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Nomencl atur e

Symbols

U Charge transfer coefficient -

=S Membrane water content -

¥ Mass of water per kilogram of hydroge -

" Density g/cm?
U Relative variations %

- Dry porosity -

S i EHC power efficiency %

s Current efficiency %

S i EHC energy efficiency %

S Voltage efficiency %

' Dynamic viscosity Paxs
T Tortuosity factor -

a Thickness cm

« Porosity %

d Effective contact angle 2

. . EHC ideal isothermal exchanged ht

0 0 with the environment

A Active membrane area cn?

a Water vapor activity -

0 Coefficient in the reafjas state equatiol K/Pa
# Bulk gas concentration of the reactant mol/m?
o Membrane surface water concentratio mol/cn?
0 Binary molecular diffusivity m?/s
DH Permeability constant mol/(Paxmxs)
0 Reference binary diffusion coefficient m?/s
di Minor diameter of the thread mm

0O Total cell voltage V

0O Nernst voltage \%

% Activation overpotential \%
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%
%
Ec

ECSA

Ow

Fmax

D"l

Lc
Mh20

Mh2

o I e S P P &

Roo.2

) 0TQ0

Masstransfer overpotential

Ohmic overpotential

Activation energy

Electrochemically active surface area
Equivalent weight

Faraday constant

Maximum force

Electric current

Current density

Exchange current density

Anode exchange current density
Cathode exchange current density
Limiting current density
Masstransfer coefficient

Hydraulic permeability coefficient of th
membrane

Catalyst loading

Molar water mass

Molar hydrogen mass
Electroosmotic drag coefficient
Hydrogen moles transferred forward
Total hydrogen moles transferred
Hydrogen moles transferred backward
Anode pressure

Cathode pressure

Rate of cathode pressure

Partial pressure

Reference pressure

Ideal gas constant

Characteristic pore radius

Nominal yield strength

Nominal tensile strength

\

\
J/mol
cm?Pt/mgPt
g/mol
C/mol
N

A
Alcm?
Alcm?
Alcm?
Alcm?
Alcm?

m/s

mol/(sxcmxPa)

Kgr20/MOlH20
kgr2/molx2
mol/s

mol

mol

mol

Pa

Pa

Pals

Pa

Pa
J/(molxK)
pm

MPa

MPa
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Solubility of hydrogen in Nafior
S mol/(cnm?xPa)
membrane

i Saturation cap -

i a Liquid saturation -

T Temperature Kor°C
t Time S

0 Interstitial velocity m/s
YOY Hydrogen internal energy change J

Ve Cathode volume cm?

Va Anode volume cm?
Viotal Total volume of the porous body cm’

The actual volume occupied by the sc
Vsolid _ cnr’
metal within the porous structure

The absolute pore volume (the volume
Vpore cn
empty space)

Wehan Channel width cm
Wrib Rib width cm

W EHC actual work J

) W Isothermal work (EHC ideal work) J

z Number of H electrons -

nr (03 0F¥Q0  Output molar flow rate mol/s
Nk (93 0 ¥Q0 Proton molar flow rate mol/s
e Molecular molar flow rate mol/s
x 07Qo0

Qv Volume flow rate sccm
() Measured sensor value -

W j Reference (true) sensor value -

y Mole fraction -

Subscripts/superscrip!

a Anode
act. Activation
C Cathode
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cond. Conduction/Condensed

conv. Convection

diff. Diffusion

EOD Electroosmotic water drag
m Membrane

masstranst. Masstransfer

Ohm. Ohmic

rad. Radiation

ref Reference

Acronyms

AB Absolute humidity

AC Alternating current

ADC Analogto-digital converter
AFM Atomic force microscopy
BEV Battery electric vehicle
BOP Balance of the plant

BP Bipolar plate

CAPEX Capital expenditure

CB Carbon black

CE European Conformity
CFD Computational fluid dynamics
CL Catalyst layer

CNT Carbon nanotube

CVv Cyclic voltammetry

CVvD Chemical vapor deposition
CrPSSA Poly(styrene sulfonic acid)
DAC Digital to analog converter
DAQ Data acquisition

DC Direct current

DGO Polydopaminenodified graphene oxide



DMFC
EA
EHC
EELS

EIS

EOD
EP
EW
FCEV
FT-IR
FTW
GBM
GDL
GO
GNP
HDFT
HHV
HEPA
HER
HOR
HRS
HUM
HPV
ICE
ICOF
IPA
12C
LCD
LFL
LHV
MC
MC1

Direct methanol fuel cell

Ethyl alcohol

Electrochemical hydrogen compressot
Electron energy spectroscopy
Electrochemical impedanc
spectroscopy

Electroosmotic water drag

End plate

Equivalent weight

Fuel cell electric vehicles
Fouriertransform infrared spectroscop
Fuelto-wheel

Graphenebased material

Gas diffusion layer

Graphene oxide

Graphene nanoplatelets
Heptadecafluord-decanethiol

Higher heating value

High-efficiency particulate air
Hydrogen evolution reaction
Hydrogen oxidation reaction
Hydrogen refueling station

Humidifier

High-pressurevessel

Internal combustion engine

Sulfonic covalent organic frameworks
Isopropyl alcohol

Inter-integrated circuit

Liquid crystal display

Lower flammability limit

Lower heating value

Measuring center

Measuring cube 1
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MC2
MEA
MWCNT
MTBF

NIST

NPT
O-CNT
oD
OPEX
PAG
PBI
PCS
PE
PED
PEM
PEME
PEMFC
PEEK
PFSA
PID
P&ID
POMC
PP
PMMA
PTFE
RH
RES
RMSE
SDA
SDI
SDO
sC

Measuring cube 2

Membrane electrode assembly
Multiwalled carbon nanotube

Mean time between failures

National Institute of Standards ai
Technology

Americannational pipe tapered thread
Oxidized carbon nanotube

Outside diameter

Operating and maintenance expenditu
Polyamide 6

Polybenzimidazole

Phosphorylated chitosan
Polyethylene

Pressure Equipment Directive
Proton exchange membrane

Proton exchange membrane electroly:
Proton exchange membrane fuel cell
Polyetheretherketone
Perfluorosulfonic acid
Proportionailintegral derivative
Piping & instrumentation diagram
Polyoxymethylene copolymer
Plastic polypropylene

Poly(methyl methacrylate)Plexiglas
Polytetrafluoroethylene

Relative humidity

Renewable energy sources

Root mean squared error

Serial data line

Serial data in

Serial data out

Scenario
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SCK
SCL
SEM
SEP
SLPM
SMR
SPEEK
SPI
SSR

STEM

TC
TCO
TGA
TIG
TPB
UFL
XPS
ZP
1D
2D
3D

Abbreviations

C
CHa
CaMI
COo
Cu
-

H*
He
H2

Serial clock

Serial clock line

Scanningelectron microscopy
Soundengineering practice
Standard liters per minute

Steam methane reforming
Sulfonated poly(ether ether ketone)
Serial peripheral interface
Solid-state relay

Scanning transmission electr
microscopy

Thermocouple

Total cost of ownership
Thermogravimetric analysis
Tungsten inert gas welding
Threephase boundary

Upper flammability limit

X-ray photoelectron spectroscopy
Zirconium phosphate
Onedimensional
Two-dimensional

