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ABSTRACT:

The studied system consists of a 59 kW Proton Exgdvlembrane (PEM) electrolysérpowered by a
photovoltaic (PV) generator through a boost comvrefitr H, production. The PV panels were sized to 63
kW according to the Belfort region in France, andtoolled using Maximum Power Point Tracking (MPPT)
technique allowing the extraction of the maximunaitable power. It is also shown that the produced H
flow is increased if the input water is heated. Bp&mal input water temperature is investigatedrider to
maximize the produced iy taking into account the physical constraints nvhging a maximal temperature
in a given system and the limitation to avoid trensformation of the water into vapor. Fuzzy Lofftt)
control is used to determine the instantaneousnaptivater temperature and a simple proportionaigiratl
(PI) controller heats the inlet water to the optiteaperature. It is also shown that the presstieeta the
system efficiency and temperature, and the proposettoller manages the water temperature and ymess
The proposed system design allows the productiad,@nd the extraction of the maximal available solar
power. The electrolyser efficiency is substantifdigreased as a result of using MPPT for the P\é|saand

FL with Pl as water heating controllers.
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Fig. 1: The proposed system for the PV-Electrolys#in water heating control

Batteries bank can be a solution for energy storagetheir disadvantages are low energy density s
discharge, leakage characteristics, and are niatobelifor long-term energy storage. Hence, bateaie not
the best solution [1]. Hydrogen can be stored fdoray period with low energy losses and its qugntit



increases with water temperature heating (Fig. T2)s makes hydrogen suitable for energy storage.
Moreover, hydrogen is better suited where the cotieeal fossil fuel is expensive.

-4 H2 =f(T)
2x10 T T ) j

Flow of H2 (m®/s)
- — —
NS o o)

N
N

0 ; ; : a
960 280 300 320 340 360
Temperature of H20 (K)

Fig. 2: Flow ofH, versus water temperature

In the PEM Electrolyser, water is supplied throughter pipes at the anode reaction interface [2, 3].
Oxygen is produced at the anode side and hydragproduced on the cathode side as explained itigeac
(1) (Fig. 3) and (Fig. 4). The most commonly usedmbrane material is Nafion. It produces oxygen,
protons and electrons by applying a DC voltage. th¢ cathode side, hydrogen is formed by the
recombination of electrons and protons (2) (Fig.T8)e overall chemical reaction of the water eldgsis is
given by (3).
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Fig. 3: Internal structure of a PEM Fig.4: Physical interactions within an
Electrolyser [4, 5] electrolyser [1, 5]
H,0 - 20, + 2H™ + 2e” (1)
2H* +2e™ - H, (2)
H,0 — 10, + H, 3)

Reactions (1, 2 and 3) have to be decoupled imtdlifferent physical areas:
Three kinds of fluidic links in the electrolyseask can be considered (Fig. 3):

e At first, on both anode and cathode inlets, liquater is supplied, while the liquid water and tlas g
produced are removed from both outlets.



* In the second step, liquid water is only suppliedhte anode inlet and at the anode and cathode
outlets, liquid water and produced gases are delliec

» At the end, the feeding water is supplied to thedaninlet only, but at the outlet channels, theovap
water and the produced gas are drained off.

In Fig. 4, the synoptic of internal phenomena i ¢fectrolyser is presented.

The energy produced by renewable energy sourcawd(wirbines and PV panels) are used in the
electrolyser to split the water molecule into hygn and oxygen. This energy is supplied by apphday
voltage level between the stack terminals exprebgétl, ; = AG/nF at the standard condition (T = 25 °C, p
= 1 atm). At this voltage point, the heat energgdesl is 1S (S is the entropy and T the temperature) that
must be taken from the surrounding environmentd6f{l the energy needed is expressed by the enthBlpy
= AG + TAS. The voltage needed for splitting the wateVjis:= AH/ nF = 1.482V.

For obtaining electrochemical energy and thermargn necessary heat energy covered partially or
completely by the electrical energy. If partialhetelectrical energy needed to convert chemicalggnis
taken from the electrolyser environment if the hefaglectrolyser is not enough. In the Fig. 4, ggpdtows
are represented by the arrows.

Two kinds of PEM electrolysis are considered: lowsgsure water electrolysis below 30 bars and high
pressure water electrolysis above 30 bars up tdhaBs

The electrolyser efficiency does not exceed 75%thatiof Fuel Cell (FC) system does not exceed 40%,
so the overall efficiency of total system is ab2u®o, which is low compared to the batteries. Onatier
hand, the battery self-discharge makes it unabb®nsider long storage periods.

