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a  b  s  t  r  a  c  t

This  paper  deals  with  the  storage  of  excess  wind  energy,  in  a hybrid  wind  power  system,  in  the  form
of  compressed  hydrogen.  A system  simulation  model  is  developed  in  Matlab/Simulink  platform  for  the
charging  and  discharging  dynamics  of  compressed  hydrogen  storage  system  integrated  with  the  wind
turbine  and  the  fuel  cell.  Wind  model  is  used  to  estimate  the  power  generation  in  the wind  turbine.
When  the wind  power  generation  exceeds  the load,  the excess  power  is  diverted  to the  electrolyzer  to
produce  hydrogen.  As  and  when  the pressure  inside  the electrolyzer  builds,  a  compressor  is operated
eywords:
ompressed hydrogen storage
mall wind system
ind turbine

lectrolyzer
uel cell
edlich–Kwong gas equation

intermittently  (for  higher  efficiency)  to  divert  the  hydrogen  into  high  pressure  cylinders.  When  demand
exceeds  the  power  generation,  fuel  cell  supplies  the  power  to  the  load.  A number  of  fuel  cell stacks  are
provided  to meet  the  required  load. The  overall  efficiency  of  the storage  system,  defined  as  the  ratio  of
the useful  energy  derived  from  the  storage  system  to  the  energy  diverted  to  the  storage  system  is  found
to be 24.5%  for the  compressed  hydrogen  storage  based  system.
. Introduction

Wind power has been proposed to be technically viable for dif-
erent applications. Storage of excess wind power in the form of
ydrogen [1] is an attractive alternative. Hydrogen provides for
torage and transportation of energy storage at a much higher
nergy density [2].  Typical hydrogen storage density is 123 MJ  kg−1

ompared to Gasoline (47.2 MJ  kg−1) and Diesel (45.4 MJ  kg−1).
ffective storage of hydrogen is the key in wind energy–hydrogen
torage based hybrid power generation systems. Different stor-
ge options [3–9] including compressed hydrogen storage and
etal hydride based hydrogen storage have been proposed for the
ind hybrid systems. For small scale residential applications com-
ressed hydrogen storage is a straightforward option for storing
ydrogen that is produced from renewable energy sources. The
esign of compressed hydrogen storage has much less infrastruc-
ure requirements [10] compared to the other storage options like

etal hydride, chemical hydride, cryo-adsorption etc. Depending
n the operating pressure of the storage tank, a suitable compres-
or has to be chosen and the storage tank has to be designed to

ithstand the operating pressure with extra safety allowances. No

laborate heating or cooling arrangements need to be provided.

∗ Corresponding author. Tel.: +1 515 2945499; fax: +1 515 2944263.
E-mail address: siddhartha.khaitan@gmail.com (S.K. Khaitan).
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© 2012 Elsevier B.V. All rights reserved.

1.1. Research relevant to compressed hydrogen storage systems

Researchers have proposed the integration of compressed
hydrogen storage systems [11,12] in connection with wind power
to achieve large penetration of wind energy. Electrolyzers can be
used as controllable loads [13,14] within the power system to
achieve high penetrations of wind power. A theoretical investiga-
tion of the wind energy–hydrogen storage based system has been
conducted [15] and a procedure to evaluate the efficiency of the
wind energy conversion system is presented. A theoretical discus-
sion is provided for the choice of the operating parameters for
different components to achieve maximum efficiency. However,
the storage system is not modeled and the efficiency of the system
is not presented.