Threedimensional

Carbon

Methane
1-butyl-3-methylimidazolium triflate
Carbon dioxide

Copper

Electron

Hydrogen proton

Helium

Hydrogen

ol



H-O

N2

Pd

Pt

Ti

-SO H

Water
Nitrogen
Palladium
Platinum
Titanium

Sulfonic acid
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2. DverviRewssedrch Conducted HiIither"

I n order to bypass expensive subsequent mec!
attempts to modify proton exchange membrane
to withstand high pressures. The IiBMBTrtpor at
simultaneously produclltlpdt dgéanhreregpder fdsb ThBr e s
di scussed whether hydrogen should be compr es:s
accordingPEMBEodiITrhegdconcluded that capésesment
the Nernst potentoabclttihe gbame e o ldaehensi acf ma
overpotential, thus resulting in a substant.
the use of supported thinner membranes resul
i ss[uleB8] When increasing the operating pressut
permeation of hydrogen through the membrane
ahydrogen/ eaxny geexnp lnoisxi ve gas i f( LaFiLowec 2.8 dacma
Mor eover, the crossover flow causes notable
reduced by thickleQijndhutshd omenninmga meng yo@lplos ang
requirement for compressors in hydrogem ggst
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hi ghly f | amniabbfl e4 . wli% hamd an upper fl ammabi |l i
at 25 AC[ aThad clomactinude, neither thick nor thi
hydrogen compressi on,tvhiear ePEME,a arnelq utihreerneefnotr

el ectrochemical hEHQC otgenh coimpgyy.ssi on

Subj ect to achieved pressure, power consump
efficiency, different compressionageexmliodionge
i n Chla. pld.eal r Cg ;mpr e $escihonnoC mmgpyar ed t o mechanical
Zou ¢epdl nted out that the isother mal compr e
t han that of the adiabatic process of the m
rati o Tdfi s3@@.i abati c compression process i s

increases and i mprove energy efficiency. Typ
20% to the energy appuoXx e matl/ nkeggeus dirleetrdigry g f iom
compression oTfo 1tOh e ob e4s0t0 obfa dtghee, apurtehsoerndtsl yk n c
achievetdaoBBHQ@ut pressure[2@2¢whnitise-cedbill, EBBglbéat
hi ghest reach¢@Ihel EHC £ olpd elsasri on precess i

stage, having the potenti al to reduce this
down to B2.XMWhhWekgdi fference between adiabatic
hydrggencompressibBhgiisepresented in

<107

===|deal hydrogen isothermal compressor (1 = 100%)

== hydrogen isothermal compressor for 7 = 80%

hydrogen isothermal compressor for 7 = 50%
===Mechanical compressor for hydrogen (adiabatic) -
== Mechanical compressor for hydrogen (adiabatic) for n = 80% an
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The diagthmtshhows a final pressure of 800 bal
for i1 sother mael 50dmMp rweosuslidom mMount to about 11
hydrogen (higher heating value (HHV)), whi |
a mo unt Theavetageftficiency of mechanical compressors is around 45%, while EHCs

tend to be over 60% 9 ]n addition, EHC usagsuch as hydrogen purification and extraction

of hydrogen from gaseous mixtuygs/eselectrochemical compression another advanitageb ]

Rhandi et al.[ 2 4l$o addressed the stngt hs and weaknesses of t
compression and puri f it aatei ohny dtreocghemo | aopgpi | eisc art
EHC eavsi d & mmbd gptr o miospitnigon f or Da e ht ther oacbessesnecse.

mechani cali $sossstedst, e EHCmpr essor , ensusreirnvgi cceo my
i fe, whsit hkep e realtuicen ancdo smadonrteeonvaenrc,e t he EHC
mul ti pilmorcelddvahaagebts stagemmeasaattcalan r e
t he same pusisregwve e wshtoamgtdeisse and a[ 2.0 ppll ssa, dters
required hydrogen output flow rate and outopu
di fferent -cscealfiipgauormaltcieommpsi nati on of both

A wdkebkigned EHC system is caplad6lewiafh oap emeaatni
bet ween failures (MTHR)Tl« ceaemiitngl 4dx éOrOd ihtow
EHC is estimated at approximately $3,850 pe]
$6, 050 per kg/ day required for a mechanical
ownership (TCO) for c&mMfariesd $t30 484 .p7e?r pkegr, Kk
compr €gs2s7i]dme operating expenditur eef(f@REX)v ef,
remaining below $1 per kg, whereas mechani ca
per kg due to higher specific enearsgyneadinounmg
beflo9]leRecent @dwazhaoudadmemgt sat al yst optimizatio
management , ane otsh e medwburgadgneedsto wtelrat OPEX of
and a total cost of 3$SOREGSBr ¢piemg KOARBX | di dter ic
is attributed to the EHC stack, while 20. 2%

expenses within the stack include:
T MEAs: 40. 2% of total CAPEX
T cell frames: 14. 1%

T end plates: 9. 5%
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T MEA support s[t2,@jt.6épures: 7.1%

There have been scientific publications on the subject of hydrogen pumping using ion exchange
membranes in the 1980s. However, there was no significant profit seen in it or other economic
interestsat the time, until the development and progress in fuel cell and electrolyzer technology.

Fi grreepresents the upward t desdad olohkecranH Cb et escehenn

i mhiencraasmber of published artiThest otaglar dun
resepaxee s2hld8g t he drRdroheldre, the number
the EHC technology in cell or stac8&] configur
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FiglreHi storyEHEC poabéns@®pc articles (

The most rpisemibhe sthed BEIGares2@20h after whic
ri sing toEthehi Begiantrei Adpe ofevikr lbdetr i sseeviesr a | y
presumabl y dguet ttion dhymaroeg eant t emittii ogneet@aome | mona ¢
ur genkRol |l owing increasgdihfydreadentpo legsgOulr s
to 70Oasbarl.Blbpghi pmpamcutmkygded f-develhepifragtmar K
PEMFC technobthpde mamd ati on in FCEVs. Conseque
road maps necessitates t hteh aeshpuahresoigeemn ofo mpR s

The upE&Ed®@Biensgear ¢ls Expmaeapeedarwmen more increas
foll owing years due to hydrogends rising ro
Fol |l oovhreegear ch tr en'dsoctuhsi si sditscs eddmttriiolnut e t

EHC technology via various methods.
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2. El ectrodyemiogaih Compressor

2. 2T.hiiel ectrochemical Hydrogen Compress

l ndustri al EHC systems are composed of mul ti
to enhance hydrogen throughput and achieve
efficiency can bei fimpaicomdofbyhydreothrma krmeomlercar
(@an 1 ssue that becomes mor e) sptraocnkoiunngc emu latti pd
mitigates this effect. Various stack design
channels are arran@gdaé] Howesveerri,esalolr cpealrlasl | wil
electrically connected in series, ensuring

across (ag¥hr.eel |

ez | NE

|

ff} H.
:::;—|_'[ (High P)

ANODE

52
o d
CATHODE

B
H, (High P)

— [

H; f

{Low P)

