MATHEMATICAL MODELLING AND DYNAMIC SIMULATION OF A
PEM ELECTROLYSER

SUMMARY

This paper proposes a simple mathematical model of a PEM electrolyser. The dynamic
simulation of the model is carried out, which allows the simulation of electrochemical,
thermal and mass flow behaviours with enough precision for engineering applications.
The model gives the operating voltage and outlet temperature from the input current
and the inlet temperature conditions. The electrochemical submodel is validated using
the previous literature. The results obtained from dynamic simulation is studied and
the behaviour of different parameters like outlet temperature and voltage is observed.
The results shows that there is corresponding change in outlet temperature with the
current and voltage shows a slight different pattern at the point where the current
changes due to overpotential. The variation due to change in stoichiometric is also
analysed. The model is found to be consistent when compared with the literature.

Keywords: PEM Electrolyser, Mathematical Model, Dynamic Simulation,
Overpotential.



1. INTRODUCTION

The population is going up daily. This population increase demands more and more
goods and services that leads to increased necessity for energy supply [1]. Now fossil
fuels are used to meet energy need, which is a problem maker, due to increase in
concentration of carbondioxide in the atmosphere and leads to global warming. On
another side petroleum is a small source for fuel that is decreasing rapidly and
becoming more expensive. These fuels have less reserves, which is concentrated in

certain region of the world [2].

In coming days hydrogen will be a sustainable source of energy carrier. Hydrogen can
be used in fuel cells to generate electricity efficiently, with water as the only by-
product. And also, hydrogen is the lightest element and any leakage of hydrogen gas
can disperse quickly, thus hydrogen is also a safe energy source as other commonly
used fuels [3]. It has a high energy yield of 122 kJ/g, which is 2.75 times greater than
hydrocarbon fuels, it has good properties as a fuel for internal combustion engines in
automobiles. Hydrogen can be used as a fuel directly in an internal combustion engine
not much different from the engines used with gasoline. Hydrogen has very special
properties as a transportation fuel, including a rapid burning speed, a high effective
octane number, and no toxicity or ozone-forming potential. It has much wider limits
of flammability in air (4-75% by volume) than methane (5.3-15% by volume) and
gasoline (1-7.6% by volume) [2]. However, hydrogen is not an energy source, but an
energy carrier. Hydrogen must be produced from other sources with energy input.
Presently, hydrogen can be economically produced from hydrocarbon reforming,
which is neither renewable nor clean from the life cycle point of view. Powered by
solar energy, hydrogen can be produced from water, via photocatalysis,
thermochemical cycles, and water electrolysis. These methods offer renewable and
clean production of hydrogen fuel and, therefore, have attracted increasing research
interests in recent years. So far, the efficiencies of photocatalysis and thermochemical
cycles are still too low to be economically competitive. Water electrolysis is hence the

most promising technology for large-scale hydrogen production [3].

Modelling of water electrolyser is a very useful tool for simulation and prediction of

the behaviour of the systems of hydrogen generation. It will be very important when



the electrolyser is coupled from a renewable source of electricity directly, since we can
expect intermittent and variable supply. [4].

Here, a feasible electrolyser model was chosen by thorough study of different types of
electrolyser and its characteristics were done. For our purpose we found that,
compared with traditional alkaline electrolysis, in which corrosive potassium
hydroxide (KOH) solution is used as the electrolyte, proton exchange membrane
(PEM) electrolysis have more advantages, like ecological cleanness, high degree of
gases purity, and easy maintenance. Because, the cost of hydrogen production by PEM
electrolysis can be reduced further by continuous technology development, research
on PEM electrolysis has become very active in recent years. Research and study on
PEM electrolysis for hydrogen production are focused on demonstration of PEM
electrolysis for hydrogen production, development of new catalysts, and development

of new proton exchange membrane electrolytes [3].

There are numerous experimental studies that, investigates the PEM electrolysers in
different aspects. However, modelling a PEM electrolyser is also necessary. Modelling
a cell or stack has uttermost importance in understanding the operational behaviour of
a PEM electrolyser. Many mathematical models/calculations exist for characterizing
the cell component(s), using own code, employing statistical methods available

software [5].

Since last few years, research interest has certainly increased around PEMWES and
specific PEMWE models. Choi et al. [6] developed a simple model based on Butler-
Volmer kinetics but only covering the electrochemical behaviour. Gorgiin described a
complete dynamic model based on conservation of molar balance at the anode and the
cathode [7], but it has not been experimentally validated. Certain researchers of the
University of North Dakota (USA) modelled the polarization performance of a 6kW
PEMWE by developing a semi-empirical equation [8 - 10]. The basics of equation is
thermodynamic principles and Butler-VVolmer kinetics. From the results of experiment
they also analysed the effect of the temperature in the exchange current densities at the
electrodes, the PEM conductivity and the anode transfer coefficient. At the latest,
Marangio et al. [11, 12] presented a complete model validated on a high pressure
PEMWE. Their work takes into account the concentration overpotential, the mass
flows inside the electrolytic cells and makes a complex modelling of the ohmic losses

in electrodes and plates and in the membrane. The work of Lebbal et al. [13] also takes
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into account the concentration overpotential that model the kinetics of the reaction and
propose a non-linear square identification method to estimate the parameters of the
model. Even though the dependency of temperature is not clear enough, this approach

is quite interesting regarding the used identification and monitoring methods [4].

Almost all the modelling studies are mainly focused on the physics or the behaviour
of a cell or a stack. The behaviour of a PEM electrolyser depending on the operating
conditions should be investigated when designing a system. Above all, building a
system using the optimized parameters of a cell/ stack is also quite important.
Sometimes, the operating parameters of the cell or stack may subject to change
according to the other system components properties. Also, the properties of other
components such as power supply, water pump, water tank, cooling system, control
unit, etc. should also be considered when deciding system components and the range
of operating parameters. Literature has various system modelling studies regarding
fuel cells. However, a study dedicated to system modelling including a PEM
electrolyser is less and as far as researcher’s knowledge. Dale et al. [14] modelled a
commercial PEM electrolyser cell in a system containing balance of plant, but it didn't
include the system components to the model. This type of system should continuously
decided on the operating conditions according to environmental conditions and

previous operating conditions when it is running [5].

