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Abstract
A numerical simulation was developed for a PV-Hydrogen Electrolyzes system. The
system is simply consisted of a PV that feeds Hydrogen electrolyzes cell by electric
power. The system was successfully installed and experimentally tested. Each system
component was numerically modeled and the governing equations were solved as a
steady solution for each time step. The simulation was running along the simulation
period of time. TRNSYS 15 program was used to establish the simulation. The
simulation results are verified with the corresponding measured data for the same system
geometry and under the weather conditions of Egypt. It is found that the simulated
Hydrogen flow rate approximately agrees with that produced experimentally where the
maximum Hydrogen generation is about 43 ml/min. The difference between the
measured and predicted H2 flow rate during the day hours is about 4 %. The daily overall
efficiency of the system is ranged from 2.8 to 4.2 % in both simulated and experimentally
data. The overall efficiency of the system along the year is approximately between 2.45
to 2.75 % and that is according to the total solar radiation incident and the amount of
electric power delivered to the Hydrogen cell with the amount of hydrogen produced as
well as the total hydrogen produced annually was 41407931.97 liters. The simulation
program is approximately validated and can be used for the predication of the considered
system performance.
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Nomenclature:
Am: the PV module's area (m2)
E: the calorific value of the Hydrogen
G: Total radiation incident on PV array (W/m2)
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Gr: incident radiation at reference conditions (i.e. temperature is 25oC and solar radiation
is 1000 W/m2).
Io: Reverse saturation current (A).
I lr : photocurrent at reference conditions (A).
Np : Number of modules in parallel in array.
NS : Number of modules in series in array.
Nc : Number of individual cells in module.
r: the temperature dependence of the ohmic resistance parameter
s & t: the over voltage coefficients.
Ts : Surface temperature of PV module (oC).
Tsr : Surface temperature of PV module (oC) at reference conditions.
Vtr: Thermal voltage at reference conditions.
Vocr : Open voltage at reference conditions.
Greek Symbols
Δ H: The enthalpy for splitting water.
Δ S: The entropy for splitting water.
µsc: Temperature coefficient of short-circuit current [A/K].
1. Introduction
There is a growing awareness that hydrogen is the fuel of the future. A logical source
for large-scale hydrogen production is water, which is abundant on earth. While hydrogen
can be generated using different technologies, only some of them are environmentally
friendly. It is argued that hydrogen generated from water using solar energy, solarhydrogen, is a leading candidate for a renewable and environmentally safe energy carrier.
Electrolysis appears to be the only method developed which can be used for largescale hydrogen production in post-fossil fuel era. Production of hydrogen by water
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electrolysis is a more than 50-year old technology, based on a fundamentally simple
process, is very efficient, and does not involve moving parts.
The total theoretical water decomposition potential is 1.480 V corresponding to
hydrogen's enthalpy (since ∆H=∆G+T∆s). Due to irreversible processes occurring at the
anode and cathode, including the electrical resistance of the cell, the actual potentials are
always higher, typically between 1.75 and 2.05 V.
There are several electrolyzer technologies are being developed, such as:


Alkaline electrolysis, which employs new materials for membranes and electrodes
that allow further improvement in efficiency up to 90%.[1,2].
 Solid polymer electrolytic (SPE) process, which employs a proton conducting ion
exchange membrane as electrolyte and as membrane that separates the electrolysis
cell. This type of electrolyzers can operate at very high current densities.
An electrolysis plant can operate over a wide range of capacity factors and is
convenient for a wide range of operating capacities, which makes this process interesting
for coupling with renewable energy sources, particularly with photovoltaic. Photovoltaic
generate low voltage-direct current, exactly what is required for the electrolysis process.
The performance of photovoltaic-electrolyzer systems has been studied extensively
both in theory and in practice [3]. Several national programs are currently operating all
over the world, such as:






Solar-Wasserstoff-Bayern pilot plant in Neunburg vorm Wald in Germany [4].
HYSOLAR project in Saudi Arabia [5].
Schatz Energy center, Humboldt State University, Arcata, California [6].
Helsinki University of Technology, Helsinki, Finland [7].
INT A Energy Laboratory, Huelva, Spain [8].