H,(Low P)
——

FigBreDi fferent EHC sipaakdlldoawrfifgghotwa t[n2o&]er i e ft

Il n an EHC system, a patrsallilteld ffloow acpan fiicgu ri aotn
hydrogen throughput at moderate pressures, W

achieving greater pressures |@awmtcewibteht weewerde

pressure and flow rate is necessary, a hybri
el ements can be implemented bas$déd]emr sapegi ¥
number of cells and identical operating co

efficiency compared to series or hybrid conf
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mo rpeg othoe system failure, aspreacshurRENM e xpeerreingn

single membrane failure would I mmediately d
Conversely, in a series flow configheatioom)
pressure difference is distributed across al

me mbra2e&p

An individual EHC <cel |l iI's generally compose
coll ector s, fl ow fsi et pdoggee e d hdMEmket sd BDA
consists of anode and cathode -lcayarlegdstMBAYRI
includes anode akhkdg4asahedawosd e xaaiangeH €EGRIlEss.i gn i n W

almai n -sehbl eocanmpe® nleabb sl ed

MEA
Flow field plate

Current collector

Gasket

Endplate
Gasket

Current collector

Flow field plate

Oring

Figar eSicredlle EHC fFofponents

The PEM is the core component of EHC technol
el ectrolyte. The momat eionmabHhd ya puptliil civettei domPsE M
iparticul ar | yt esmupietraabtluer ef corpelroaw i ons wi t h t hic

OmFor -themmer ature operations, t Hehaeanlod & d ecdd mm
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pol ybenzi mi dd2dllyep imeamblryaneEHC experi ments ar ¢
at room temperature or afACa maxhmgmeoftampeno
greater membrane moisture | oss, which signif
at current densities exceeding 0.5 A/ cm], F
resi stance resull datsbtowuwmd iha sg hhrearv eh edaet mogresnter at e d
at AsQ, a higher voltage was required to sus
experi ments cA@duMoedower ,30under identical t
operatifgrat atD@e humidity (RH) exhibited s

i mportance of maintainif@0dgdequate membrane

Protonexchange membrane

Anot her cruci al aspect in optimizi-chigf fPEM @re.r
This phenomenon occurs when hydrogen migrate

due to the high pressure present henmakemuwm!i

achievable hydrogen output pressure. Among t
badhk f fusi on, cathode pressure is the most si
humi dity. As t empeydatfdnae ieionci nseeass ecso,n sti hdee rbaabcl ky
t he enhanced solubility and di ffusi on coef
Additionall vy, imatrerasd loge @shtet PeEEMp sl y mer chai
spacing and introduces new pathways for hydr

the anode [chIMpasummarty, the opt(ifedld PEIMI ce:ar

T high proton conductivity to facilitate ef
resistance,

|l ow conductivity for 1T mpurities to mainta
hi gh mechanical strengt h, ensuring durabi
bet ween the anode and cathode,

T Il ow gas permeabilitwWitfdusedncandy draxgem z
efficiency, and

T integration osft raedditthi,ondadr atbil gh support m
structural tnetrengrrietlyi aabnid iltoyngt p1.ff event PI
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Catalyst layers

CL plnaysmpmoltanitn enhancing the electrochemic
reaction (HOR) and hydrogen reduction react.
activation emRaopgeBlavenled byrat the HER rate

the HOR, | eading to a higher overpotkkagedl a
catalysts are the most commonly wused in EHC
strength and its abilit\Ww tei3@Bdodlbctatteaacoamp

study omalPltaRBioudnt a(l ysts f or hydrogen separat
mi xtur e, aiming to reduce cost s. However, tt
active surface area of the Pd/ C catalyst wa:
| oweHrC EEner gy Sa fnfiilZaord ryg y2.ddpls.er ved t hat when

hydrogen was insufficient compared to the tI
the anode and cathode catalyst | ayers develo
particle detachmecmtt,al whsitc hs ugppmaged utlhtd mat el
and causing T Thestmomtf aielceme . fi nfBAGghbYyi §hkaett

Pt Pd/ C catalyst as a suitable option for the

Gas diffusion layers

To support met al catalyst particles, which t
and to ensure a uniform distribution of reac
into both the anode and catlyode edatGDILyss tarleay

based materials (such as carbon paper or cal

mi croporous | ayers, though metallic GDLs are
is crucial, with thiwkariA4006 Ony.pilcdaealy GDalng
include:

high electrical conductivity to ensure ef

robust mechanical strength to withstand p

1
1
T optimized surface area and porosity for e
T good chemical stability and water managenm
1

durability and -drlexs Wridl[i&fn dintdieansi gh

15



To mitigate the risk of anode flooding, whic
when EHC is idle for extended per-badsdofGDWwWhke
can be treated with a [Byforwepvheorb,i cmePtTaHH i di s@l
addi tional chall enges, as PTFE treatment i s
and poor adherence to the surf ac[e3.&]lmadkti rngd da |
flooding is a critical i1issue, as it f&8djyces

Unl i ke PBEM&ERU DI es have i nvestigated altern
applications. Ho we3vBejrt, r oLdeuec econ gitt wid u velanaged ir pir ® @ f
metallic GDLs that enhanced EHC water -manage
and hept aldlecafnled chri @amlodi(fHDeRT) GDL , and a G
Nafk/lomi di zed car-BbNM) naompatp BAHAd d d kbonaad el ty ,a |

[ 32kpl ored the use of double GDLs on both t
sintered stainless steel sheet combined with
the sintered stainless steel sheet provides 1
under hi ghwhhreke ehsytdreophobi c carbon cloth serv:
preventing anodet hielommd chicrtg,r ersea du @inrc-g o abteetdwe e
membr ane and the stainltlses cddeeaell g dsthneeemb r aanned

damage caused by the rigid fibers of the sta

Membrane electrode assembly

As previously mentioned, the MEA consists of
The MEA is the most critical component influ
expensive and delicate part. T haelr etfoo rma i retnasilt
structur al integrity and operational ef fici
effective sealing structure forFitdEer edbBA.c hOn
il lTustrlaayysr @ad fMEA gasket. Tahiesl zotnifec gaue alt ito

proper contact betweerastheffhome fhatdppbat de
an adhesiswec ubronndgi tghe PEMA&vdit hi anahly asslkeebif iy

key assembly regions that are <cruci al for 0
durabilityl noft htahte rMEgAaar d, t he MEA can be div
functional region, the traph%6iion region, an

16



seal

adhesive

a-GDL

a-CL
PEM

c-CL

resin frame c-GDL

Structure

Transi- Function region
. i S
region

- non ™
e (active area)

FigbhBehematic diagram of theapodmartgfoglgr uct ure of

Functi onal Region (Active Area):

This area contains the electrodes and membr a
directly influencing the EHC performance.
Transition Region:

Located between the active area and the str
both regions as well as the gap that separat
prevent hydrogen | eakage. Toofenhhaen diE At, hea hlei fg
transition region can be overlapped, br each
mechani cal defofma@aiAddi toifon alel YVEAt hi s regi on
to prevent hydrogen | e apkraegses,u rpea rctaitchuol daer | cyo nipr:
Structural Regi on:

The structur al region provides the mechani c:
protection for the PEM. I't also plays a rol ¢
thickness of the gasket i n etelpies ,re@ingm odcamnf
of contact between the fl ow Fi@@de prlhatse sc oanrt
determines the contact resistance, .whFiocch thha ss
reagromper ciatrst reslseanft i al for mafiln@]Jai ning opti

17



FigaGBehematic

Gas leakage

(a) (b)

Contact problem

C]

thickelrdphglasket

) Membrane electrode assembly (MEA)
ﬁ Gas diffusion layer (GDL)
B ket

Bipolar plate

di-aglrla mnc orff iag thrad tfi oat:hi (na)e ro mtaisaerm,, (am)d

The potenti al mi smat chesFiigbrgeaskelebtli ctnessg
(b) A thinner gasket causes sealing issues,
mass transport | osses.