Zhou and Francois [16] conducted control oriented modeling
of the electrolyzer for the hydrogen storage process. Hydrogen
from the electrolyzer is compressed into a tank. Electrolyzer is
modeled in sufficient detail but a simplified model of a com-
pressed storage system is used by assuming the temperature of
the tank to be constant. Their primary emphasis was  to control
the different physical quantities to ensure efficient and reli-
able operation of the electrolyzer. Onar et al. [12] presented
a detailed dynamic model, design and simulation of wind/fuel

cell/ultra capacity based hybrid power generation system. They
have shown that the system can handle variable wind speed and
load requirements. However, compressed storage model is sim-
plified by assuming a constant temperature and by neglecting the

dx.doi.org/10.1016/j.jpowsour.2012.02.050
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:siddhartha.khaitan@gmail.com
dx.doi.org/10.1016/j.jpowsour.2012.02.050
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Nomenclature

Wind parameters
vw upstream wind velocity (m s−1)
A swept area of the rotor blades
� density of air (kg m−3)
Cp performance coefficient
� tip speed ratio
� pitch angle (radians)
ω rotational speed of rotor blades (s−1)
R radius of the rotor blades (m)
Pavg average power generated by the turbine

Electrolyzer parameters
Nel number of electrolyzers
Iel current through the electrolyzer (A)
uel utilization factor (0.9)
�Hc heat of combustion of hydrogen
Pel electrical power consumed by the electrolyzer
F Faraday’s constant
Ae area of the electrodes (m2)
ṅin rate of electrolyzer production (mol s−1)
ṅout rate of hydrogen flux into the storage bed (mol s−1)
Pel electrical power consumed by the electrolyzer (W)
Pth thermal power generated by the electrolyzer (W)
r, s, t electrolyzer parameters
Vel voltage across the electrolyzer
V volume of the buffer space in the electrolyzer (m3)

Fuel cell parameters
Ast area of the fuel cell stack (m2)
Ist current through the stack (A)
Nst number of stacks
nfc number of fuel cells per stack
�Gf change in Gibbs free energy at standard pressure

(1 bar)
�Gf

◦ change in Gibbs free energy
R̄ universal gas constant (8.314 J mol−1 K−1)
Tfc temperature of the fuel cell (K)
p partial pressure (bar)
vact activation voltage (V)
v0 voltage drop at zero current density (V)
va constant
c1 constant
vohm voltage drop due to ohmic loss (V)
vconc voltage drop due to concentration losses (V)
Rohm ohmic resistance (�)
c2, c3, imax constants
vfc voltage of single fuel cell (V)
vst voltage of the stack (V)

Hydrogen storage parameters
a, b Redlich–Kwong coefficients
cp,g specific heat of hydrogen gas (J kg−1 K−1)
cp,m specific heat of storage container material

(J kg−1 K−1)
ṁs mass flow rate of hydrogen supply (kg s−1)
p bed pressure (Pa)
P design safety pressure (=2.25p) (Pa)
ri inner radius of the container (m)
t time (s)
th thickness of container (m)
T temperature of the bed (K)
Tamb temperature of the ambient (K)

U heat transfer coefficient (W m−2 K−1)
UTS ultimate tensile strength (ksi)
A area of heat transfer (m2)
v specific molar volume (m3 mol−1)
Vbed volume of the storage bed (m3)
Vm volume of the storage container material (m3)
Z compressibility factor
�g density of hydrogen in the gas phase (kg m−3)
�m density of storage container material (kg m−3)

Compressor parameters
P1 compressor inlet pressure (bar)
P2 compressor outlet pressure (bar)
T2 compressor outlet temperature (K)
T2 compressor outlet temperature (K)

Pcomp compressor power (W)
n polytropic expansion coefficient

compression energy and compressor dynamics. A techno-economic
analysis [17] of the hourly management of the energy generated
in wind–hydrogen systems has been conducted. The efficiency of
the electricity–hydrogen–electricity conversion is estimated to be
around 30%. In reality, the incorporation of real gas effects and
compressor power will lead to a lower prediction of the system effi-
ciency. Ref [6] provides an excellent review of the modeling of the
different components of the renewably driven hydrogen storage
systems.