Yalcinoz et al. [15] dynamically modelled an air breathing PEM fuel cell with a
feedback control system. Gorgun et al. [16] gives a dynamic model of PEM
electrolyser unit. The model is based on mole balance equations at anode and cathode.
The partial pressure calculation of liquid water at anode side is done based on ideal
gas equation. However, a comparative study with experimental data has been made to
validate the model. Dale et al. [17] developed a semi-empirical model of PEM
electrolyser system considering temperature dependent reversible cell voltage. Curve
fitting methods are used to fit the experimental data to determine various model
parameters. Biaku et al. [18] made the study of temperature dependence of charge
transfer coefficient at the anode by a semi-empirical model. Santarelli et al. [19]
analysation was on the effects of temperature, pressure and water feed rate on the
electrolyser operation with the help of a regression model. In another work, Marangio
et al. [20] presented a theoretical model of electrolyser system in detail. The presented

model includes activation, ohmic and diffusion overvoltages. It takes into account the
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resistances of electrodes and plates and also resistance of membrane. The model is
fitted to experimental data and a detailed analysis of operating parameters on
electrolyser performance is presented, even though, the models discussed above are
semi-empirical in nature. In an investigation a model is developed based on analytical
expressions, which is dynamically an electrolyser system under a wide range of
operating conditions, e.g., temperature and pressure [21].

This paper focusses on hydrogen production using a dynamic electrolyser. The
electrolyser is modelled using the energy balance principle. At first the electrochemical
equations are formed and the behaviour is validated. Then, the mass concentrations at
the inlet and outlet, the heat generated and the thermal energy terms are equated and a
differential equation is obtained. This differential equation is solved and matlab

simulation is done.
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2. PRINCIPLE OF OPERATION

Electrolysis is one of the good option for hydrogen production from renewable
resources. Electrolysis is the process of splitting water into hydrogen and oxygen using
electricity. This reaction takes place in a unit called an electrolyser. Size of
electrolysers can range from small, appliance-size equipment that is well-suited for
small-scale hydrogen production to large-scale, central production system that could
be attached directly to renewable or other non-greenhouse-gas-emitting sources of

electricity [22].

Wa Lul"

DCpower source

Oxygen “ 3 a 3 { = a a S
Hydrogeng® Proton
Electrone exchange
Proton® T Anode membrane Cathode f

supply at
anode

Hydrogen

a®
@D ‘ e produced at

e cathode
aw q
e

L)
q e ® o
Water c

Oxygen
produced at e e
anode o -
e
[ &) e ©

<l

Anode Anode Anode Cathode Cathode Cathode
flow GDIL catalyst  catalyst GDL flow
field layer layer field

Figure 2.1: Schematic diagram of an Electrolyser [23]

> Water reacts at the anode to form oxygen and positively charged hydrogen ions

(protons).

> The electrons flow through an external circuit and the hydrogen ions
selectively move across the PEM to the cathode.

> Atthe cathode, hydrogen ions combine with electrons from the external circuit

to form hydrogen gas.
Anode: H O —— 2H" + 1/20; + 2¢° 2.1

Cathode: 2H* + 28¢ — H> 2.2
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Total: H,LO — H»y + 1/20,

2.1. Thermodynamics

2.3

Thermodynamic calculation provides functional relations of reversible voltage,

thermoneutral voltage and change in Gibbs free energy with temperature. To calculate

the thermodynamic effects in electrolytic reaction, it is convenient to assume hydrogen

and oxygen gases partial pressure are equal to water pressure, which is operated at

atmospheric pressure [24].

Reaction enthalpy:

AH(T,P)) = AHy, +AHo, — AHy,o

P;= partial pressure of species i (i=H,0,H,, 0,)

At standard conditions (T° = 298K, P° = 10°Pa)
AHp), = —285.8k] /moly,,
AHY,, = —241.8k] /moly,

Reference Potential E,.. ¢

AH(T,P;)

Eref(TrPi) ~ T T LF

F = Faraday’s constant (F= 96485Cmol™1)

ERefiiq = 1.48V
ERef vap = 1.25V

Reaction entropy:
AS(T, P,) = ASy, +5ASg, — ASy,o
Standard (for liquid water) and saturated (for vapour)

ASp, = —163.3 JK 'moly}

Asgq(TO,Psat(TO)) = —16 JK 'moly!

The entropy variation generates a heat production that can be expressed by [25]:

Q = TAS

14

2.4

2.5

2.6

2.7



Electrical energy available for the user in ideal conditions is given by the variation of

the Gibbs free energy that is defined by:
AG(T,P;) = AH(T,P;) — TAS(T, P,)
Reversible electrical work:

10 = —AG
In standard conditions:

AG® = —237.1k] /moly,

Enthalpy can be obtained by:
ARy = ARD + fTZ C,(T)dT
Integrating,
ARy = ARD + C,(T)(T — To)
For the electrolysis reaction the total enthalpy can be formulated as:
AH(T,P)) = AHy, +—AHg, — AHy,g
Entropy can be obtained by:
§=s0+ [ 20ar
Integrating,

§ =350+ Cy(Tin (Tlo)

For the electrolysis reaction the total entropy can be formulated as:
1
AS(T, Pl) = ASHZ + EASOZ - ASHZO

Ideal Cell voltage:

AG(T,P;)
2F

Erer(T,P) =
E,.,, is also called as the reversible open circuit voltage (OCV). In standard
conditions,

0

E? _Ac =123V
T'ev_ZF_ "
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Assuming that hydrogen, oxygen and vapour behave like ideal gases, AG(T, P;) [25]:
1
_ Ao _ (T 0 @H2%
AG(T,P;) = AG® — [, AS(T, P®)dT + RT In ?02 2.13
a; = (activity of speciesi) = P;/P°

1

E,.,(T,P;) = 1.229 — 85.10_5(T —298) + gln(aHzagz) 2.14
1
s RT [ #1295
E,op (T, P,) = 1.184 — 23.1075(T — 298) + 2L n | 22202 2.15
2F aH,0
RT
Eprey(T,P;) = Eth(T: P° ) + 2F 2.16

16



3. ELECTROCHEMICAL SUBMODEL

A feature that distinguishes the electrochemical reactions is its ability to manipulate
the size of the activation barrier by varying the cell potential. Charged species are
involved as either reactants or products in all electrochemical reactions. The free
energy obtained from charged species is its sensitivity to voltage. Therefore, changing
the cell voltage changes the free energy of the charged species taking part in a reaction,

thus affecting the size of the activation barrier [4].