Kerimov et al. [9] have carried out on the basis of experimental investigations in
natural conditions giving one of the possible schemes of mathematical model of solar
electrolysis plant for the production of Hydrogen and Oxygen from water under pressure.
The efficiency of modern photo converters and electrolyzers is equal to 20 and 80%,
respectively, the total efficiency of solar radiant energy transforming into the chemical
Hydrogen energy is equal to 16%.
Ulleberg. [15] has developed a mathematical model for an advanced alkaline
electrolyzer. A dynamic thermal model has also been developed. Comparisons between
predicted and measured data show that the model can be used to predict the cell voltage,
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Hydrogen production, efficiencies, and operating temperature. The reference system used
was the stand-alone photovoltaic-Hydrogen energy plant in Julich.

A PV-Hydrogen electrolyzes system that was previously investigated by
Ramadan et al., 2008 [10] is considered in this work. A mono-crystalline PV module
oriented to the south and tilted 30˚ with the horizontal was used to power an alkaline
hydrogen electrolizer to generate hydrogen. The annual performance is predicted using a
computer program called ‘TRNSYS 15 simulation program’. A mathematical model was
developed to determine and validate the thermal and electrical performance of
photovoltaic electrolyzer system using hourly weather data.

2. Considered System
An over view of the PV-hydrogen generation system is indicated in Figure (1).
This system was successfully installed and testified. The measured data of the system
is used to validate the numerical simulation of the system. The system has the
following components:






Electrolyte of KOH with 30% salt-concentration.
The H2-cell of 20*15*13 cm3.
Electrodes of Nicle chrome plates.
The apart-distance between electrodes is 5-cm.
Mono-crystal PV module that has power 8 w, Vopen = 4 V, Ish.= 6 A.

________________________________________________________________________
4
*Engineer
**Assoc. Prof.

PV module

South direction

Apart distance

Hydrogen cell

Electrode

Figure 1: Schematic diagram of the PV-Hydrogen generation system
3. Numerical Modeling
The TRNSYS is a TRANSIENT systems Simulation program with a modular
structure. It recognizes a system description language in which the user specifies the
components that constitute the system and the manner in which they are connected. The
TRNSYS library includes many of the components commonly found in thermal and
electrical energy systems, as well as component routines to handle input of weather data
or other time-dependent forcing functions and output of simulation results. Trnsys of
version 15 is used in this work.
The mathematical model equations have been classified into two parts, one for the PV
module to get the output current and voltage needed for Hydrogen production and the
other for the Hydrogen flow rate produced from a Hydrogen cell.
3.1 Mathematical description of PV module
To analyze the performance of PV modules as a power source for hydrogen
production, their main parameters such as short circuit current, open circuit voltage and
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maximum output power should be determined. For simplicity the analysis is based on the
following assumptions:
1- The shunt resistance of PV modules is infinite, which is defined as the total leakage
paths exist in the cell P-N junction these effect of leakage paths are combined to be called
the shunt resistance. So, the current in the shunt resistance can be neglected [11].
2- The short circuit current, Isc of PV modules is equal to their light generated current. Isc
current is the current passing from the P-side terminal to N-side terminal when the two
terminals of the PV module are connected through a short circuit [1].
3- The series resistance of PV module is independent of incident solar radiation and
modules surface temperature.
As a result of the above assumptions, the output current (A) of PV module connected
can be calculated as follows [1]:
I  I l  I o [exp(

(V  IRs )
 1)]
Vt

The light generated current (A) Il, of PV module can be calculated according to the
following equation [1]:
Il  N p (

G
)[ I lr   sc (Ts  Tsr )]
Gr

Where Rs is the sum of all resistances of PV cells that can be classified as the following
[12]:






Resistance with the back contact of the P-type silicon.
The P-type base material resistance.
Resistance due to the sheet material of the N-type layer.
Contact resistance between the grid contact and the N-type layer.
Resistance along the metallic finger and the resistance along the grid collector.