(c) A thicker gasket creates a gap bet ween
resulting in higher contact resistah4®] whic
For these reasons, it is essential to achiev
as depicted in configuration (a), to ensure

Flow field plates

Fl ow field plates plapumbergdi 6t aaks, rphgsi o
Ssubstanti al porThenmomdt tdemmaerrsleynbd yed mat er i
include all oys and metCalnss esquucehn talsy ,s ttahi en | neastse r
construction mu s t possess good el ectrical

|l i ght wei ght . I n PEMFCs, flow field plates ac
of the total cadtl ymnzoigpngtialkc& . dAsidg mi &E MIFICs b
can enhance the overall sfThek e par feo rvnaarni coeu s
configurations for desi gtnyipneg, fplaorval 1 ieé |, d sc,r i
serpentine, mul tiople serpentinese(pardlyl ellin
serpentine, mirror serpentine, interdigitat
interdigitated, met al me s h (screen), met al

constrictesdymmetepged h@anedbasedyadinal ,i ns$tegu a
designs influence several factors such as hy
mechani cal stability, heat and [ ®m&Fisv etnr atnhsef €
t echnsolsigmi | arities, a parall el bet ween the

18



t hat of PEMFCs Tobel pgdr bmady afvanot EBG t @f dtilsd rfi
hydrogen to the electrochemically acurnmwventar e
andemoving excess heat. Furthermomechahiecdll

support tuomdteherhdlgdur e wdii fl fee reenrspe 8 ngu rae | drwo p .

End plates

End plates in EHC systems facilitate the f1I
indi vidual cel |l.s Tapnedyg vti dee esnttriurcet ugtadcksupport
clamping parts, they are positioned on the

strength and applying compressive force to e
| ayer s maThel apntpii ng pressure must be tested t
Stainless steel oifs cthyopiiccealfloyr tehned npal taetreisal as
pressures and temperatures. However, excessi
at the centerline of the stack, i f the pl at e
di ut[e8]n addition to providing structaur al S
various interfadcedatwipreivent hédydyosgem | eakag
efficiency and saAlediyd ogl athees EsHeCr wsey sttcenkeep

the EHC stack properly aligned, compressed,

t he stack'd nperafngr ndaenscieg.n s , the end pl ates

hydrogen gas to the anode and cathode el ectr
coolant channel s, all owing for the circul at]
Mai ntaining an opti mal opedrheeft i ingi ¢ reanp earad ud &
| argess[elnsS]hi nde an[d4 Bootoerdattah at enhancing t he

resi ssmpaeaciefi cally the contact pressure- at th
|l eads to a reduction in permeability, empha
pressur e. Sewerl olpedodeolrs PEMFCs have been de:
thickness of end plates, considering factors
best placement of i nt er[meédnidatteh ea nidd ecault egre ocnheat
pressur e [ddibst rtihoeuitri ornesegdphopblabdbai geement i
for end plates that ensures uniform pressur
numeri cal analyses and findings, originally
rel evant and wusefudrIfyrwlEdHC dealiigmg wiatrh ifktiud
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Thermal management

I n theory, compression in EHC is considered

esult i n I osses in the form of displaced e:

=

neven distribution of Resatsttamcesglawtsealolvec

hmi c;t rmanssd er, and activation overpotenti al s

O O <

el | vol tage must be increased higher than

sothermal|[ £0pmpe eisBteamce s transferred by con

radi ation, FasgurleThset pat mdrynsource of heat a

to its (ohmic) resistance to proton f{dA8hspor
q’conu_EP Temperature, T [K]
¢cm-uz_GDl.
Peonv_room Peona_sp Praa_sp Pcona_cot Proute
i s —onii—
=
Ts_GDL,2
T H2
Ts_EP,1
T_air Ts_EP,2
< >
Sep Spp | Scor | Spem | ScoL Spp Sgp St %
| | |

FigumTemperature distrtibkbeiCi anopgdeoftiompatrhmemghBPEM, GDL

and en#&pl awie h a heat source (Jo&]l ebs heat) in
Even incallsitbhCeout put wmhreens stuhree arpipsieesed pot e
increases, which in turn increases ohmic res
current. This | eads to a temperature rise in
i ncreases, eagnudatwvei tchoooulti nagd each <cell gener at
adjacent cells connected in series. This he
temperatur e, causi hg PE®M wata@recceamatent pohen
membr ane inoperative. Such temperature vari a
changes in the Nernst voltage and the proto

20



influences hly4ddWNMogent heamssfieran increased nee
be thermally regulrztuddtusnigngyastemtenounted o
plates. This system helps generate a homogen
MEA and G®OLsa@mdchwibched between two separator
Constemperatur e water IS supplied t o t hese
temperature. Addi tionall vy, to prevent water
t her mosthitgldert [ &@.6hperatures

2. 2T.hxel ectrochemical Hydrogen Compress

EHCs can be used for hydrogen compression, r
t wo pr.ocEbssemai n hicealsonoffiemrhe omiad &kldei ®f a an
hydresgéecti-eaeclpamgenmembrane usual lcyondomp oy
pol ymeric membrane. For thisnateasroms s tthlee i me
enabEHRCgoal per formydsoq@epnur ghsgwBr e shows EHCO

el ectrochemical operating principle.

+ -

@+
®4
®+

@

t©

ANODE INPUT LOW PRESSURE HIGH PRESSURE CATHODE OUTPUT

L
LH%—

2H+ +2e — Hz

ANODE OuTPUT |1 : 1%\ , 8 S 1 ;
— oo e e R i
: derca gpd re ; maphi encku | e, p
hydrogen H2t@wm,t ebr| umeo | & &Hi Imep,u rg rieregmsy,d rroggce n--@lIr ot[tBrjq e

The st ar topoefr atshieo hEaHRyac g elrarieregdt i vely | ow poter
at the external ci rpcuati athuamidd if feieedd nhgy d cheeg mendb
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hydrogoaehaini ng. ghle mi xd rua teft inkpy d redangeedrtart euar ne

temper atudiife)iieandd gqusdutipaprypea s s transfer resi st e
gas through the GDLs and the <catalyst | ayer
hydrated. Hydr ogiempguteedi dt zéethet anpdet ons ( hy
into twb)prdttoms (Bdecprmreodmnatdldd@Rwhi | e remai ni
i mpurciatnip@s s t hrough the selective membrane a

outHedr oxemdatnohi on at the anode:

00 OO O ¢Q D

After HOR on the anode, el ectrons pass thrc
particles, GDL fibers, and flow field plate
circuit. From there, el ectr onsonproanweenlt st cowar

cat hode, converging with the HWEMO®DgeHERT Ot wa
hydrogen "apndt bwe, etbercnt raorhsy,dreo ge n mHEg ueactuiloen a s
@to form the hydrogen ntbyldercauggediuatgiacmi am athe

cat hode:

000 ¢ ©° 0 )

After HER, t he r eduaedu nhuyhdarttodges n c onrofl ieceard es at
compartment of the flow field plate at el eva
pressure througlEquae€l)dwdmdgdry dowigleat reacti on

‘0 0 "0 3

The HOR occurs due to the applied popleaseal
boundar.y MPEBPR)omgosaedr ot on ¢ o+Ndaufcitoonr) (feolre chtyro
protons, an electron conductor (carbon/ met al
"porosity" phase for transpolit6ilnerngr eayrde Lgretna t;
TBi s shBiwgpai @

22



Triple-phase boundary

Pt particles

Black carbon

lonomer binder

Fig@reSchematic repr[ebsOgnt ati on of the TPB

A alreadyt N i matear, ih&l mioolsah uskaedct r ochemical

deviseNafi ors. aN®SiIFAncpoon syinsetrs tohfata PTFE backb
chaemdi nga sul foniRTREIyidsr gmadnupipoeThles mechani
chemical strength, while the gaddonhioo &a&cads:ts
properltdilecalt edngai decaRBEMysa 1 s required to i
catalytic reaction. The most often used cat a
anode and cathode, respectively, is platinum
due toatewasenanb, which is why a support mate

and a narrow distribution of catalysts that
Therefore,Fig9PBeéns iomten used as a catalyst
nanoparticles on dmxagpowvtat edhibd afckr mapbe®nen
Pt to enable aobigmesvatdadddandeacti vity

Water management

Theequhumedi fafc attemmer ature PEM i s oneodf the
EHC operation. The | eavdsetaf conemdurcamneihydr atmi
per f oromwaenrddal tler i's transported across the me
el ecosmotic drag accompanying prb9¢cwmrémtansphoa
di ffusion from a wetter caabtbidei tpP5sL4]jadd ent &

a | esseurndext etnytpi cal -dondehi bysly apltess-pee mea
osmosi scelTlhewather bal ance is further influen
sorption, condensation under pressure/temper

23



under differential pressur e. | mproved hydrat

—+

O an optimuminhi gglce © aes asostndet iecl edcrtarggp wat er

cat hpopuweent i fi ed-obymothe dragtcoefficient (numb.
per plr®»&jod) may promote | ocal accumul ation wl
hydration opti mum, excess |l iquid water in t
current (fl ooding). I n practical ter ms, cat
unl édsasdk f fusi on, drai nage, or hwadt reorg e h r acnrsof
mechanisms in PEM exhibit compl ex behavior,
better umeemespacdal |y as water transmancei gn

[ 8]

Having humidified outoput hydraogdeperhmdiomg t e
subsequent hydrogen application. F20 rs peexcai nipil ee
t hat the maximum permissible concentration
emonmonrat t he di spenser nozzl d 5MdEveonathoegh
EHCO s out put hydrogen s humi di fi ed, hydr o
i sot her mal compression. This process mimics
increased and subsequenthydredemsgas IAs @aomp
vapor condensation occurs, since the water v
temperature. I n the case of a positive pres:
water carriedeioan ehaepanadeatsumant € d elcH]tohved €
This |l eads to | ess water vapor exiting the E

the | SO standard obsepséevéene egmagemend watdr a

(e.g., flow meters, hydr ogenTopuavidaiyd iwadtiecratao
in these components and ensure compliance w
withstanding the high pressures involved) s |

hydrogen i s -psrteosrseudq] €i.6\ eas sheilg h
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2. t ai Bt e&veeE Rdam FIl ow Fi el d

2. 3T hiel ectrochemical Hydrogen Compress

One of the ways to mechanicalhiyfdianegpadrbtutt e
temperature apbdspackcsguwatee ilsydryogen di spersal

pl ates. The influence of flow field plate de
in detail |buttlpdalidtmpadatuearet n EHCAdeaxplopimeaea:
in ChZa.paléll ectrochemical H yDdersa ggeirv - G a ned rde sslo
uni formly distribute gas, <collect current, r

Furthermore, t hey phytshietl€1 ag st mbmya makigeg pt
wei ght highly i mportant. Commonly wused desi
channel conf i gurarta phjist ecganpsotsriucet,edorofst ai nl e
materi al should provide high mechanical stre
resi gt8dnce

Caponeett faIB.pmparhedid f erent fsltawcftive led ithhgat eE HC
FEM analysis wot hMME@r Sosowawdh€@ospaoadyt-eoml ua
square-ci squane ,ciamdulcar cudfmiegureasuil am® ngdi c a
t hetshee, c-crcatilaar was t he fPlpowmhibelednf wguhadetf
not exceeding 0.1 mmObua®aher od hihegh kgpryedsmde na:
channels and holes function as notches, | e
triaxiality. When stress triaxiality reache

hydrogen embri ooldeménmateheali kalibre and cr

increases substantially. This highlights the
a conservative approach to nominal stfress |
pessure applications.

Casat.[ 5@tk paIri mented with two different desi
(parall el channel s anwi tah sdinfgfl sarndédo tn ggnassr g pvaotd hu
The gas mi xtHut ke usesdst $s switliee ¢cemduotsedtuc ani
condiftoBréngitmer e was no wtahesxrpema maegqdme mtndi n h

appl i erdelwaetriev dl0Y Ian@hmVand t he comparsiofon of
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chanwetmade based on el ectrochemifcraacihosnl d a
concluded t lasmaintfd usemape omads he EHC perf or man
di f fusiiohgearsatpdsage eat er than the transport r
Thengl e zi gzagal ohwenrn didyedsgstoweeeny f racti on from

conf i gurwahtheblenct r ochemi cal vyié&bd bbbotWwedhahnmel

Leedal[ 5pnduwmaoiEeMMased si mul ation to predict EH
di stri baMEédnsnivnr onment for the conwenhi ona
channel 3 and di bserent membrane thicknesses,

pressure gradient b etdegearn tTinkeegyt amad ee da nt ch ec amti |

channel and rib in flow field plwhlesss @@.e6 i ni
mm/ 1. 4 wmhn@amrdl. 4 mm/ 0. 6 mMme respetsiskedbwed 1t h
t he rib, there 1is a significant reducti on
component s. I n the | argest rib width case, t

due to the presdgihree agoaeki emtd lrettvheoghre cappear
0. 074€ommaer abelsul ts in both performance and
al | three rib/channel width configurations.
di mensi ons have a mini mal i mpact on waeer tr
celfThe il 1l ust rraitbe/dc hiammadtc evd fidt me c hwawinaREBNM beha

based solid model wusing the ciosmnsehrleawgalld es of t w
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[mm] [MPa]

. 0.14525 Max 20.132 Max
0.13073 l 18119

0.1162 == 16106
0.10168 14,083
= 0.087151 w1208
B 0072626 = 10067
B 0058101 &= gos3s
= 0043576 = 60403
0.02905 40272
I 0014525 I 2014
5.4806e-9 Min 0.00085987 Min  ERTTI
Wop/Woip = 1.0/1.0 mm
[mm] [MPa]