L1 Short presentation of the considered graphidehag tool:

The Energetic Macroscopic Representation (EMRpisrgergy-based graphical modeling tool to describe
complex electrochemical systems. It is based omttien-reaction principle to organize the intemection
of subsystems according to the physical causdlity ihtegral causality). The inversion of theygical
description by using specific rules leads to a MwatiControl Structure (MCS) of the system for whicls
assumed that all variables are measurable. Thisadelogy has been successfully applied to faudirsoit
supplies, railway traction systems, wind energyveosion systems, hybrid electric vehicles usingesup
capacitors [7] and energy storage systems usingssed air [8]. Thus, it has been possible tonelxte
EMR beyond its initial aims in order to describenalilti-physics systems [9, 10]. Practical Cont&tducture
(PCS) can be deduced from the MCS by applying sfitgtion rules and using only few available
measurements. More details can be found in [9]}, [1Q], [12] and [13].The principal blocks of EM&e
explained in [14].

.11 Short presentation of fuzzy logic controller:

This type of control approaches the human reasoaimd) makes use of the tolerance, uncertainty,
imprecision and fuzziness in the decision-makingcpss. It manages to offer a satisfactory perfocman
without the need for a detailed mathematical moafethe system, just by incorporating the experts’
knowledge into fuzzy rules.

In addition, it has inherent abilities to deal withprecise or noisy data; thus, it is able to edtés
control capability even to those operating cond#iovhere linear control techniques fail (i.e., &arg
parameter variations).

This system has four main parts. First, using impembership functions, inputs are fuzzified, thesdul
on inference rules, outputs are produced and ¥itth# fuzzy outputs are defuzzified and applietheomain
control system.

Fig. 5 shows inputs and outputs membership funstemd inference rules used for water temperature
control.

Where:  Q (ogy,) represents the hydrogen flow;

DQ (oAqy,) represents the differential, How;
tis the electrolyser operation work;
T represents the water tempeeatur
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1.1f (Qis PO) and (DQ is ZE) and (t is t1) then (T is Tmax) (1)
2.1f(Qis PO) and (DQis DE) and (t is t1) then (T is Tmax) (1)
3.If (Qis CON) and (DQ is DE) and (t is t1) then (T is Tmax) (1)
4.1f (Qis CON) and (DQis ZE) and (t ist1) then (T is Tmax) (1)
5.1f (Qis PO) and (DQis ZE) and (t is t2) then (T is Tmax) (1)
6.If (Qis PO) and (DQ is DE) and (t is t2) then (T is Tmax) (1)
7.1f (Qis CON) and (DQis ZE) and (t is t2) then (T is Tmin) (1)
3.1f (Qis CON) and (DQ is DE) and (t is t2) then (T is Tmax) (1)

Fig.5: Inputs, outputs membership functions and inference rules

I- PV PARAMETERS DESCRIPTION:

The solar module is an associationmf;s cells in series with ey, cells in parallel [15], the conversion
of solar energy into electrical energy is expredsed non-linear relation between the currést,, and the
voltageVpy,, of the module:

_ _ VevmtIpvm-Rsm\ _ 1| _ VevmtIpvm-Rsm

IPVm — iphm IOm [exp ( nvr ) 1] Rshm (4)

With: v, = X2v
n eddlity factor
K[JK '] =138%10"23 Boltzmann constant
q[C] =1.602*10"1° Electron initial charge
Ipym [A] The photoreent
Tom [A] The diodaturation current
Rem [Q] The serial dte resistance
Renm [Q] The parallsh(nt) module resistance

The photocurrent is related to the illumination by:

E,

Iph = Eer (Iph,ref + ﬂISC(TPV - TPV,ref)) (5)

Ec and E ¢ Irradiance @by and the reference illumination.

Tpv ref [°C]=25 The temperature at standarddestlitions (STC).



Wsc [A/K] The coefficient of variation @hort-circuit current with respect to temperatim®vided
by the manufacturer).

[.1 Maximum Power Point Tracking:

MPPT is a technique that inverters use to getnihgimum possible power from solar panels. Becatise o
complex relationship in solar cells between saladiation, temperature and total resistance,dtipces a
non-linear output |-V curve (Fig. 6). The aim of MP is to obtain and maintain a PV operating at the
maximum power point, using MPPT algorithm [17].
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Fig. 6: V-I characteristics of a solar cell at Fig. 7: Synoptic of PV panel and

a particular light level, and in darkness. [16] the boost converter controller using

For this purpose grid-tie inverters, solar battelmgrgers and similar devices are typically integptdhto
an electric power converter system that providdsage or current conversion, filtering, and regolatfor
driving the electrolyser.

Many MPPT algorithms can be found [18]:

e Perturb and observe (P&O)

e Incremental conductance (IC)
« Parasitic capacitance (PC)

e Constant Voltage (CV)

In this PV model, MPPT P&O algorithm is chosen filg simplicity, robustness and ease of
implementation (Fig. 7).