The performance of electrolysis cells are typically compared by plotting their
polarization curves, which is obtained by plotting the cell voltage against the current
density. The main sources of increased voltage in a PEM electrolyser are ohmic losses,
activation losses and concentration losses, which is explained in the coming sections
[26].
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Figure 3.1: Polarization curve depicting the various losses attributed to PEM

electrolysis cell operation [26]
Cell voltage:
Vee = Urev + Nact + Nonmic + Neonce 3.1
3.1. Reversible Potential

The open circuit voltage or reversible potential of the cell (U,..,,) can be derived from
the Nernst equation of water electrolysis. Nernst potential for water electrolysis at

constant atmospheric pressure is empirically given as:
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Uper(T) = 1.5184 — 1.5421 « 1073T + 9.523 « 107°T InT + 9.48 * 1078T2? 3.2.a

T-E Reversible Curve (Empirical Relation)
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Figure 3.2: Inlet Temperature vs Cell Reversible Voltage (Using Equation 18.a)

Figure 3.2, shows the variation of reversible voltage with the inlet temperature and it

is observed that the reversible voltage is decreasing as the temperature increases.

Nernst potential for water electrolysis for pressure variation:

1

2
RT PH,PH
Uyop(T, P) = EO(T,P) + —In| —=22 3.2.b
2F a
H,0
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Figure 3.3: Pressure vs Cell Reversible Voltage (Using Equation 18.b)
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Here we assume isobaric condition. At Standard Temperature = 298K

From Figure 3.3, it is observed that there is an increase in reversible cell voltage
while using the equation 3.3. Hence we can conclude that there is an influence of

pressure in reversible cell voltage at constant temperature.
3.2. Overpotentials

Overpotential is the potential difference (voltage) between a half-reaction’s
thermodynamically determined reduction potential and the potential at which the
redox event is experimentally observed. In an electrolytic cell the existence of
overpotential implies the cell requires more energy than thermodynamically expected

to drive a reaction [27].
3.2.1. Activation Overpotential

When current flows through the electrolysis cell, charge transfer and mass-transport
phenomena at the electrodes must be considered. These limitations of the semi

reactions are known as activation and diffusion overpotentials.

Initially assuming only charge transfer limitations (accurate approximation only for
low current densities) the Butler-Volmer expression relates the current density to the

activation overpotential at each electrode [28-29]:

The general form:
= o (e (722) - exp [ (&) 1 -y 2]
R*,0* = Concentration wheni =0

R°,0° = Concentraion wheni # 0

Considering the ratio of concentrations at i = 0 and i # 0 as 1, we can write above

equation as,

. . ZF ac ZF ac

= i {exp (ﬁ %) — exp [—(1 -B) #]} 3.3b
Where,

i = actual current density in the electrolyser

ip = exchange current density

Nact = activation polarization
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F = Faraday's constant = 96485 Cmol™!

R = Gas constant = 8.314 4621 JK 'mol™?

B = Symmetry factor for the electrode. It represents physically the fraction of

additional energy that goes towards the reduction () and to the oxidation(1 — ).

Z = stoichiometric coef ficient for transferred electrons = 2,

for water electrolysis.
Also reduction (8) = ag and oxidation(1 — 8) = a,

Hence we write equation 19.b as,
= i o e ) np e )

For low activation polarization,

We know,
2 3
eX=1+x+=+=+-
2! 3!

Neglecting higher terms and substituting equation (18) in (17), we get

. . (artap)ZF
L= 1o RT act

But we know take, az + ap = 1.
Hence we can take for low activation potential,

2RT i
Nact = i ,when 8 = 0.5.

For high activation polarization,

2RT 1
Nact =~ In (i) , when 8 = 0.5.
This is known as Tafel equation.

Therefore, anodic (n,) and cathodic (n.) activation overpotential:
_ RT_ g
Na = Ay ZF n ioa

RT ic
Ne = In{—
acZF Lo,

Temperature dependence of i, can be modelled using Arrhenius form as,
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. . Eoxc (1 1
o = orer e[~ (270 510

Where, E,,. = activation energy for the electrode reaction,
i.e.,activation energy of the" water oxidation" for the anode electrocatalyst

The exchange current density for Pt-Ir anode = 10" A/cm? and Pt cathode = 103 A/cm?

at 80°C (for reference value).
3.2.2. Concentration Overpotential

The diffusion or concentration overpotential (1.,,c) can be modelled by adding a
limiting current term (i, ,) to the anodic overpotential. The limiting current is the
limiting value of a faradaic current that is approached as the rate of charge-transfer to
an electrode is increased, i.e, as reaction proceeds faster, at some point all the reactant
that reaches the electrode get consumed immediately. At this point ion concentration

is zero, and the current levels off [30-31].

We consider concentration overpotential for very high current density. The anodic
contribution is dominant because the oxygen bubbles would block the electrodic
surface due to their larger volume [24, 25, 4].

Nconc = @aZF n (iLi—Lia) 3.11

3.2.3. Ohmic Losses

Overpotential due to ohmic losses (1,nmic) IS another important effect. The dominant
losses in n,nmic are the ionic losses caused by the resistance to the proton transport
through the PEM.

Ronmic = Rion + Ree 3.12
Ronmic = ohmic resistance

R;on = lonic resistance

R = electronic resistance

i.e, ohmic resistance consists of lonic resistance and electronic resistance.
tm
Rion = — 313

(4

Where, t,, = thickness of the membrane
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o = conductivity of the membrane.

Using Arrhenius expression we can model the temperature dependence of the
membrane conductivity.

0(T) = Oyer €Xp [—%(% S )] 3.14

Tref
Where, E,,,, = temperature — independent parameter,
which represents the activation energy for proton transport in the membrane.
Assuming membrane fully hydrated.

Here we consider R, < Rjon

Hence, Nohmic = Rohmic * 1 3.15
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Figure 3.4: Overpotential Curves: (i) Activation Anode Overpotetential (ii)
Activation Cathode Overpotetential (iii) Ohmic Overpotetential (iv) Concentration

Overpotetential

The above figure gives the behaviour of different overpotentials. It is noted that there
is gradual increase in the activation anode overpotential and gradual decrease in
activation cathode overpotential. For concentration overpotential there is slight

increase. For ohmic overpotential there is a linear increase and it gives much higher
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values compared to others. Hence we can say that ohmic overpotential is the most

significant parameter in the overpotentials.

I-V Curve (General Equation)
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Figure 3.5: Polarization Curve

Figure 3.4, shows the polarization curve, which is a relation between current density

and cell voltage. It is observed that there is gradual increase in voltage as the current

density increases. It is also noticed that the lower inlet temperature gives higher cell

voltage as compared to the higher inlet temperature. This can be justified by using

figure 3.3, i.e, as the inlet temperature is lower there is high overpotential loss. By

considering this we can say that, polarization curve shows lower values for higher inlet

temperature.