. 0.071171 Max 9.8964 Max
0.063579 . 8.907

=4 0.055587 = 79176

0.0483%6 6.9282

m 0.041482 — 59387

B 0034569 o 49453

B 0027655 B8 39599

= 0020741 &= 29705
0.013827 1.9811

I 0.0069137 I 09917
3.0522e-9 Min 0.0022937 Min  ENiTii [

[mm] [MPa]

. 0.13769 Max . 20.387 Max
0.12392 18349

= 011015 = 1631
0096384 14272

; 0.082614 12233

B 0068845 & 10195

B8 0.055076 o B1564

= 0041307 & 61179

0.027538
I 0.013769
3.0581e-9 Min

W o/ Wi = 1.4/0.6 mm

W /Woip = 1.4/0.6 mm

(a) (b)

Figlufleae) Defor mat i omrMicsuesv esst raensds (dbi)st r i brutbi/ccrhsa nfneerl E |
wi datalsydr ogen di schar,ghoepperreass inrge cosr. e aimatirears i o yerodt i r
temper atl[re7]of 50

Al t hough there ishienmfliueeacat wrfe fdaopv ifn el d
perf or mafnicredi ntglse of coll ected research i ndi
conventional flow channel s eeauwlsd ubre g mdfiienit
the anode Faurd hcetrhneooree, v ;ml of st r ucdhuoeah d amocda f i
t hneechani cal stability of MEA and reduce its
perf orkAmarnctehese reasons, asmeit aa$ e bpomiaotsi ofno 0
into the flow field plate design and3 teste:

Exper iRasrtaalc h

2. 3Me2tFkaRdam Char acteristics

Por mes al foams have gained tdh2efeneinftdwcr@aynt or ebk ek
uni que combination of properties, maki ng th

including acolhuesdti cex@dhhangd ,joaminecca nrtorcohle,mi c a l f
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devicaad catalyst carriers. These material s
specific surface areas while maintai[n5.8lg e X«
Fi gllisehotwse opti calt hmiicrrogrt atuicep afreené 6 & | f oam

component s.

FiglbiMor pholumgy mpopaerdd al uminum foam having 10 pore:
por o[s5%]y

One of the key -cedvanneatgaelsl iof foopaenmst @ ¢l urheei r
ratofof,eriighlg t her mal conductivity and per meab
porosities of up to 95i% e wimthermrcahmgddtiyed ap @n
that facilitates fluid fl ow anldn eafedmc dé ® ams s
no film occurs between adjacent 1¢6DDsti mbs)e
exposed to the surroundifgd®df]compared to the

Common mat eri al s used-ciehl t met abhbrccdadwbiaons o fm

titani um, copper, steel |, and nickel, each
applicati,as.-hAhRmmabamgprmaviede adxscel |l ent therm
l ow wehgboh,is why they are most used for the

mechani cal dampi ngnd |liigmpma ovte i rgehd i ptaaNed e oianmst ra
widely used in energy <stadriaoge amudke dloe dthrea ah e

and electri,cawiliclodhdams i & ri enyt ®a fredbii apuelgafrolrymanc e

applications where strength, corro[s6.00]n resis
Given their exceptional properties, porous n
i n EHCs. -d86kir sbpeature could aid i n me c h 8
di stribution, and enhanced t her nale fnfa nca geennteyn
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rability &brEHBesgestemsons, two Nii fffoearne natn ¢
foarmaen)t esdiesls ¢ me xdaphairsindesu e silcr s bedph dna@tee ai |

B3Exper iRasrtaalc h
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3Ved iMeitead Foam Potenti al

cent research regarding PEMFOsy hascodemomad
tal foam iaoateatihegradesigabl e foundd&tgion f
tal foam's geometry ensures | ightweight, h

it volume, good heat[ 6tAhdistfiean alalnyd, ftl lue dp rdc
am can be accordingly modified during fab
ch as porosity, reflecting onHitdlpemes imeyw b
uadasncriemger entwhdielnessi pryessurfe6.ddlowev ere,crBBBE
eaf{®8pr water removdlbecoboal dhbddhmetpdlexfedgm
rufcé.alr e

rk [otb¢aslt.ed GDel Ol awwiftile dgrMEpAhene f otahmne, whi

tivation and imasBEW&ERnNnstpopkr d mestesresul ted

Xi mum power den®Nineyt adf fREMFJ nwictohmpa, i son

t alesdo Isihggver r i s k [ d&f6F]lcya t[dFo8dggerh of nl sot@riuay timegd dad

am flow field consisting afmnfollhher ompoaise Ibd
aanpplication due t o advantageous flow di
rther mor e, PEWM&€n hpeeracke dpobwer 42 % when f oam
creased from 20% to 70% due to a reducti on
tal foa[nb.Hma &Da@dsul t s show t hatPBwWiRQO usi n
rformance continuously increases as the GEC
e performance of PEMFC with a parallel cha
y be able to play a parttirailbunoloen, i methei
erpotenti al as weMlalngytasdinmeass sc amrfainrsmheed tl oasts
omi sing materi al for flow field plates in

eratl and 6a%e]i ght
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To coneveodehoegh not yet researched iomr EHC ¢
Ti could be incorporatedfomtopoteéamrtifdlowbdn efl
PEMEFGsi ng metal foam in EHC has the potenti a
current density at t he moautna lfyosrtm sguarsf & cl eo,w aasn d
di striThpt eossua® e lowe cahsanihceal met akengo &mof naor
into the flow fieldopl batew ,bbobetdepedteedt bbaj
of PEM deformati en dundeéetremcglsdpaezsdubleathypb
pressure drop aitn tthhee cnaetthaold efcosaonh df nhliecoww efri etlhde p
mol ecubeddhwdr occtulhsi gcdhueprtes sur e tdhafnfoedree nacned &
cat hdoedpear tarse nmet, al foam can | ower t hhisghdi f f €
pr eshsyudreogen highipghesswirgut nvedheel

2. 3Stdai 8l esiIs/ Met al Foam Fl ow Field Pl a:

Theppsmedt al foam incorporation designs into
showhi gmm2Fa | | isngitnHelsasnmdleelof the flow field
could partially obstruct the channels, | eadi
t hat coul d nhoelaedchwlderrosd orwefrl ow to the MEA sur
provide i mproved mechanical support for the
increasing the density of the channels, alth
the samBneetfferctpossibility is to remove the
foam, which might allow for greater pressure
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&5

i

| BB

a) b) c) d)

FiguteeDi fferent options for MEA support in terms of i
and f oam, b) conventional c¢channels, c¢) channels fille
met al foam
As il | ubkitgliaZteadl tibnough met al f oam stsaimdlagedsni c
fl ow f i eolfldi gphl amech atnh ciatl ccam esgi | | contri bu
deformation, thereby | owering the risk of me
modi fications is wultimately deter mitatidon.hro

Various strategies can be explored for suppo

The first option (a), having no channel s or
deformation. A second approafchetr(tdée)rh epu vitrege tad «
at the cost of increased flow resistance. A
met al f oam, which enhances MEA stability a
resistance. However, asi EHH€ whe fTledawtvekbygilli
resi stance may not pose a significant 1 ssue.
met al foam (d), which coul d olff ett hstsheer tnactsito

experiment al setup, EH®)perofnd i paifr ad mioeaint €s) e
configuration, and Nde dwmrainb a dth ig 3 Bxpoenifii ngeurr taa |
Research
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2. Naf iGomafp hPernoret on Exchange Membr an