The module used for this purpose is TOTAL ENERGHEB%0 of 90 Wp (18V/5A).

Current-voltage and power-voltage curves of thisrBdlule are shown in fig.8 for different solar lksve
(2000, 900, 800, 700, 600, 500 and 400) W/mz:

In this study, the solar irradiance is 1000 W/nd #re ambient temperature is of 25 °C
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Fig. 8: I-V and P_V curves under different irradiance levels



[11- ELECTROLYSER PARAMETERS DESCRIPTION:

The electrolyser used is staXX7 of H-TEC (59 kWQAJ with an active area of 16 cm2 and a membrane
thickness of 130 um. In the experimental test appin FEMTO-ST laboratory the temperature is not
controlled and the voltage is imposed and the atiseobtained. The electrolyser parameters arengia

[1]

The general PEM model blocks are constructed UsMg blocks (Fig.9):

Fig.9: The General EMR construction of PEM electrolyser

V- MAIN WORK:

Two approaches are used for a comparison purpose:
1 -With control of the water temperature.
2 — Without water temperature control.

The last assembly (Fig.10) comprises a voltagergémre the current shunt assembly for the regulatio
the assembly and an oscilloscope for data acaisiti

Current

IV.l  Simulation of the model without water ——
temperature control:
The temperature of the stack is measured by intiodu

two the.rmocouples in the two channels of the. (?a&hc ) +| |+
evacuation. The tank temperature is measured witfird [~
thermocouple which is introduced into the watektan Activeload  Shunt Voltagegenerator

+

Electrolyser

IV.l.I The electrochemical parameters:
They are determined by identifying the parametujgation:

Oscilloscope
Vais

' =1 Cp(T—T 6
Q10 Mem = Mi1,0 Mem Cp( amb) (6) Fig. 10: The practical circuit [1]

This identification task is made using:
e A polarization curve.
« A free variation of the temperature during the drepof the polarization curve.

VeL = E + g + Rej (7)
The five electrochemical parametergay,ac, joa, o
. . . . - in_H;0 @y, Qe Jo.ardo,cr @
jo,co0) for equations ng (activation over potential) ,| Lookup table X
determined through Matlab parameter identificatimols
(Lookup table) because these parameters are reiatéuke
operating temperature and there is no mathematieditod to  Fig. 11:a,, ac, jo o, joc, 0 deduced by
calculate them (Fig. 11). N using Lookup table

as: Anode charge transfer coefficient

ac: Cathode charge transfer coefficient



jo,a: Anode exchange current density, A/cm?

jo,c- Cathode exchange current density, A/cm?

o: Membrane conductivity, s/cm

Using the following V-I curves (Fig. 12) the elemthemical parameters can be determined, for each of
curve five values for five electrochemical parametean be determined an so on for the other cuiwes
goal of having a large scale of values determinetifierent temperature operating.

IV.LII' The thermal capacity of the sta€l, s¢ack @and caloric capacity of the water talik,nx n,0:
The use of electrochemical parameters and therarahgeters enables obtaining the thermal capacity of
the stackCy, stack @nd caloric capacity of water tafk,n n,o thanks to a heuristic approach consisting of

scanning a range of incremental values in whichstiation according to a priori physical knowledgehe
system can be obtained.

IV.Il  Simulation with tank water temperature coritro

Considering the temperatuig, y,0 [° C] = (25, 30 ......... 50, 55, 60) and the potd values E [V] =
(Ezs0c, E3goc « -~ Espec, Essoc, Ego o), @and after that, the values of parametefsy, §,v of the equation
Eo = a+ BT+ yT2+8T3 +vuTInT are determined using Matlab « Fittype » and «€fior at the end

finding the equatiolE® = E, + AE with AE = gln (Py,P3;). With the help of «Lookup table » of Matlab
the electrochemical values are verified.

VeL = E+ng + R¢j (8)

V- SIMULATION RESUL TS AND DISSCUSSION:

To obtain different curves of U=f () at differet@mperatures, the current is injected and the édai
voltage represent the result of electrolyser modeli

The voltage curves as a function of the currerdifférent temperature in the electrolyser are gitgn
Fig. 12.a.

The electrolyser voltage was fixed at 200V andefach temperature curve, the current value is obdain
as shown in Fig. 12.b:
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Fig. 12.a: Polarization curve with different water temperature andLEiQ: polarization curve at 80 °C.