1.2. Motivation for the current research

To the authors’ knowledge, typical modeling of compressed
hydrogen storage systems for wind hybrid applications assumes
ideal gas behavior of hydrogen and also neglects the heat gen-
erated during compression. At high pressures, hydrogen deviates
from ideal gas behavior significantly. Compressibility factor is a

thermodynamic property which quantifies the modification of the
ideal gas law to account for real gas behavior. Fig. 1 shows the
variation of compressibility factor of hydrogen gas in the pressure
range of 1 bar to 200 bar and the temperature range of 270 K to

Fig. 1. Variation of compressibility factor of hydrogen gas with pressure and tem-
perature.
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Fig. 2. Schematic of wind–fuel cel

30 K. At low pressures (around 50 bar), the compressibility factor
s around 1.02. Hence the deviation from the ideal gas is only 2%,

hich is considered negligible. However, as the pressure increases,
he compressibility factor increases. At pressures around 200 bar
and temperature 300 K), the compressibility factor is around 1.2,
hich implies a deviation of around 20% from the ideal gas behav-

or. Hence, for compressed storage technology where the storage

ressure is designed to operate at a pressure of 100–200 bar, the
eal gas effects become important. To consider the real gas effects,
edlich–Kwong [18] equation is taken. The heat of compression

ig. 3. Wind power and load management curve. (For interpretation of the refer-
nces to color in the text citation of this figure, the reader is referred to the web
ersion of the article.)
pressed hydrogen storage system.

is taken into account by solving the energy balance equation. The
amount of hydrogen stored in tank not only depends on the pres-
sure inside the tank but also the temperature of the gas. For storage
applications, where faster rates of refueling are required (as in the
case of automobile vehicles), the temperature rise inside the tank
could be quite high during refueling [19], necessitating some cool-
ing arrangement to ensure proper refueling. In the case of wind
energy based hydrogen production, the refueling rate is not very
high. However, there will still be reasonable temperature variation
in the storage tank. The temperature variation will reduce the stor-
age capacity of the tank. For example if the temperature of the tank
increases during refueling, the net amount of hydrogen stored in
the tank at a given pressure decreases. Similarly, if the temperature
of the gas reduces during discharging, the residual amount of gas
left inside the tank at a specified cut off pressure increases. Hence
the net storage capacity of the tank decreases.

In the case of compressed storage system, the dynamics of the
operation of the compressor and the storage system is impor-
tant to consider. The operation of a compressor is a key factor in
determining the efficiency of the storage system. This topic has
not been sufficiently addressed in the literature. Continuous oper-

ation of the compressor will significantly lower the efficiency of
the storage system and its life span. The renewable energy source
being intermittent, hydrogen is not continuously produced and so

Table 1
Wind turbine characteristics.

Parameter Value Units

Height of the wind turbine 80 m
Diameter of the turbine 40 m
Maximum performance coefficient 0.59
Cut-in speed 3 m s−1

Cut-out turbine power 800 kW
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Table 2
Voltage coefficients of the electrolyzer.

Parameter Value Units

r1 8.24 × 10−5 � m2

r2 −4.12 × 10−7 � m2 ◦C−1

s1 0.2393 V
s2 −0.002952 V◦ C−1

s3 1.55 × 10−5 V◦ C−2

t1 0.6767 A−1 m2

t2 −0.02711 A−1 m2  ◦C−1

t3 0.0004856 A−1 m2  ◦C−2

t4 −2.69 × 10−6 A−1 m2 ◦C−3

Table 3
Fuel cell parameters.

Number of cells per stack 800
Reversible cell voltage 0.95 V
06 M. Raju, S.K. Khaitan / Journal o

he compressor will have to run idle, at times, when hydrogen is
ot generated. A more suitable option is to run the compressor

ntermittently, whenever required. A buffer space can be provided
here the hydrogen from the electrolyzer can be rerouted. The
ressure in this buffer storage can be allowed to increase to a cer-
ain level, after which the compressor starts its operation. During
ompressor operation, the pressure inside the buffer will decrease.
nce the pressure drops to a certain level, compressor operation is

topped and hydrogen is allowed to collect in the buffer. This inter-
ittent operating of the compressor will increase the efficiency of

he system. However, the compressor should be able to operate
ntermittently without degrading its performance.