2. 4T hkEel ectrochemical Hydrogen Compressoc

Anal ysi s

As the essenti al ccempaduenti ngf mEMGr apest @gh ay
facilitating proton transport while acting
performance directly influencesactompvadbsiconu
pressur e. For this reason, PEM masnht aif i bi €
hydrogen purity, possess emfduir ei esnitgnméc ban
di fferaemdi ani 1 mi ze gas permeabil ity t o pr e
Furthermore, to avoiREMé®tdd rpcaVvi cshoet f edtric

i nsul ati on by preventing el ecttreompetr aadmnms @i SES
membr anes face several chall enges, i ncl udin
str emlgmihg o Vv enrepcoetsesnatriyalwat er managemeoas$ sowaaed
at el evatef@7.0¢mpe rl@irtnuimtaastysi oocnisat ed wi th t hese
EHC systém ayamroganwermembr ane défi ggrinmastsiuare

di fferenti al s

Al t hough i mited studies have explored sul
me mbr anes for EHC applications, findings con
further |IWw essfit7iggpartpiaore.d t he energy efficienc)y
SPEEK/-Icirmksesd poly(styrene sulfonic acid) (Crl
advantage of Nafion (40%)r tolver ISPPEEXKY ICg PtSISAnN ¢
the potenti al of modi fi ed SPEEK Fmambirnasnteasn ct
Trindade phid#dphWweseigated SIPIEEKI/dzepdodl yméi ome ml
PEMFCs ditmmbeghture, anhydrous condi tiaModns. |
ionic liquid encapsulated in zeolite improv
conducti ACtwnder 8@rMoremoveirt, { @ §nr tenteralanal yz

anhydrous me mbr ane made of SPEEK/ poly
nanocrystals/ phosphoric acid mol ecul es, rep
excellent ther mal, chemAdadi t i Ramzd Vngel,cah aeht] call .
tested vadbiaces HREEKiIi als, including SPEEK bl
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nanotubes i mpregnated wi t h phosphotungstic

significantly | owered energy consum@tsilon and

¢cel i k [eltGleavli .ewed advancementcsondnctainvhegy d me mbr
hi ghlighting that high conductivity can be a
or copolymers with both acid and azole func
humi diidn cfadr prohemeteamepoirve (manufacturin
735 (@mmgnd suffer from dehydration at high
devel opment aims to overcome these |imitatio
el evated temperatures with [ ow relative humi

pernfaonrce and efficiency.

Recent advmnfcielmeend snanomatver ii anlt s ofdurc eEMainct
to enhance both proton transport anfi78&8jechar
devel opedi Nafoind mE/ priosed amat (iZP)PEMs by i mpr
117 membranes with zirconium oxychloride and
high water absorption capacity of ZP repl ac
di stribution withihi zihreg meyrbrraatnieon.stVeahi | e Z
resistance slightly, it significantly reduc
Wang p79mnhthesized phosphoryl ated chitosan (
reaction-pheswbenalex,ibiudcarnteoxyl i c acid and cl

PCS into perfluorosul fonic acid ionomers to
facilitated proton transport due to its abun
and hydrophilic properties. Additionally, t

membr ane restricted polymer Bydmegdn momhod s dwy

novneelmbr ane enabl ed hydrogen compression to

Beyond convetnuiai omeanls2iPoiraalloem@ast,er i al s have emer (
pl atformcboduptongnmembr amensg ed u enttea |tahyeeirr tlroa
Xing [eBtOdggadsembl ed 2D nanosheets of sulfonic
with polyodpamede graphene oxide (DGO) t o f &
EHCs. This strategy formed ordered 2D proton
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t he t-pramghnanochannel s in i COFs further sho
base interactions between the amino groups o
energy barrier for proton transAddi,t isanganlilfyi,c
dense structure effectivel y -shuydrrtegesceidn di,y da ro
el ectrostatic I nteractions bet ween i COFs an
optimized i COF/ DGO membraneedvi ¢ hc ell51%e nDtG Op ecrof
achieving a proton xmdndobanvcaly stréngih 8fc

system utilizing this membrane reached an ou

To conmémbdeane separators should offer both
mi ni mal hydrogen gas permeability. However,
modi fications that enhance proton cdhendalcdp vi
PEMs that facilitate rapid proton transfer v
novel approathid iitserrasg@uipednd.odfes ustawsi nt hBEaBHC
successful attemptddi hgveéeobbahi owhieredmsburlatneeds i
enhanced PEWMuptbeembor essu.ccfélgdexwp [hoarveed 2D mat er
new platform for t-then df uacbtriincga t memb roaf n epsr oa winn
truédomwmhies ,ora@asoh t he pr osngrsa pjlpepn2edp ongadad s i al
i sseatsaai baf ooHhC fapplteppoaenonal | y sewn althl éb orhéhm

ood proton conductivity and reduced Fhuyrdrhoege

O Q@ Qo u

hapauwtrilsi ne the results of several puxipliasmed

—

hger aphene ¢ haanrda cdeesrcirsitbhgersg pongléedt @ad | o f i ncorp
graphene ofn EHE@ PEM

2. 4Gr2apChrmg act eri stics

Grapheneatieshacln2D materi al of-hgbriddeédncti
at omsheixmgonal (ahramenyedamata hbsii o n all h es ttrhui cct kunrees)s
i ndi vidual graphene sheet measures just 0.
mi ni aturi zati.onGroap h2eDn emaitsera aslitsr uct ur al cons:i
obtained by strictly ordered stacking in the
and t hederfiancakm ntgh€éi st eoagti ogpaemtewedel®h d he

del oc a’l-eilzeecdt r on c¢cl ouds in the aromatic rings
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ma k inmo-gh e feedcitnlgd eygreagpghmper meabl e to all atomic
at room temMpeeaturer,apgl eshewrdekéess induci
are catalyticall-gea@lcitgiviel eange ranfd8&d#yh ennotne h s ihly e
strength and el ast i cGRaonddu | 1u.s1 oTfP ag,r arpehsepneec tairvee

is 100 times th&®nef odr dirmegprhye netbese Imo s t rema

extensive surface area, which t h6e3 em]i/cplf are
monol aydhi sheat g-usep epcriofpiecr tsywcrofmdd ev ear ava t h it s
mechani cal strength, exceptisoperebecstabnli

ratio of suamaceuper vot uameésor ption capacity,
f or -gneenxetr at i onacr®slsn vlao g ioens nfiiad lud 8,z ealt adreive s ,
optoelectronics, protection cmantdngmsp®®4dgasesb

Figu&8dadows t he 1 hgéruagpthreantei chre xcafg o n a | honeycomb

Graphene Chemical Structure and Physical Properties

Young's Modulus Electron Mobility
1TPa 250000 cm?/(Vs)
Thermal Conductivity Metal-like Electrically
5000 W/mK Py Py Conductive

Surface Area L4

2630 m?lg Transparent

° ® ° ® ®
FiguBeThe i | t bgertarpahteinoen hoefx agonal honeycomb chemical s
dotasid its phy[s8tilhl properties