The current at different temperatures are listefable 1:

Table 1: The current values as a function of temperature

(A | 1153 | 116.6] 1172 1214 127.9 1321 1383 8401442 | 146.9
T (°C) 25 27 | 30 32 35 37 40 42 45 47
(A | 1504 | 152.7| 156 159.5 163.5 179.9  190.1198.2| 206.1 | 2136

TCC) | 50 52 | 55 57 60 70 75 | 80 85 90

These values are introduced into a Lookup tablebtain the current values as a function of tempeeat
(Fig. 13).



The changes in water temperature cause changd® ieléctrolyser

current and consequently changes in the hydrogew. fIHence the Tin-Hz0CO oo tapie

lews (A)

hydrogen generation can be maximized through a rwiseperature

control.

The curve of the hydrogen flow as function of thatev temperature is

given in Fig. 2 and the whole system (PV, elecsely MPPT, FL and PI to obtain the PEM
controller) is given in Fig (1).

MPPT is used to maximize the output PV electric @owhile the function of water temperature

electrolyser current as

water temperature control using Pl controller mazes the output

electrolyser M,). FL technique is used to determine online theewimperature reference according to the

physical constraints.

Firstly the model (PV and electrolyser) operatesaatvater temperature of 85 °C. However, this
temperature threshold is not supported by therelgser during a long time period. Hence the Flhtégue
decides to decrease this temperature reference afgpecific period (that can be adjusted regar@ing
physical constraint) to a new threshold of 63 °@eAa “cooling” period of operation at low temptnae,

FL can increase once again the temperature refererat so on.

The primary source used for the water heating isined either by using unutilized long wavelength
radiation received from the sun [19], or by sultirer part of the produced PV power, which represent
about 20% of the whole PV power generated as dapict Fig. 1. This second solution is applied iis th

work.
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Fig. 14: Hydrogen flow at PEM Electrolyser with temperature control

In Fig. 14, the subfigs represent:

Control of water temperature with PV-MPPT; (a)

Fig. 13: Using Lookup table



ElectrolyserH, flow using water temperature control and MPPT; (b)
ElectrolyserH, flow without water temperature control and with RIR (c)
ElectrolyserH, flow without water temperature control and withdPPT; (d)

The electrolyser operation period at the maximalewsemperature of 85 °C is equal to 2/3 of italtot
operation cycle and the average flow of hydrogesdpction in this cas8.302 « 10~*m3/s. On the other
hand, this flow is onl2.1 * 10~*m3 /s when there is no water temperature control (iith ®V-MPPT) and
the water temperature is 15 °C, so the increasedianofH, using the proposed control is:

3.302%107*— 2.1x107*
2.1%1074

*100 =57.24%

This result shows that the water temperature cbmroery important to increase th#, flow at the
output, and the proposed control used is very pimvethen combined with the PV-MPPT.

For the case where the MPPT control and water teatyoe control are not applied, the hydrogen flow
decreases to a very low value, and its value2$ = 1077 m3/s .

A modification of the maximum water temperatureesifrold has to be considered for different
geographic altitudes because of the ambient presfiamges. The boiling temperature changes withdsdt
and a modification of the maximum temperature suggoby the electrolyser has to reconsidered as
explained in Fig. 15.

fo =3 TynH,0_F
¢ T \ Minimum | Tinfl20_ELS o
Controller /7 Electrolyser
T H, 0 ==y
T;nH,0_P

Fig. 15: The water temperature applied on the electrolyser afteokibntr

TinH,0 Electrolyser input water temperatur
T;nH,O_P Electrolyser input water temperature considerimggressure changes
TinH,0_F Electrolyser input water temperaturegsvater temperature FL controller

TinH,O_ELS Water temperature provided to PEM electealys

Any change in pressure will cause maximal tempegathange and there will be a comparison between
maximum water temperatures resulted from both roeet controllersT;, H,O_F and that of pressure
controllerT;,,H,0_P. As a result, the minimum value betwe&h,H,0_F and T;,H,0_P will be taken as
input for the PEM electrolyser.

VI-  CONCLUSION:

In this article, the effect of the water tank tergiure on the hydrogen flow is studied. The water
temperature range studied is between 25 °C and®0The results show that the increase of water
temperature improves the system efficiency, and tha hydrogen flow is proportional to the water
temperature. In order to maximize hydrogen flowtle electrolyser output, a Fuzzy Logic controllgr i
applied to maximize the water temperature andeaséime time keep the maximum threshold temperature
long as possible, figs (14.a and 14.b). On therdibad, to maximize the power at the PV output MiRPT
method is applied. The result shows that, the coisgra between the hydrogen flow in case of no bt
water temperature (at 15 °C) with that in case &M and FL controller, the control methods used tea
an increase in the hydrogen flow upbth24 % figs (14.b and 14.c). For more development inltotadel,
variation in ambient pressure is considered to hexactly the correct maximum water temperature with
different geographical altitudes (fig. 15).
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