In this paper, a generalized overview of the working of a
ydrogen storage system for small wind residential applications is
resented, which include electrolyzer for producing hydrogen and

 fuel cell to generate electricity from the hydrogen. Both charg-
ng and discharging dynamics are presented in this paper based
n Matlab/Simulink simulations. During the charging simulation,
ompressor is in operation. During discharging, fuel cell is in oper-
tion. The dynamics of the compressor operation, fuel cell operation
nd the storage bed are presented in detail for a typical residential
ind energy application.

. Wind–fuel cell configuration

The wind–fuel cell hybrid configuration consists of a wind tur-

ine generator and a fuel cell connected to a load bus. Wind turbine
enerates electricity and is connected to the load bus. This will sup-
ly the load demand. Fig. 2 shows the wind–fuel cell–hydrogen
torage hybrid configuration. Since wind energy is intermittent and

Fig. 4. Electrolyzer per
Operating temperature 60 ◦C
Cut-off pressure 3 bar

is subject to very high transient variation, any excess power gener-
ated by the turbine over the load is transferred to the electrolyzer
to generate hydrogen. This hydrogen is then sent to a compressed
storage tank using a compressor. Two  storage modules are pro-
vided. One will be operating in charging mode and the other will
be operating in the discharging mode. Whenever the turbine power
cannot meet the load requirements, the fuel cell comes into oper-

ation. Depending on the power requirements on the fuel cell, the
fuel cell would demand sufficient amount of hydrogen from the
bed. The bed in the discharging mode will provide the hydrogen to
the fuel cell. The capacity of the storage bed is chosen such that it

formance curve.
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an store all the hydrogen generated from the excess wind power
or a single day operation based on the wind velocity and load
emand curves chosen in this study. This method could in general
e extended to estimate the storage bed capacity for continuous
peration throughout the year based on the weather forecast and
he load demand forecast analysis.

. Wind turbine model

The power generated by the wind turbine is given as [20,21]

avg = 1
2

�CpAv3
w (1)

p(�, �) = 0.73
(

153
�i

− 0.38� − 0.002�2.14 − 13.2
)

e−18.4/�i (2)

i = 1
� − 0.02�

− 0.003
�3 + 1

(3)

he tip speed ratio is given as

 = ωR

vw
(4)

able 1 shows the characteristics of the wind turbine. The perfor-

ance coefficient has a maximum value of 0.59. The cut-in speed

s taken as 3 m s−1 and the cut-out turbine power is 800 kW.  The
ind turbine will not generate any useful power if the wind speed

s below this cut-in speed.
formance curves.

4. Electrolyzer

The model developed by Artuso et al. [22] is used to simulate an
advanced KOH alkaline electrolyzer. A total of 350 such electrolyzer
units are provided to generate hydrogen from the excess power. The
characteristic equation for this model is given as

Vel = Uref + r

A
Iel + s

(
log

(
t

A
Iel + 1

))
(5)

The ohmic resistance r, parameters s and t are functions of temper-
atures as given below

r = r1 + r2T (6)

s = s1 + s2T + s3T2 (7)

t = t1 + t2T + t3T2 + t4T3 (8)

The coefficients in Eqs. (6)–(8) are given in Table 2. The area of the
electrodes A is taken as 0.25 m2 and the reversible cell voltage is
taken as 1.229 V [23].

The relationship between the produced hydrogen molar flow
rate and the current applied to the electrolyzer is given by

ṅel = NelIeluel

2F
(9)

The utilization factor [24] is taken as 0.9.

The electrical power Pel consumed by the electrolyzer is given

as

Pel = NelVelIel (10)
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he thermal power Pth generated by the electrolyzer is given by the
ollowing equations

th,el = Pel − ṅel �Hc (11)

he thermal power generated can be calculated from Eq. (11). In
his paper, detailed modeling is not presented for the thermal man-
gement of the electrolyzer. Rather it is assumed that a coolant is
upplied which can effectively remove this heat generated during
lectrolyzer operation to maintain a constant temperature of 80 ◦C,
hich is the operating temperature of the electrolyzer. In real-

ty, the temperature of the electrolyzer will slightly vary during
he operation, which would in turn affect the amount of hydro-
en generated from the electrolyzer. This effect is neglected in this
aper.