3.3. Hydrogen production submodel

The molar flow rates of hydrogen and oxygen production and consumed water can be

given using Faraday’s law [4]:
l I
MH2 (%) =3F * Scett * NF

mol I
MOZ( )=E*Scell*77F

1
)=;*5cell*nF
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Where,

I = current across the cell electrodes

Scelt = Ssingle cen * number of cells

ng = Faraday's ef ficiency, generally assumed to be more than 99%

The simulation of the proposed model is done and validated. It can be concluded that
the model is good and shows similar graphical pattern when compared with the results

of “Simple PEM water electrolyser model and experimental validation” [4].
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4. DYNAMIC MODEL OF ELECTROLYSER

Incorporating the phenomenological relationships obtained from the last section a
dynamic system of a PEM electrolyser is modelled. The unsteady components of mass
and energy balance equations are considered. In this model, the fluid flow description
is simplified by assuming that the water and gas flow simultaneously at the same
speed, constant pressure in each fluid channel, a fully hydrated membrane and no
dynamics for electrochemical phenomena that are orders of magnitude faster than

other phenomena [32].

outlst,Cathods _
M

utlet,Anode _ ; x C_ %
Mg, Ane x €, x T(1) Hy « C, *T(t)
QHsat Energy Losses
T /\r””%
L T NS

- ./ ]
l
inlst. Anods . inlst,Cathods _ .
MHZO % Cp 5 Tix ‘wH:O * Cp * T:'n

Moutlst,..-‘lnods xC_ % T(t) s
H.0 outlst,Cathods _ i
: B ano *C,*T(t)
Figure 4.1: Energy Balance Schematic Diagram
Here,
My, = Mass concentration of water,
My, = Mass concentration of Hydrogen,

My, = Mass concentration of Oxygen,

C

PHy 0 = specific Heat of water,

Tin = Inlet Temperature,
T(t) = Outlet Temperature varying with Time,

T = Average Outlet Temperature = (T, + T(t))/2.
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Table 4.1: The constant and reference values

Sl Parameter Value Reference
No
1 F (Faraday Constant) 96485 C/mol Constant
2 R (Universal Gas Constant) 8.314 J/mol.K Constant
3 il (Limiting Current) 4 Alcm”2 4
4 i0a (Current Density at Anode ) 10"-7 Alcm”2 4
5 i0c (Current Density at Cathode) 10"-3 Alcm”2 4
6 Alpha (Charge Transfer Coefficient) 0.5 4
7 Eexc (Activation Energy for Electrode | 53990.065 J/mol | 4
Reaction )
8 sigma_ref (Reference Conductivity of | 0.020 S/cm
Membrane)
9 Epro (Activation Energy for Proton | 18912.42 J/mol |4
Transport in Membrane)
10 delta (Thickness of membrane, ) 7*2.54*10"-3
cm

4.1. Unsteady-state balance equation
Mass Concentration:

The mass balances of the liquid and gas phase water in the anode and cathode

channels can be written as follows:

Inlet
Mg "% = (14 Anoge) 37 * 5 * (18 * 107%) () 41
Mg % = dcathoge * 35+ 5 * (185 107%) () 42
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Where, A = Stoichiometric value.

AH
Voltage = (V(I) — E) * [ x s (Watt) 4.3
From equation (17),

V(I) = Erev(T’ Pi) + Mg —Ne + Neone T Nonrmic

From equation (10.c),

1
AH = AHy, + 5 AHo, — AHy,o
Outlet
MZZgletAnode Mnode * —* s % (18 ¥ 1073) ( ) 4.4
Mggglet Cathode _ 3 & —*5*(18% 10~ 3) ( 9 4.5

The mass balances of the hydrogen in the anode and cathode channels can be written

as follows:

MpyttetAnode — é *5*(2%1073) (KT‘Q) ,(Negligable, assuming no crossover)
4.6

MI(_)I;Ltlet,Cathode — é* s * (2% 10_3) (Ks_g) 47

The mass balances of the oxygen in the cathode channel can be written as follows:
Mg;ttlet,Anode — ! * S * (32 10~ 3) ( ) 4.8

Energy Balance:
The energy balance terms involving mass in, mass out, heat generation and total

thermal energy of the cell through the MEA.

dT _ inlet,Anode
pCV = My xC

PHZ0

inlet,Cathode
* T | + [ Mg *C

szO * Tln] +
[(V(I) — 2—5) * [(t) * S] _ [Mguglet,Anode N Cszo «T(O)] = [ Iguglet Cathode _
l hod 1 d
PH . T(t)] [ out et,Cathode pH . T(t)] [ out et,Anode pH . T(t)]

4.9
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PCY G = M™% = Conyo + MAE" " = Copyo} T + (VD ~ 57) # 1T, 0) 5] =
N —

4 Xinlet QHeat
outlet,Anode outlet,Cathode outlet,Cathode outlet,Anode
M * Cppryo + Mg * Cppry0 + My, * Cpp0 + Mg, * Cpnyo) T()
Youtlet
4.10.a
ar _ 4.10.b
ZE - XinletTin + QHeat - YoutletT(t) LY.

The above differential equation is solved using an implicit method. By solving this
differential equation the output temperature is obtained for transient conditions, for
different inlet temperatures and stoichiometric values. The relations obtained are

simulated in matlab.
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5. RESULTS AND DISCUSSION

Current Density vs Time
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Figure 5.1: Current Density (Step Current) vs Time

The step current is shown in figure 5.1. At first there is a step from 1A/cm”2 to 2
Alcm”2, and then there is another step introduced at 1000s from 1 A/cm”2 to 3
Alcm”2.

Time vs Outlet Temperature Curve (Stoichiometric = 150)
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Figure 5.2: Time vs Outlet Temperature (For Different Inlet Temperatures)
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Figure 5.3: Current Density and Outlet Temperature with Time

From the figure 5.2 & 5.3, it is observed that the temperature various with current. As
the current increases the temperature also increases gradually and as the current
decreases the temperature also decreases gradually and remain constant. In figure 5.3,
it is clearly observed that there is time lag for temperature to reach its exact outlet

temperature when the current increases and also a time lag when the current decreases.
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Figure 5.4: Time vs Outlet Temperature (for different stoichiometric)

From figure 5.4, it is observed that the outlet temperature increases as the
stoichiometry decreases for same inlet temperature. For electrolyser the stoichiometric
value is taken to be higher. This help to maintain the temperature of the electrolyser

without any external means. Here, it can be clearly seen that the outlet temperature is
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decreasing with the increasing stoichiometric value and so we can say that there is a
cooling effect.

