, as the load demand
s increased.

As it can be inferred, the increase in the energy deficit and the
ecrease in the energy excess as the load demand increases, is
xpected to be clearly depicted in the operation pattern of the accu-
ulator and consequently, of the interconnected subsystems. The

ercentage of time (%) during the simulated year that represents the
OC operational behaviour is shown in Table 4. As it can be seen, the
vailable time (SOC > SOCmax) for the electrolyzer operation is sig-
ificantly reduced as load demand levels increase, with detrimental
ffects on hydrogen inventory. Also, the fuel cell consumes more

nd more hydrogen, due to the increase of time that SOC is below
OCmin. Fig. 15 depicts the hydrogen inventory during the one-year
eriod of operation, which further explains the performance of the
tand-alone power system based on the values of Tables 3 and 4.
Fig. 15. Hydrogen inventory during the one-year period of operation for the three
case studies of load demand.

In the case of the 1 kW load demand, there exists an increase in
the hydrogen inventory, especially during the period May–August,
where high renewable power production levels exist and the elec-
trolyzer operates more frequently. During the remaining time of
the year, due to the fact that a deficit of energy exists, the contin-
uous fuel cell operation reduces the hydrogen inventory. Similar
results are also recorded for the case of the 1.5 kW load demand, but
with quite lower rates of increase during the respective period of
May–August, whereas near the end of the year the hydrogen inven-
tory is decreased up to its minimum operation levels. In the case
of the 2 kW load demand the increase in the hydrogen inventory
in the period of May–August is much lower (practically negligi-
ble) and the tanks contain hydrogen near the lower limit of 7 barg
(equivalent to 74 N m3) throughout the year. When the hydrogen
inventory reaches the low limit of storage pressure in the tanks, the
diesel generator operates for longer periods, a fact that leads to the
excessive diesel consumption. Finally, Table 5 presents the values
for the hydrogen production, consumption and average hydrogen
inventory for the three case studies that further explains the trends
that were observed in.

5.3. Analysis on the subsystems operation time and energy levels
for the three case studies of load demand

Figs. 16 and 17 present the operation time and the correspond-
ing energy levels in each subsystem for the three load demand case
studies, respectively. As observed, the effect of an increase in the
load demand causes a consequent decrease in the electrolyzer and
fuel cell operation times and also to their energy levels, a result
that was  also expected by the SOC operation pattern described in
Table 4 and the hydrogen production, consumption and storage
values of Table 5. The compressor operation time and energy con-
sumption are also decreased since the electrolyzer operates less

frequently, going from the case of a load demand at 1 kW to that at
2 kW.  In contrast, the diesel generator operates for longer periods of
time, exhibiting quite high energy levels due to the low hydrogen
inventory observed in the cases of a 1.5 and 2 kW load demand.
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Table 6
Energy contribution in (kWh) and energy contribution percentage (%) of RES, accumulator, fuel cell and diesel generator at the various subsystems for the three case studies
of  load demands.

Load demand Contributor to

Load Accumulator Electrolyzer Compressor Dump-loss

1 kW:  RES at: 3730 (30.9) 4872.9 (40.4) 3280.8 (27.2) – 194.4 (1.6)
1.5  kW:  RES at: 5173.9 (42.8) 5036.1 (41.7) 1843.5 (15.3) – 24.6 (0.2)
2  kW:  RES at: 6434.4 (53.3) 4437.6 (36.7) 1200.8 (9.9) – 5.3 (0.05)

1  kW:  Accumulator at: 3938.7 (87.6) – 118.3 (2.6) 437.4 (9.7) –
1.5  kW:  Accumulator at: 4548.9 (93.5) – 88.8 (1.8) 235.4 (4.7) –
2  kW:  Accumulator at: 4368.7 (95.7) – 42.6 (0.9) 153.7 (3.4) –

1  kW:  Fuel cell and diesel generator at: 1091.3 (86.2) 174.9
1.5  kW:  Fuel cell and diesel generator at: 3417.2 (88.4) 450.1
2  kW:  Fuel cell and diesel generator at: 6716.9 (90.6) 697.3
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Fig. 16. Operation time of the various subsystems for the three case studies of load
demand.
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ing the load demand (the energy percentage is higher as the
ig. 17. Operation energy levels of the various subsystems for the three case studies
f  load demand.