. Compressed hydrogen storage model

To study the dynamics of the compressed hydrogen storage, the
overning equations of the mass and energy balance is considered
long with the real gas equation.
.1. Mass balance

Mass balance states that the net mass influx of hydrogen
mass inflow rate − mass outflow rate) will cause an increase in
ent and voltage curves.

the density of hydrogen inside the storage bed as given by the
following equation

ṁs = Vbed
d�g

dt
(12)

5.2. Energy balance

Energy balance conserves the total energy within the storage
bed as given by the following equation.

(�gcp,gVbed + �mcp,mVm)
dT

dt
= UA(Tamb − T) + Vbed

dp

dt

+ ṁscp,g(Tin − T) (13)

In Eq. (13), the first term in the left hand side (LHS) represents
the net increase in the internal energy of the storage bed (which
includes the hydrogen gas and the storage tank material). The first
term in the right hand side (RHS) represents the heat transfer from
the ambient to the storage bed. Usually this term is small and is
neglected. The second term in the RHS represents the heat of com-

pression. During compression, the temperature of the gas rises and
similarly during expansion, the temperature of the gas falls down.
The third term in the RHS represents the convective heat transfer
from the inflowing hydrogen.
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.3. Redlich–Kwong gas equation

Since hydrogen deviates from ideal gas behavior at high pres-
ure, the use of ideal gas equation will lead to significant deviation.
q. (15) represents the Redlich–Kwong equation used to account
or the real gas effect. The compressibility factor can be estimated
ased on Eq. (15).

 = RT

v − b
− a√ (14)
Tv(v + b)

 = Pv
RT

(15)
ed profiles.

5.4. Storage tank thickness calculations

The allowable stress [25] used to determine the minimum stor-
age container wall thickness is based on the tensile and yield
strength of the material.

th = riP

UTS − 0.6P
(16)
316L stainless steel of 75 ksi ultimate tensile strength is chosen as
the container material.
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. Compressor model

For a real gas, the polytropic compression work can be approx-
mated as [26]

comp = ṁsRT1Z1
n

n − 1

((
P2

P1

)(n−1)/n

− 1

)
(17)

. Fuel cell model
A Proton Exchange Membrane (PEM) based fuel cell is used. The
EM fuel cell model is taken from Pukrushpan et al. [27,28]. The
quations for the fuel cell models are presented below.
 bed profiles.

Fuel cell open circuit voltage

�Gf = �Gf
◦ − R̄Tfc ln

[
pH2 pO2

1/2

pH2O

]
(18)

Reversible voltage of the fuel cell

E = �Gf

2F
(19)

i = Ist

Ast
(20)

Cell terminal voltage
vfc = E − vact − vohm − vconc (21)

vfc = E − (v0 + va(1 − e−c1i)) − (iRohm) −
(

i
(

c2
i

imax

)c3)
(22)
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ig. 9. Energy management curves. (For interpretation of the references to color in
he text citation of this figure, the reader is referred to the web  version of the article.)

st = n × vfc (23)

he reversible cell voltage is taken as 0.95 V. Table 3 shows the fuel
ell characteristics. A number of fuel cell stacks are provided. Each
uel cell stack consists of 800 fuel cells.
. Results and discussion

Fig. 3 shows the wind power generated (red line) from the wind
urbine. This wind power is obtained from the wind model (Section

Fig. 10. Load demand and wind speed profile
Fig. 11. Wind power and load management curve for a typical winter day. (For
interpretation of the references to color in the text citation of this figure, the reader
is  referred to the web version of the article.)