Time vs Difference of Outlet Temperature (Stoichiometric = 150)
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Inlet Temperature vs X in (Stoichiometric = 150)
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Figure 5.5: (a) Time vs Difference in Outlet Temperature, (b) Source vs Inlet

Temperature,

(c) X_in vs Inlet Temperature, (d) Y_out vs Inlet Temperature
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From the figure 5.5.(a), it is observed that the outlet temperature difference is low as
the inlet temperature increases. When analysing the equation, from figure 5.5.(b), it is
observed that the source value decreases as the inlet temperature increases. In figure
5.5.(c & d), it is observed that the values remain same for varying inlet temperature.
So the only varying parameter is the Source. Source depends on voltage and from
overpotential curve, figure 3.3, it can be seen that the overpotential value decreases
with increase in inlet temperature, i.e. the losses will be less as the temperature
increases. It can be explained as, for 30°c the loss will be higher than 80°. So as the

temperature increases the difference in outlet temperature decreases.

Current Density and Voltage Variation with Time (Stoichiometric = 150)
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Activation Anode Overpotential vs Time
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Concentration Overpotential vs Time
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Figure 5.7: (a) Reversible Voltage (b) Activation Anode Overpotetential (c)
Activation Cathode Overpotetential (d) Ohmic Overpotetential (e) Concentration

Overpotetential

From figure 5.6, it is inferred that the voltage changes corresponding to the current.
But it is noticed that there is a step up or down in voltage where the current changes.
Here, the voltage is function of reversible voltage and overpotentials and as seen from
figure 5.7, there is shoot up or shoot down in anode, cathode and ohmic overpotentials
at the points where the current changes (figure 5.7: b, ¢ & d), i.e, there is much loss

happing at these regions. Hence the voltage varies correspondingly.
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6. CONCLUSION

A simple dynamic model of a PEM electrolyser, including electrochemical, mass flow
and thermal ancillaries has been proposed. The simulation has been done and the plots
are studied. For the electrochemical submodel, the fitting parameters were ascribed to
physical variables in order to compare with the literature. And the validation was
carried out using the data of the literatures. In this study, mathematical model of the
dynamic PEM electrolyser was developed. The current verses time, outlet temperature
verses time, voltage verses time graphs are plotted at different inlet temperature
conditions and stoichiometric. A study of the plots obtained was also done.

This model can be improved by embedding more physics and mathematical

expressions and other mass transfer phenomena.
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7. FUTURE WORK

Along with embedding more physics and mathematical expressions, this work can be
extended by introducing a storage system and a network to distribute hydrogen. Before
setting up a hydrogen storage, a study should be done to know the time constant for
the mass flow of hydrogen and different parameters that contribute it. The model can
also be modified for the pressure variation. If the mass flow rate and pressure varies
there should be a compressor or some system to maintain the pressure and to store the

hydrogen in the storage tank.

According to me and the literature referred, these are some points that can help to

continue the work:

The time lag in the outlet of electrolyser can be occurred due to the losses happen when
it flow through the pipe. As we know there are chances of deformation in the pipe that

can resist the mass flow.

There are chances of hydrogen storing inside the electrolyser, so there will be two
phase inside the electrolyser, liquid and gas. Hence a multiphase flow has to be
considered. And also the amount of hydrogen that can be stored inside the electrolyser
has to be calculated [33, 34].

O, vent

H; product = DEL

Dehumidifier
Dehumidifier

Feed

Electrolyzer

Power

Figure 7.1: High-Pressure Electrolyser System [32]
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From the figure 7.1, it is observed that, to get the hydrogen gas from electrolysis there
should be some other apparatus attached like separator and dehumidifier. So an

efficient apparatus should be selected to avoid the losses.

There is a need of compressor to compress the hydrogen gas before storing into the
tank. Hence a control system have to be introduced for the efficient working of the

compressor.
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9. APPENDICES
9.1. Polarization Curves

clear all
clc
close all

il=4;

R =8.314;

F = 96485;

Alpha =0.5;

n=2;

Eexc = 53990.065;
sigma_ref = 0.020;
Epro = 18912.42;
delta = 7*2.54*10"-3;

1 =0:0.001:4;
for i = 1:length(l)
t=0;
for T =303:10:353
t=t+1;

% Anode
ia = (10"-7)*(exp(-(Eexc/R)*((1/T)-(1/298))));
Eta_Anode(i,t) = (R*T)/(Alpha*n*F))*(log(I(i)/ia));

% Cathode
ic = (107-3)*(exp(-(Eexc/R)*((1/T)-(1/353))));
Eta_Cathode(i,t) = -(R*T)/(Alpha*n*F))*(log(I(i)/ic));

%0Ohmic

sigma(i,T) = sigma_ref*(exp(-(Epro/R)*((1/T)-(1/298))));
Rohm = delta/sigma(i, T);

Eta_Ohmic(i,t) = I(i)*Rohm;

%Concentration
Eta_Conc(i,t) = (R*T)/(Alpha*n*F))*(log(il/(il-1(i))));

%Voltage

H_h2(i,T)=0+(28.84*(T-298));
H_02(i,T)=0+(28.91*(T-298));
H_h20(i,T)=-285830+(75.37*(T-298));
H(i,T)=H_h2(i,T)+(0.5*H_02(i,T))-H_h20(i,T);

S_h2(i, T)=130.68+(28.84*(log(T/298)));
S_02(i,T)=205+(28.91*(log(T/298)));
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S_h20(i, T)=69.95+(75.37*(log(T/298)));
S(i,T)=S_h2(i, T)+(0.5*S_02(i,T))-S_h20(i,T);

G(@1,T)=H(1,T)-(T*S(1,T));

E®,T)=(G(,T)/(2*F));

ET(i,t) = 1.5184-(1.5421*10"-3*T)+(9.523*10"-5*T*log(T))+(9.84*10"-8*T"2);
EP(i,t)= 1.23+(((R*T)/(n*F))*(log(0.5*0.5"0.5)));

VT(i,t) = ET(i,t) + Eta_Anode(i,t) - Eta_Cathode(i,t) + Eta_Ohmic(i,t) +
Eta_Conc(i,t);

VP(it) = EP(i,t) + Eta_Anode(i,t) - Eta_Cathode(i,t) + Eta_Ohmic(i,t) +
Eta_Conc(i,t);