imilarly, since the time period in which SOCmin > SOC increases
ith an increase in the load demand, the charging time is increased,
ainly due to the contribution of the diesel generator, whereas

he decrease in the discharging time is attributed to the decrease
n the available time for the electrolyzer operation (SOCmax < SOC).
he energy levels however, for the respective cases of charging and
ischarging modes, do not follow the same pattern as the opera-
ion times of the accumulator which is a characteristic feature of
he considered integrated system rather than a systematic obser-
ation. The cases of 1 kW and 2 kW load demands exhibit nearly
imilar energy levels, but higher levels are observed for the case
f 1.5 kW,  which is attributed to: (a) the increased energy sup-
ly of the combination of the RES, diesel generator and fuel cell to
he accumulator (charging mode) and (b) to the increased energy
upply of the accumulator to the load (discharging mode). In gen-

ral, it is found that increasing the load demand beyond 1.5 kW
lways shows a decrease in the respective charging and discharg-
ng energy, while in the case of load demands below 1.5 kW,  the
 (13.8) – – –
 (11.6) – – –
 (9.4) – – –

charging and discharging energy levels depend heavily on the con-
tribution to and from the various subsystems and on the overall net
energy during the year (Table 3). If the net energy exhibits high neg-
ative levels then the accumulator charging and discharging energy
are always lower.

One of the most detrimental effects of increasing the system
load demand is the increase in the accumulator operating cycles
that will eventually result in its early replacement. An operat-
ing cycle for the accumulator is defined as the process in which
a discharging (or charging) mode is followed by a charging (or
discharging) mode. Accumulator manufacturers provide semi-log
diagrams that relate the total number of cycles that the accumulator
can undergo in its lifetime period to the Depth-of-Discharge (DOD),
the difference between SOCmax,charge and SOCmin limits, [6,7]. For a
given SOCmin and SOCmax,charge levels, the % ratio of the operating
cycles to the total allowable number of cycles for the accumula-
tor can be determined and for the cases of 1 kW,  1.5 kW and 2 kW
load demand these ratios were 16%, 19.3% and 21.8%, respectively.
Lower values of this ratio indicate higher potential lifetime for
the accumulator. The number of cycles is one of the most crucial
parameters that should be taken into account as significant since
higher operation and maintenance costs may  arise. A value below
20%/year is usually suggested for stand-alone power systems [23].
It is noted though that the comparison of the real cycling of the
accumulator with the simulated data that are presented in this
analysis is not performed for the time being as it is scheduled for
future studies. Instead an indirect evaluation of the battery cycling
was  used based on testing data performed by systems Sunlight
(see Table A.1).

5.4. Analysis on the subsystems individual energy contribution
for the three case studies of load demand

Table 6 presents the contribution of the RES, accumulator, fuel
cell and diesel generator to the system energy needs for the three
case studies, respectively. The main results are summarized below:

a) RES Supply:  as the load demand increases, the RES supply to
meet the load demand is increased and the contribution to the
electrolyzer operation is decreased. Based on the SOC values,
the accumulator absorbs the remaining available energy from
the RES to meet its electrical needs, while the surplus energy
damping becomes lower for higher load demands.

b) Accumulator Supply:  as the load demand increases, the accumu-
lator provides less power to the electrolyzer and consequently
to hydrogen compression, since its main operation is for meet-
load demand increases).
(c) Fuel Cell and Diesel Generator Supply:  as the load demand

increases, the total energy provided by the fuel cell and the
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Table A.1
Estimated number of cycles along with the respective DOD.

Depth of Discharge (%) Number of cycles

80 1250
70 1429
60 1667
50 2000
40 2500
30 3333

[
[

[
[

[14] N. Forero, J. Hernández, G. Gordillo, Energy Convers. Manage. 47 (2006)
2329–2336.