3). The wind velocity is chosen for a location at Deer Lodge, MT  on
March 12, 2007 [29]. The wind turbine is designed to generate a
maximum output of 800 kW.  The green line shows a typical load
curve for a residential application [29]. The blue line shows the
excess power directed towards storage. Note that the compressor
operation requires power and this power comes from the wind

turbine. The blue line actually indicates the net power (wind power
generated–load demand power–compressor power) directed to
the electrolyzer. Note that the blue line shows oscillations. This
is due to the intermittent operation of the compressor during

s on a typical summer and winter day.
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Fig. 12. Electrolyzer performance curves for a typical winter day.
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harging. The cyan line shows the power demanded by the load
rom the fuel cell. All the energy generation/demand is translated
o/from hydrogen via a storage tank. Fig. 3 shows that most of the
ime, wind turbine produces excess power. Only in the last few
ours shown in the plot, there is a power demand from the fuel
ell.

Electrolyzer performance is determined based on Eqs. (5)–(10).
ig. 4 shows the performance of the electrolyzer based on the excess
nput power supplied by the wind turbine (see blue line in Fig. 3).
ased on the power input, the current (Fig. 4(a)) and the voltage
rofiles vary (Fig. 4(b)). The oscillations in the current and the volt-
ge profiles are due to the oscillations in the excess wind power
iverted to the electrolyzer. The temperature of the electrolyzer is
xed at 350 K. The hydrogen production is a function of the current
owing through the electrolyzer and hence its variation (Fig. 4(c))

s similar to that of the current flowing through the electrolyzer.
ow this hydrogen evolving out of the electrolyzer builds up pres-

ure in the electrolyzer. The pressure in the electrolyzer/buffer
s allowed to increase up to 10 bar. When the pressure exceeds

0 bar, compressor begins to operate. When the compressor begins
o operate, hydrogen is removed out from the electrolyzer buffer,
ausing the pressure of the electrolyzer to decrease. Compres-
or operation is stopped, when the pressure in the electrolyzer
reaches 3 bar. The pressure in the electrolyzer is dependent on
the net difference between the rate of production of hydrogen
in the electrolyzer and on the rate of hydrogen removal by the
compressor. Thus, the electrolyzer buffer pressure is given by the
equation

dp

dt
= Z

ṅin − ṅout

V
RT (24)

where ṅin is the number of mole produced by the electrolyzer, ṅout

is the number of moles entering the storage bed, V is the volume of
the buffer space (taken as 100 l) either in the electrolyzer or that of
a separate buffer storage tank, if provided and T is the temperature
of the electrolyzer.

Fig. 5 shows the operation of the electrolyzer/compressor sys-
tem. By using intermittent operation of the compressor, energy is
conserved by not having to run the compressor at times, when
there is no hydrogen production. The pressure of the electrolyzer
is maintained in the range of 3–10 bar. The compressor is rated
to compress 5 g s−1 of hydrogen to maximum pressure of 125 bar.

The compressor inlet pressure is the electrolyzer pressure and the
compressor outlet pressure is the bed pressure. Both the inlet pres-
sure and the outlet pressure varies dynamically with time and
hence the compressor power varies dynamically. Fig. 5(a) shows
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Fig. 13. Fuel cell performance curves for a typical winter day.

t
d
b
p
g
t
p
a
s
t
p
p
c
a

t
t

he inlet (electrolyzer) and the outlet (bed) pressure. Compressor
raws power from the wind turbine directly. But if the wind tur-
ine is not able to supply the necessary power, fuel cell supplies the
ower to the compressor. Note that the temperature of the hydro-
en gas at the inlet of the compressor is that of the electrolyzer
emperature (350 K). Fig. 5(b) shows the compressor outlet tem-
erature. Compression is assumed to be a polytropic process with

 polytropic coefficient of 1.02 (nearly isothermal). The compres-
or is operated at a near isothermal process (by using a coolant)
o reduce the power consumption. Fig. 5(c) shows the compressor
ower. The compressor power oscillates due to the variation in the
ressure ratio between the inlet and the outlet. The average power
onsumption rises due to the increase in the outlet (bed) pressure

s the bed is getting filled up.