V(it) = E(i,t) + Eta_Anode(i,t) - Eta_Cathode(i,t) + Eta_Ohmic(i,t) + Eta_Conc(i,t);
% disp (['Ati =",num2str(I(i))," Alcm2'' & T =",num2str(T),'K',’, v=",
num2str(VT(i,t)," V']);

% disp ([Ati =",num2str(1(i))," A/lcm2'' & T = ",num2str(T),'K")", v =",
num2str(VP(i,t)),' V']);

%Mass Flow Rate

A(i) = I(i)* 50;

M_H2(i) = (A(i)*0.99)/(2*F);

M_02(i) = (A(i)*0.99)/(4*F);

M_H20(i) = (A(i)*0.99)/(2*F);

disp (['At Current = ",num2str(1(i)),’A",', Mass Flow Rate of H2 =,
num2str(M_H2(i)),' mol/s',', Mass Flow Rate of O2 =", num2str(M_QO2(i))," mol/s',’,
Mass Flow Rate of H20 =", num2str(M_H20(i))," mol/s);

end
end

subplot(3,1,1);

plot (1,V(:,1),1,V(;,2),,V(:,3),1,V(:,4),1,V(:,5),1,V(:,6))
legend('T=30", T=40','T=50","T=60", T=70",'T=80")
xlabel('Current Density (A/cm2)");

ylabel('Cell Voltage (Volt)");

title('l-V Curve (General Equation of E reversible)?;

subplot(3,1,2);

plot (I,VP(;,1),1,VP(;,2),1,VP(:,3),1, VP(:,4),1,VP(:,5),1, VP(:,6))
legend('T=30",' T=40','T=50","'T=60", T=70",'T=80")
xlabel('Current Density (A/cm2)");

ylabel('Cell VVoltage (Volt));

title('l-V Curve (Pressure & Temperature variation)');

subplot(3,1,3);

plot (LVT(:,1),LVT(;,2),,VT(:,3),1,VT(:,4),I,LVT(:,5),,VT(;,6))
legend('T=30", T=40","T=50","T=60", T=70","'T=80")
xlabel('Current Density (A/cm2)";

ylabel('Cell VVoltage (Volt));

title('l-V Curve (Temperature variation)");
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figure(2);
plot(I,M_H2(:),I,M_H2(:),I,M_H2(:),I,M_H2(:),I,M_H2(:),I,M_H2(:))
xlabel('Current (A/cm2)');

ylabel('Molar Flow Rate (mol/s));

title('Current vs Molar Flow Rate of H2');

figure(3);
plot(l,Eta_Anode(:,1),I,Eta_Anode(:,2),l,Eta_Anode(:,3),l,Eta_Anode(:,4),I,Eta_Ano
de(:,5),1,Eta_Anode(:,6),I,Eta_Cathode(:,1),l,Eta_Cathode(:,2),l,Eta_Cathode(:,3),l,E
ta_Cathode(:,4),1,Eta_Cathode(:,5),l,Eta_Cathode(:,6),I,Eta_Ohmic(:,1),I,Eta_Ohmic
(:,2),1,Eta_Ohmic(:,3),I,Eta_Ohmic(:,4),I,Eta_Ohmic(:,5),l,Eta_Ohmic(:,6),l,Eta_Co
nc(:,1),l,Eta_Conc(:,2),l,Eta_Conc(:,3),I,Eta_Conc(:,4),l,Eta_Conc(:,5),I,Eta_Conc(:,
6))

legend('T=30",' T=40',"T=50","T=60", T=70",'T=80")

xlabel('Current Density (A/cm2)");

ylabel(‘Overpotential (Volt)");

title('Different Overpotential’);

figure(4);

subplot(2,2,1);
plot(l,Eta_Anode(:,1),I,Eta_Anode(:,2),l,Eta_Anode(:,3),l,Eta_Anode(:,4),I,Eta_Ano
de(:,5),1,Eta_Anode(:,6))

xlabel('Current Density (A/cm2)");

ylabel(‘Overpotential (\Volt)?);

title('Activation Anode Overpotential’);

subplot(2,2,2);
plot(l,Eta_Cathode(:,1),I,Eta_Cathode(:,2),l,Eta_Cathode(:,3),l,Eta_Cathode(:,4),l,Et
a_Cathode(:,5),l,Eta_Cathode(:,6))

xlabel(‘Current Density (A/cm2)");

ylabel(‘Overpotential (Volt)");

title(‘Activation Cathode Overpotential');

subplot(2,2,3);
plot(l,Eta_Ohmic(:,1),l,Eta_Ohmic(:,2),l,Eta_Ohmic(:,3),I,Eta_Ohmic(:,4),l,Eta_Oh
mic(:,5),1,Eta_Ohmic(:,6))

xlabel(‘Current Density (A/cm2)");

ylabel(‘Overpotential (Volt)");

title('Ohmic Overpotential’);

subplot(2,2,4);

plot(l,Eta_Conc(:,1),I,Eta_Conc(:,2),l,Eta_Conc(:,3),I,Eta_Conc(:,4),l,Eta_Conc(:,5),
I,Eta_Conc(:,6))

xlabel('Current Density (A/cm2)");

ylabel('Overpotential (\Volt)");

title('Concentration Overpotential’);

9.2.  Dynamic Model
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clear

clc

global Tout_intial

close all

lamdaA = 150;% Stoichiometric

lamdaC = 150;

F = 96485;%Faraday Constant, C/mol

il =4;% Limiting Current, A/cm”2

i0a = 107-7;% Current Density at Anode, A/cm”2

i0c = 10”-3;% Current Density at Cathode, A/cm”2

R = 8.314;% Universal Gas Constant, J/mol.K

s = 10;% Surface Area, cm”2

Cp_H20 =4179;% Specific Heat of Water, J/kg.K

Cp_H2 = 14337;% Specific Heat of Hydrogen, J/kg.K

Cp_02 =920.5;% Specific Heat of Oxygen, J/kg.K

Rho H20 = 1*10"-3;% Density of Water, Kg/cm”3

% v = 2*500*10"-7;% volume, cm”3

v =s*1; % volume, cm”"3

Alpha = 0.5;% Charge Transfer coefficient

n = 2;% Stoichiometric Coefficient for Transferred Electrons
Eexc =53990.065;% Activation Energy for Electrode Reaction, J/mol
sigma_ref = 0.020;% Reference Conductivity of Membrane, S/cm
Epro = 18912.42;% Activation Energy for Proton Transport in Membrane, J/mol
delta = 7*%2.54*10"-3;% Thickness of Membrane, cm

T in=303:10:353;