For mono-crystalline silicon PV modules, the surface temperature (Ts) can be
calculated as function of the meteorological conditions by the following empirical
correlation [11]:

Ts  (27.433G  1.1225(Ta  273.15)  2.555W )  273.15
The reverse saturation current (Io) of PV module can be calculated as follows [12]:
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I o  CN p Ts {exp
3

 N c N sV g
Vt

}

It is the current of minority carriers created by thermal excitation and accelerated
within the built in field of the P-N junction.
The thermal voltage (Vt) of PV module can be calculated as follows [13]:

Vt 

N c N s KTs
q

Based on the third assumption, the series resistance Rs (Ω) of PV module can be
calculated as follows [13]:

Rs  (

Ns
)
Np

[Vtr  ln( I 

I mp r

)  Vmp r  Vo cr ]
I lr
I mp r

The open circuit voltage (Voc) of PV modules can be calculated as follows [12, 13]:
Vo c  Vt (ln

I
 1)
Io

The voltage at maximum power point (Vmp) of PV modules can be estimated by trail and
error from the following equation [1,13]:
Vmp  Voc  Vt (ln

Vmp
Vt

 1)

The current (Imp) and power Pmp (W) at maximum power point of PV modules can be
computed from the following equations [1]:
I mp  I l (1 

Vt
)
Vmp

Pmp  Vmp I mp

According to the previous equations it is needed to some constants or input data
of the module to produce the simulated parameters required for the hydrogen production
simulation.
3.2 Mathematical description of Hydrogen generation cell.
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A mathematical model is developed to describe the process of Hydrogen generation in
Hydrogen cell. These equations are a function in input voltage and current, electrode area
electrolysis temperature, hydrogen enthalpy, entropy and resistance of electrolysis. The
equations are listed as follows:


Change in Gibbs energy
The Gibbs free energy is the maximum amount of non-expansion work which can
be extracted from a closed system or this maximum can be attained only in a
completely reversible process [15].
Δ G = Δ H – (Δ S × Telct.)



Thermo neutral cell voltage

Thermo neutral cell voltage is the minimum potential difference between the
cathodes, where hydrogen is released (reduction), and the anode, where oxygen is
released (oxidation), should be 1.482 V [15].
Vtn=

H
zF

 Reversible cell voltage
The emf (V) for a reversible electrochemical process, or the reversible cell voltage,
Vrev. =

G
zF

 Electrolyze cell voltage
The input voltage to the electrolysis cell
Velct. = Vrev + (((r1+ (r2* Telct))/A)* IELY) +s * log ((t1+ (t2/ Telct) + (t3/ Telct2)) *(IELY/A)
+1)


Faraday efficiency
2

F =

 I ely 


 A 


 I ely
f 1  
 A






2

f2
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The Faraday Efficiency of electrolysis is defined as the ratio of "the actual quantity of
material released", to "the theoretical quantity of material which should have been
released, based on Faraday's laws of electrolysis".


Hydrogen flow rate (l/h)
Q = F



I ely
zF

 3600  0.224136  1000

The total efficiency

 to ta l



Q.E
Am .G

Required input data to equations are called simulated parameters as independent
values which must be defined in the mathematical model, the parameter's constants
needed for the process of simulation are considered from the practical data.
4. Result and Discussion
According to the whole mathematical formulas mentioned, it is very important to
make a validation to the previous equations with the experimental data which are
established. After that the annual performance of the PV-H2 system is presented. The
monthly average incident solar energy on the PV module as well as the monthly average
maximum output energy of PV module is calculated. The annual hydrogen flow rate
outlet from the electrolyzer as well as the hydrogen quantity is estimated. The annual
overall photovoltaic hydrogen electrolyzer system efficiency is presented.
4.1 Validation of Simulation data with experimental one.
A comparison between predicated and measured data is needed to make a validation
for the simulation and to know if this predicated data can visualize accurately the system
performance. All that is developed to establish a validated PV-Hydrogen program which
it can be optimized and improved. The model or simulated program can be used to
predict, cell voltage, operating current, hydrogen production and overall efficiency.
For a right simulation it is needed to know some parameters and constants that are:
1.
2.
3.
4.