Fig. 6 shows the dynamic performance of the fuel cells during
heir operation. Fig. 6(a) shows the load demand requested from
he fuel cell and the number of fuel cell stacks in operation. As the
load demand increases, more stacks come into operation. For a mul-
tiple stack operation, the load is equally distributed amongst all the
stacks. Fig. 6(a) shows that a maximum of four stacks are set into
operation. Fig. 6(b) shows the stack current in Amperes. The abrupt
variation in the stack current is due to the fact that the number of
stacks in operation is changing. If the number of stacks changes,
then the load requested per fuel cell stack will change. Correspond-
ingly, the stack current also changes. Moreover, the efficiency of the
stack changes with the change in power. This will also affect the
stack current. Fig. 6(c) shows the individual cell voltage. The fuel
cell delivers 0.95 V at no-load operation. During load conditions,
the fuel cell voltage drops.

A total of 50 storage beds each of length 1 m, inner diameter

0.426 m and thickness 7.4 mm are in operation. The thickness of
the bed is designed to operate at a maximum pressure of 125 bar.
The number of beds and the size of each bed are chosen to meet
the requirements of the hydrogen production during charging and
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Fig. 14. Charging profiles for s

he hydrogen demand during discharging. All the beds are charged
imultaneously. Fig. 7 shows the performance of the storage system
uring charging based on Eqs. (12)–(15). Fig. 7(a) shows varia-
ion of temperature of the storage bed. The temperature of the
ed increases monotonically due to the heat of compression and
onvective heating from the incoming hydrogen gas. Note that the
emperature of the incoming hydrogen gas is always above 350 K.
uring times, when there is no supply of hydrogen from the com-
ressor, the temperature of the bed remains fairly constant. During

ther times when there is continuous supply of hydrogen from the
ompressor, the temperature of the bed rises sharply. Fig. 7(b) and
c) shows the variation of the pressure and density of hydrogen
as in the bed. Fig. 7(d) shows the mass flow rate of the incoming
e bed for a typical winter day.

hydrogen gas from the compressor. Since the operation of the com-
pressor is intermittent, the mass flow rate varies as a step function
between 0 and 5 g s−1.

Fig. 8 shows the performance of the storage bed during dis-
charge. All the beds are equally discharged. The bed temperature
is assumed to be initially at 360 K. The temperature of the bed
falls when hydrogen is removed from the bed by the cooling effect
produced due to expansion. The pressure (Fig. 8(b)) and the den-
sity of the bed (Fig. 8(c)) decreases as hydrogen is removed out

of the bed. Fig. 8(d) shows the mass flow demand from the fuel
cell.

Fig. 9 shows the energy distribution in the wind/fuel
cell/hydrogen storage hybrid system. The red line shows the
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Fig. 15. Discharging profiles of th

umulative energy that is diverted from the wind turbine to the
lectrolyzer for storage. Cumulative energy is obtained by inte-
rating the instantaneous power. By the end of 24 h, a total of
round 14.4 GJ of wind energy is diverted for storage. With this
nergy, a total of 69 kg of hydrogen (blue line) is generated by the

lectrolyzer. Based on the load demand, a total of 3.2 GJ of energy
s extracted from the storage for meeting the load requirements.
o meet this load demand, a total of 62.5 kg of hydrogen is con-
umed. This figure gives a rough idea of the efficiency of the storage
age bed for a typical winter day.

system. For more accurate estimation, the energy required to pro-
duce 62.5 kg of hydrogen is calculated as 62.5 × (14.4/69) = 13.04 GJ
of energy. Correspondingly, when 62.5 kg of hydrogen is consumed,
a total of 3.2 GJ of energy can be extracted from the fuel cell.
This gives an overall storage efficiency of (3.2/13.04) × 100 = 24.5%

for this compressed hydrogen storage system. This implies that
if 100 units of energy are sent for storage, only 24.5 units of that
stored energy can be extracted. The remaining energy is lost
as thermal heat losses in the electrolyzer, fuel cell, compressor



316 M. Raju, S.K. Khaitan / Journal of Power Sources 210 (2012) 303– 320

Fig. 16. Wind and load management curves for a summer day. (For interpretation of the references to color in the text citation of this figure, the reader is referred to the web
version  of the article.)