IV =1; % Alcm”"2

for j = L:numel(T_in)
To(j) = T_in(j); %inital guess
Diff = 1,
Temp =0;
while(Diff > 1le-16)
M_H20in_a = ((1+lamdaA)*(IV*s*18*10"-3))/(2*F);
M_H20out_a = ((lamdaA)*(1V*s*18*10"-3))/(2*F);
M_H20in_c = (lamdaC)*(IV*s*18*107-3)/(2*F);
M_H20out_c = (lamdaC)*(IV*s*18*10"-3)/(2*F);
M_H2out_c = (IV*s*2*107-3)/(2*F);
M_O2out_a = (IV*s*32*10"-3)/(4*F);

T =(T_in(j)+ To(j))/2;

% Anode

ia = (10a)*(exp(-(Eexc/R)*((1/T)-(1/298))));
Eta_Anode = ((R*T)/(Alpha*n*F))*(log(IV/ia));
% Cathode

ic = (i0c)*(exp(-(Eexc/R)*((1/T)-(1/298))));
Eta_Cathode = -((R*T)/(Alpha*n*F))*(log(IV/ic));
%Ohmic

sigma = sigma_ref*(exp(-(Epro/R)*((1/T)-(1/298))));
Rohm = delta/sigma;

Eta_Ohmic = IV*Rohm;
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%Concentration

Eta_Conc = ((R*T)/(Alpha*n*F))*(log(il/(il-1V)));
% Enthalpy

H_H2 = 0+(28.84*(T-298));

H_02 = 0+(28.91*(T-298));

H_H20 =-285830+(75.37*(T-298));

delta H =H_H2+(0.5*H_02)-H_H20;

% voltage

S_h2 =130.68+(28.84*(log(T/298)));

S_02 =205+(28.91*(log(T/298)));

S_h20 = 69.95+(75.37*(log(T/298)));

S =S_h2+(0.5*S_02)-S_h20;

E = 1.299+((S*(T-298))/(n*F))+(((R*T)/(n*F))*(log(0.5*0.5"0.5)));

V = E + Eta_Anode - Eta_Cathode + Eta_Ohmic + Eta_Conc;

X_in=(M_H20in_a*Cp_H20)+(M_H20in_c*Cp_H20);

Q = (V-(delta_H/(2*F)))*IV*s;

Y _out=
(M_H20out_a*Cp_H20)+(M_H20out_c*Cp_H20)+(M_H2out_c*Cp_H2)+(M_02
out_a*Cp_02);

Z =Rho_H20*Cp_H20%*v;

To(j) = (X_in*T_in(j))+Q-(Y_out*To(j)))/Z2*0.6 + To(j);
Diff = To(j) - Temp;

Temp = To(j);
end
end
Tout_intial = To;

9.3.  Main Program

clear

clc

close all

global Tout_intial

% lamdaA = 150;% Stoichiometric

lamdaC = 150;

F = 96485;%Faraday Constant, C/mol

il = 4;% Limiting Current, A/cm”2

i0a = 10"-7;% Current Density at Anode, A/cm”2
i0c = 107-3;% Current Density at Cathode, A/cm”2
R =8.314;% Universal Gas Constant, J/mol.K

s = 10;% Surface Area, cm”"2

Cp_H20 =4179;% Specific Heat of Water, J/kg.K
Cp_H2 = 14337;% Specific Heat of Hydrogen, J/kg.K
Cp_02 =920.5;% Specific Heat of Oxygen, J/kg.K
Rho_H20 = 1*10"-3;% Density of Water, Kg/cm”3
% v = 2*500*10"-7;% volume, cm”3

v =s*1; % volume, cm”"3

Alpha = 0.5;% Charge Transfer coefficient
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n = 2;% Stoichiometric Coefficient for Transferred Electrons

Eexc =53990.065;% Activation Energy for Electrode Reaction, J/mol
sigma_ref = 0.020;% Reference Conductivity of Membrane, S/cm

Epro = 18912.42;% Activation Energy for Proton Transport in Membrane, J/mol
delta = 7*%2.54*10"-3;% Thickness of Membrane, cm

T_in =303:10:353;

for ¢ = 1:numel(lamdaC)
co=hsv(length(T _in));
for j = 1:numel(T _in)
tf=2000;
t1=0; %if t>t1 I=2A/cm2,;
t2=400; %if t>t2 1=1A/cm2;
t3=1000;
t4=1400;
tdf=tf/20000;
time=0:tdf:tf;
10=2; %A/cm”2
11=3;
IV=0nes(1,length(time));

for t = 1:numel(time)
if t1 <time(t) && time(t) <t2

IV(t) = 10;

end

if t3 <time(t) && time(t) <t4
IV(t) = I1;

end

M_H20in_a = ((1+lamdaC(c))*(I\V(t)*s*18*10"-3))/(2*F);
M_H20out_a = ((lamdaC(c))*(1\V(t)*s*18*10"-3))/(2*F);
M_H20in_c = (lamdaC(c))*(IV(t)*s*18*10"-3)/(2*F);
M_H20out_c = (lamdaC(c))*(IV(t)*s*18*10"-3)/(2*F);
M_H2out_c = (IV(t)*s*2*10"-3)/(2*F);

M_O2out_a = (IV(t)*s*32*10"-3)/(4*F);

ift>1

T = (T_in(j)+ To(t-1))/2;
% Anode
ia = (i0a)*(exp(-(Eexc/R)*((1/T)-(1/298))));
Eta_Anode = ((R*T)/(Alpha*n*F))*(log(1V(t)/ia));
% Cathode
ic = (10c)*(exp(-(Eexc/R)*((1/T)-(1/298))));
Eta_Cathode = -((R*T)/(Alpha*n*F))*(log(I1V(t)/ic));
%O0hmic
sigma = sigma_ref*(exp(-(Epro/R)*((1/T)-(1/298))));
Rohm = delta/sigma,;
Eta_Ohmic = IVV(t)*Rohm;
%Concentration
Eta_Conc = ((R*T)/(Alpha*n*F))*(log(il/(il-1V(1))));
% Enthalpy
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H_H2 = 0+(28.84*(T-298));

H_0O2 = 0+(28.91*(T-298));

H_H20 = -285830+(75.37*(T-298));

delta H=H_H2+(0.5*H_02)-H_H20;

% voltage

S_h2 =130.68+(28.84*(log(T/298)));

S_02 = 205+(28.91*(log(T/298)));

S_h20 = 69.95+(75.37*(log(T/298)));

S =S _h2+(0.5*S_02)-S_h2o0;