Hourly measured radiation and ambient temperature for a year.
PV characteristics and orientation.
Constants of hydrogen cell reaction equations.
Hydrogen cell size and geometry.
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The following figures illustrate the simulated and measured data and how they differ
or match with each other. They are computed under the same conditions of weather and
specifications.
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Figure 2: Simulated and experimental Hydrogen flow rate with local time at August. 13,
2007
As shown in figure 1, the simulated hydrogen flow rate approximately agrees with
that produced experimentally, where in midday the flow rate is getting its maximum
value. As shown in the figure there is a slight difference between the measured and
predicted H2 flow rate during the day hours, it is about 4 %. The predicted hydrogen flow
rate is greater than the measured value due to the larger simulated current than real
current. This increase of simulated current is coming from that Trnsys program considers
that there is no loss during system connections. In addition, the PV panel performance is
theoretically modeled and the normal actual losses are ignored.
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Figure 3: Simulated and experimental Overall system efficiency at August. 13, 2007
The overall efficiency of the system is ranged from 2.8 to 4.2 % in both simulated
and experimentally data as seen in figure 3. The overall efficiency difference is small and
can be accepted and it ranges from 1 to 4.5 %.
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Figure 4: Simulated and experimental operating current at August. 13, 2007
As mentioned before the simulated current is higher than actual one, it reasonably
ranges between 1 to 2 Ampere as in figure 4. That lets the predicted hydrogen flow rate is
higher than measured one as indicated in figure 1.
From the previous figures it is clear that the approach of simulated data output
and experiments, with percent of difference approximately ranged from 1 to 4 %. That
can be accepted for the simulated systems in this manner.
4.2 Annual performance of the solar system
According to previous facts obtained, it can be said that, the simulation program
is validated and it can be used for the predication of the considered system performance
annually. That can eliminate the installation cost of such system. It needs solar radiation
and ambient temperature specified for a location of PV module.
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Figure 5: Annual variation of measured solar radiation
Figure 5 indicates the solar radiation along a year which is measured hourly for
Cairo 30 ˚N. The maximum solar radiation can be seen at the winter season where the
maximum value can be reached to 1150 W/m2. In summer season the solar radiation gets
down than winter and that because of higher value of humidity ratio and pollution in air
which decreases the amount of solar radiation reaching the earth. The lower apart
distance from the sun in winter is other factor for that.
Solar radiation also in some time gets to 0 or the minimum which is viewed as
white line in the figure, this is because the measured data at that time may be performed
when the clouds in the sky are heavy and prevents the sun rays to reaching the surface of
earth in this area of measurements otherwise it is at night hours.
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Figure 6: Annual accumulated Hydrogen flow rate
Figure 6 describes the annual Hydrogen production according to the solar
radiation measured. As seen in that figure the trend of the curve is the same as the solar
radiation in figure 5. It can be said that the amount of solar radiation is affecting
Hydrogen production as the main parameter or the only energy source. The maximum
value of hydrogen flow rate is reached where the solar radiation is maximized in the
winter season and can be reached to 43 ml/min. Accordingly the hydrogen is being zero
due to the zero solar radiation. Therefore, the strong evidence is clear that solar radiation
has the major affected parameter in the Hydrogen production in PV electrolysis system.
The annual hydrogen production by the considered PV module is about 41407931.97
liters
5. Conclusion
A numerical simulation was developed for an experimentally optimized PVhydrogen system. The simulation results are successfully verified with the corresponding
measured data under the same conditions of weather and system geometry. It is found
that the simulated Hydrogen flow rate approximately agrees with that produced
experimentally and the difference between the measured and predicted H2 flow rate
during the day hours is about 4 %. The overall efficiency difference is also small and can
be accepted, it ranges from 1 to 4.5 %. The annual production of hydrogen using such
________________________________________________________________________
14
*Engineer
**Assoc. Prof.

system is about 41407931.97 liters where the maximum Hydrogen generation is 43
ml/min. The overall efficiency of the system along the year is ranged between 2.45 to
2.75 %.
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