Fig. 17. Electrolyzer performance curves for a typical summer day.



M.  Raju, S.K. Khaitan / Journal of Power Sources 210 (2012) 303– 320 317

Fig. 18. Fuel cell performance curves for a typical summer day.
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osses and other losses. The estimation of overall storage efficiency
ill help the designer to design the size of the storage system

nd the wind turbine capacity for a given residential load. The
ext section shows the performance of the system with seasonal
ariation.

.1. Seasonal performance

To study the behavior of the system at different seasons, wind
peed and load demand data is taken on a typical summer day
3rd June 2006) and a typical winter day (1st January 2006) at a
articular location at Maine. The load demand data is obtained
rom the public website [30]. Note that the load demand is for the

ntire town which is reported in MWH.  The load is appropriately
caled down to the current system. The wind speed data is obtained
rom NREL public domain website [31] for the same region. Fig. 10
hows the wind speed and the load demand profiles for both the
days. As seen in Fig. 10,  peak summer load is in the afternoon and
the peak winter load is in the evening.

8.2. System performance on a winter day:

Fig. 11 shows the wind power generated (red line) from the wind
turbine for a typical winter day. The load demand curve is shown in
green line. As shown in the figure, wind power is minimal at around
6 pm and the load is maximum around 6 pm. Hence there is peak
demand from fuel cell at around 6 pm.  Wind power generation is
maximum at around 3 am.  Hence the electrolyzer load is maximum
at around 3 am.  Figs. 12 and 13 show the electrolyzer performance
curves and the fuel cell performance curves respectively. From the

figures it is clear that the peaks in the electrolyzer and fuel cell
performance curves follow the peaks in the wind generation and
load demand curves respectively. Figs. 14 and 15 show the charging
bed and the discharging bed performance curves.
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Fig. 19. Charging profiles for storage bed for a typical summer day.
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.3. System performance on a summer day

Fig. 16 shows the wind power generated (red line) and the load
emand (green line) on a typical summer day. As shown in the fig-
re, the wind power generation on this particular day is maximum

n the range of 4–8 pm.  On this particular day, the wind speed is
uite high and hence greater load is transferred to the electrolyzer

or storage. The load demand is maximum at around 11 am and
emains high during the day time till 8 pm.  Figs. 17 and 18 show
he electrolyzer performance curves and the fuel cell performance
urves respectively. Similarly Figs. 19 and 20 show the charging
bed and the discharging bed performance curves. As shown in
Fig. 19,  the hydrogen generation is quite high due to high load on
the electrolyzer. This leads to a rise in the bed pressure to around
180 bar. The bed is not designed to handle such high pressures and
so the bed may  have to be vented once the pressure exceeds the
safety limit. Or else an extra storage module has to be provided to
store the excess hydrogen once the first storage module is filled. As

shown in Fig. 20,  the load demand from the fuel cell is less and
so the bed is not fully emptied by the end of the day. Effective
power management strategies should be designed to handle such
situations.
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Fig. 20. Discharging profiles for 

. Conclusions

System level simulation is performed for a residential small
ind hybrid system. Compressed hydrogen storage is used to store

he hydrogen generated by the excess wind power. Hydrogen is
enerated by a total of 350 electrolyzer units. A compressor is used
o compress hydrogen to a maximum pressure of 125 bar. A num-
er of fuel cell stacks containing 800 cells per stack and supplying

 maximum power of 80 kW are provided to meet the excess load

emand. Separate storage beds are provided for charging and dis-
harging. The compression energy for real gas is taken into account.
esults are shown for a typical daily operation a wind turbine. An
verall storage efficiency, defined as the ratio of the excess energy
e bed for a typical summer day.

diverted to the storage to the useful energy extracted from the stor-
age, is estimated to be around 24.5%. The value reported includes
the compressor power for compressing hydrogen into the storage
tank and the fuel cell air compressor power. However, the power
required by the auxilary units like the coolant flow unit and the
humidifier unit are neglected.
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