E = 1.299+((S*(T-298))/(n*F))+(((R*T)/(n*F))*(log(0.5*0.5"0.5)));

V(t) = E + Eta_Anode - Eta_Cathode + Eta_Ohmic + Eta_Conc;

X_in=(M_H20in_a*Cp_H20)+(M_H20in_c*Cp_H20);

Q = (V(t)-(delta_H/(2*F)))*IV(t)*s;

Y out=
(M_H20out_a*Cp_H20)+(M_H20out_c*Cp_H20)+(M_H2out_c*Cp_H2)+(M_02
out_a*Cp_02);

Z = Rho_H20*Cp_H20%*v;

To(t) = (X_Iin*T_in(j))+Q-(Y_out*To(t-1)))/Z*tdf + To(t-1);
P(t) = V(©)*IV(t)*s; % Power
else
T = (T_in(j)+ Tout_intial(j))/2;
% Anode
ia = (i0a)*(exp(-(Eexc/R)*((1/T)-(1/298))));
Eta_Anode = (R*T)/(Alpha*n*F))*(log(1V(t)/ia));
% Cathode
ic = (i0c)*(exp(-(Eexc/R)*((1/T)-(1/298))));
Eta_Cathode = -((R*T)/(Alpha*n*F))*(log(I1V(t)/ic));
%0Ohmic
sigma = sigma_ref*(exp(-(Epro/R)*((1/T)-(1/298))));
Rohm = delta/sigma;
Eta_Ohmic = IVV(t)*Rohm;
%Concentration
Eta_Conc = ((R*T)/(Alpha*n*F))*(log(il/(il- 1V (1))));
% Enthalpy
H_H2 = 0+(28.84*(T-298));
H_02 = 0+(28.91*(T-298));
H H20 =-285830+(75.37*(T-298));
delta H=H_H2+(0.5*H_02)-H_H20;
% voltage
S _h2 =130.68+(28.84*(log(T/298)));
S 02 =205+(28.91*(log(T/298)));
S_h20 = 69.95+(75.37*(log(T/298)));
S =S h2+(0.5*S_02)-S_h2o0;
E = 1.299+((S*(T-298))/(n*F))+(((R*T)/(n*F))*(log(0.5*0.5°0.5)));

V(t) = E + Eta_Anode - Eta_Cathode + Eta_Ohmic + Eta_Conc;
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X_in=(M_H20in_a*Cp_H20)+(M_H20in_c*Cp_H20);

Q = (V(t)-(delta_H/(2*F)))*IV(t)*s;

Y _out=
(M_H20out_a*Cp_H20)+(M_H20out_c*Cp_H20)+(M_H2out_c*Cp_H2)+(M_02
out_a*Cp_02);

Z = Rho_H20*Cp_H20%*v;

To(t)= Tout_intial(j);

P(t) = V()*IV(t)*s; % Power

end

end

Diff = To-To(1);

figure(1)

set(gcf,'color',[1 1 1])

plot(time,To,'Color',co(j,:));

hold on;

grid on

legend('T=30°C= 303K','T=40°C= 313K',' T=50°C= 323K",'T=60°C=
333K','T=70°C= 343K',' T=80°C= 353K)

xlabel('Time (s));

ylabel(‘Outlet Temperature (K)");

title('Time vs Outlet Temperature Curve";

figure(2)

set(gcf,'color',[1 1 1])

plot(time,Diff,'Color',co(j,:));

hold on;

grid on

legend('T=30°C= 303K','T=40°C= 313K',' T=50°C= 323K",'T=60°C=
333K','T=70°C= 343K',' T=80°C= 353K")

xlabel('Time (s));

ylabel(‘'Temperature variation: T(t)-T(t=0));

title('Time vs Difference of Outlet Temperature (Stoichiometric = 150)");

figure(20)

set(gcf,'color',[1 1 1])

plot(time, Diff./max(Diff),'Color',co(j,:));

hold on;

grid on

legend('T=30°C= 303K','T=40°C= 313K'",'T=50°C= 323K',' T=60°C=
333K','T=70°C= 343K','T=80°C= 353K")

xlabel("'Time (s)");

ylabel('Temperature variation: T(t)-T(t=0)";

title('Time vs Difference of Outlet Temperature (Stoichiometric = 150)");

figure(3)

set(gcf,'color',[1 1 1])

hold on;

plot(T_in(j),X_in,*");

grid on

legend('T=30°C= 303K','T=40°C= 313K",'T=50°C= 323K',' T=60°C=
333K','T=70°C= 343K','T=80°C= 353K")
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xlabel('Inlet Temperature (K)");

ylabel("Xin’);

title('Inlet Temperature vs X in (Stoichiometric = 150)');

figure(4)

set(gcf,'color',[1 1 1])

hold on;

plot(T_in(j),Q,™);

grid on

legend('T=30°C= 303K','T=40°C= 313K',' T=50°C= 323K",' T=60°C=
333K','T=70°C= 343K','T=80°C= 353K")

xlabel(‘Inlet Temperature (K)";

ylabel('Source’);

title('Inlet Temperature vs Q (Stoichiometric = 150)');

figure(5)

set(gcf,'color',[1 1 1])

hold on;

plot(T_in(j),Y_out,™*");

grid on

legend('T=30°C= 303K','T=40°C= 313K',' T=50°C= 323K",'T=60°C=
333K','T=70°C= 343K',' T=80°C= 353K)

xlabel(‘Inlet Temperature (K)";

ylabel("Yout');

title('Inlet Temperature vs Yout (Stoichiometric = 150)");

end
end
figure(10)
set(gcf,'color',[1 1 1])
plotyy(time, IV time,To);
grid on
legend('Current Density (A/cm2)',' Temperature (K)";
xlabel('Time (s)");
title('Current Density and Outlet Temperature with Time (Stoichiometric = 150)";
figure(11)
set(gcf,'color',[1 1 1])
plotyy(time, IV time,V);
hold on;
grid on
legend('Current Density (A/cm2)','voltage (v)");
xlabel('Time (s)");
title('Current Density and Voltage Variation with Time (Stoichiometric = 150)’);
D_Vol =V-V(1);

figure(110)
set(gcf,'color',[1 1 1])
plot(time,D_Vol)
grid on
legend(‘voltage (v));
xlabel('Time (s));
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figure(12)
set(gcf,'color',[1 1 1])
plotyy(time, IV time,P);
hold on;
grid on
legend('Current Density (A/cm2)','Power’);
xlabel('Time (s));
title('Current Density and Power Variation with Time (Stoichiometric = 150)");
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