[15] R. Akkaya, A.A. Kulaksiz, Appl. Energy 78 (2004) 419–431.
[16] C.M. Rangel, V.R. Fernandes, Y. Slavkov, L. Bozukov, J. Power Sources 181 (2008)

382–385.
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diesel generator to the load and to the accumulator increases,
with the main characteristic result being the increase in the
energy percentage for the load and the decrease for the accu-
mulator.

Overall, it is concluded that the stand-alone power system
resented is well designed to meet a 1 kW load demand, with
ufficient hydrogen storage for fuel cell operation, while the con-
entional energy back-up diesel generator has limited operation.
s the load demand is increased, the net energy throughout the
ear is observed to have a negative sign, which results in a lower
ydrogen inventory accompanied by increased diesel consump-
ion. Thus, in order to maintain a reliable system operation, with
ufficient hydrogen stored and minimum diesel generator opera-
ion, an increase in the nominal installed capacity of the PV-array is
uggested. The PV-system will support the electrolyzer operation
or hydrogen production more frequently, which will be beneficial
or the fuel cell operation, thus reducing in this way  the activa-
ion of the diesel generator. Another modification could be the
eduction in the SOCmin limit, which would prevent the frequent
onsumption of hydrogen in the fuel cell, but would simultane-
usly result in the reduction of the accumulator’s lifetime, as it
as found in previous studies [6].  It is noted that the case study

nalysis is based on a well-structured power management strategy
7] and on the operational experience gained from the stand-
lone power system of Neo Olvio [23], which are both required in
re-design studies. For more in depth analysis, an optimal design
tudy should describe the required modifications of the system
y minimizing a predefined objective function [11,23].  The objec-
ive function should include the main design variables of concern,
uch as the subsystems nominal capacities or nominal operation
evels that would be optimized, leading in this way  to minimum
perating and maintenance costs of the stand-alone power sys-
em.

. Conclusions

In the present study, the control system and the automation
rchitecture that is developed in a stand-alone power system at Neo
lvio in Greece were analyzed and evaluated. A proposed power
anagement strategy was  developed and implemented according

o the accumulator SOC and the system net power calculations. As
as shown for the real-time operation, the necessary step towards

chieving reliability and autonomy in a RES-based system lies on
he full understanding and hands-on experience from the involved
ubsystems along with their electronic parts that can eventually
ead to the efficient operation under a central control unit. The pro-
osed communication of the subsystems with the SCADA system
nable remote users to monitor undergoing operations and per-
orm changes in required system parameters and variables (flows,
imits, etc.). Furthermore, the implemented operating control strat-
gy was tested in simulation studies for a period of one-year, in
rder to draw important conclusions regarding complex decisions
hat could be used in future optimal design and operation studies of
imilar systems. The applied case scenarios involved the evaluation
nd analysis of the power system ability to compensate increased
oad demands, with ultimate aim the reliable, autonomous and
co-friendly operation. As it was found, an increase of 100% in the
nitial load demand, leads the diesel generator to high prolonged
perating hours with a minimum hydrogen storage. In such a case,
n order to fulfill the energy needs of the RES-power system, an

ncrease of the PV-system installed capacity or a change in the lim-
ts of the SOC of the accumulator is suggested. However, the final
ecision should rely on optimal design studies that are currently
nder development.
25 4000
20 5000
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Appendix A. Operating cycling evaluations

A list of data referring to the expected cycle-life of the uti-
lized accumulator (type OPzV) that is installed at the considered
stand-alone power system of Neo Olvio, Xanthi are presented in
Table A.1.1

The number of cycles (OPzV Expected Cycle-Life) as a function
of DOD follows the general non-linear function based on the values
of Table A.1:

Number of cycles = 1000
DOD

(A.1)

The accumulator is allowed to operate at a DOD of 20–25% which
is translated into a total of 4000–5000 cycles. The plan that is
scheduled for the comparison involves the full operation of the inte-
grated system under the proposed operation algorithm for more
than 6 months continuously and the indirect estimation of the real
cycling for this time period. According to the mathematical model
a reliable comparison could be performed with high accuracy.
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