Graphene is often regarded as aHowewedbr ¢ akic
scal eef fceocstti ve production methods for pure g
ot her greaphlerde materials that are mor &ocommer

exampt aphene nanopl atel ets (alMPes )k ncownianse dgra

scale productjomnwhihd |+ etwaicmisrnige mearnkya bafe gorhayg
propertigesspmdmeos| akes p o wodbetratih®e duagipralsigy i d
exfoliation without extensive centrifu-gation
intercal ated graphite exposurej @to milcliomnw@g v & K
used. Depending on tPhse cparno dvuacrtyi oinn mehihookdn e sGsl
aspect rati o, 8brfddetietest chavbdles carbon vacan
continuous carbon atoms are missing, a- hol e
member rings. These rings can introduce | oca
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cur
bas
gr o

by

vatur e. Besi,aemd wachaeaxagsnalhoftiesgs,- the n
ed materials are related to the presence
ups at the bounda8dhefsdchemgtriap hefnet lsd erad

l iquid phase Rkixdiode ati on i s shown in

Graphite Graphene
‘ Nanoplatelets

Liquid Phase
Exfoliation

—_— -

Microscopical Composition

Monolayer Graphene
|~ ===—=—>—-|  Nanostructured Graphite

——=

Fi glbdleefThschematic of tMNPes ncaonnusfta cttuutreed rdifd ya@ard mif etwur e o
| ayer graphene and[ ihhPisihctt osooed cgi amplgiese of GNPs un

Str
gr a
con
mo n
t hi

pr o
str
c ha

aut

el ectron [MBi7droscope

uctGiiPal diye cempipd mehrdolffaeywver gr aphene mi xed
phihtderheey are an intermediateGéordwalelny ,grta
tain between 10 and 30 graphene sheets wh
ol ayer dmagdhermra-ldsued, maytrampihane are cl assi
c Enldstser @l apibeamed materials are classifie
er al di mensi onNPs Keyx |l adivanthaegas lafgh®wei ¢
perties, high electrical and ther mal con
ucture. Addairteebbatst yyve t had easy to ma n u
racteristics, graphene nanoplatelets are

omotive, 3D printing,[8Bgctronics, and co
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Given their exdcGdNPlsBobdabreabppotersi albhfeor ap
devel opmentbhacsfedpoa®meiadwsl.d be added as a PE
effective reinforcement ,anbdoomdedc mgnitchael ep reocpe
hosting matri x. For these reasons, GNPs <coul
PEM and | ower Ihcyrdorscegnedre rmone egchu bk e dlu & fteor egnrta pahl e

i mper meabecluilteye nthdammegoi loge rca leinceggf and durabilit:

2. 4Ved iGriaepdhene Potenti al

Al paydi[n8 Behtv easlt.i gated the effect( MWCNAWIdt i wall
GNRs catalyst supports on the performance o
baskREM ihmgah temperdbhere eBEMFE. showed that th
supported Pt Ru catalyst exhibits a | arger ¢
carboback s(upB)or tTehdecyPh c Ruded t hat MWCNT GNP i
mat eri al t bheacnkdh et hcaaar bPotn Ru/ MWCNT GNP cat al y:
ahi gh tempEMRQE ufred with reformate gas, as 1its
Pt/ C catalyst in the hydrogen environment.

Kumar [Ot@]l &lo. used the GNPs as a support mat el
in a PEMFC. Monol ayer GNP, being conductive
transport medium, reducing the dependesnce on
utilization. However, at | owerbasdd datmpley att
i's slightly CRbvaesre dt ltaant atltyastt dfayer s. However .
performanchackedticat@Npst { BOBbassdrhheuftaees T ha
hypotethde shhat itmpr ovement is | ikely due to the

at elevated temperatures.

Ruhkopf9@&dbataéd Nafi onE membranes with aqueou
exfoliated gr aafhaemiel & hamd fddafffsadilifeee Spheayepub
from scanning transmission electron microsc
(EELS) confirm the formation of a desae per
di ffusion barrier agaimsdi uaedesmeablheaolf uélue

operation.
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S

Membrana ‘

Reference
MEA

Membrane

5 Catalyst-layar
— . = e
=) ey §§ Gas-diffusion-laver

Current collector

\ Graphene-
enhanced
& . MEA
Graphene
FigubeThe illustration of-cbhati sganpd-e dtaibadnxzlats ome oyt is

MEAs comparing a refereweoaobaMEAd( MER)ILHdoOodta@®@mMYIr aph

Asmat ullW®2gte dooht erckisftfienrgent approacheGNRxn t he
appl ilesd emper at umembPEavledh e f i rst ona&Naifsi ocnhEar a
me mbrsamreayed using an airwbtrthhshheai ghapoepe e
Nafi onE solution (both sides) for the protor
measur ement s, and the sedand ooinespbhyuygdaplven
sheet and released whadei Naftwaenc memplbee iledyerd t
membr dhey. compared the results odr hdrsmanntvu
(CNY based nanocompbstiuredemwesnibarnadn et hteo siogni f i ¢
key transpoeltapedpeotibs unThgaestgudy hemewed 1
i mprovement in proton conductivity for Nafio
identical. However, the -babhadcBménbnomsembvad
t wice asasiogpiariedanto those iMmMbheypooatrintheCsc
understanding tofr guglpbear/ Na&dnoehe metmiha gme , e
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proton conductivity of Nafion is | argely dr
hopping occurs through the reorganization of
groups. As the graphene concentr gtitornanisppot |
properties exhibit notable improvemehusedTh
Nafi on membranes rises exponentially, wher e:
i ncrease. Notabl vy, a sharp rbieteveiem @r atnan 3c
suggesting a possible transition in the unde
and -@nbped Nafion membranes exhibit a gradual
to 3 wt. %, but theihaleimhhascefmeandtsi v & magd nt lomd e
at the same concentration | evels. Addi tiona
cont act angle beyond 90A, i-hdkeabehgvaorshi T

continuesessivebg psoghe graphene content re

Heeall 98¢ mar kably enhanced the proton conduct

by incorporating multifunctional grapA&tne o0X
a filler concentration of 1 wt. %, the compos
of 2.98 I 10 |J] S cm 1T at 80 AC and 40% RH,
Naf iAdnd.i ti onalll vy, the Nafion composite demor

power density at 60 AC and 5®% RH.achiighlli @iptp
in PEMFCs.

Bukol a an[d94ddmnea hperi r we x perai neantter eembedtdredl yas
monol ayer-l aoyfe rs igurgabpdhuecredd e mii aa | vapor whesposit
embe dbkcadveen t wo Hyafriogre nPEMD.ssover rates in

PEM sandwich structure were measured by a || i:

by more than eight times relative (tsiiegalriees

1k
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PEM PEM PEM 1L Graphene PEM

FiguB6eThe illustration of Nafion | graphene | Nafi on
me mb r[ a9nde]

To summari ze, tthhBeaf eosnl CY¥YDshowphbkbat/ Nfadrn on ¢
hi gh proton transmission rates through the m
gas crBekolvarardt@rhdagdred t hat protons can g
rates and wi thuttlhpergenc issed emdd waniysm by which p
graphene is not Thet rf olnley poneeatstadbodxpl anat
t hr oexgthr emely rand defmach s8htdesectable by sp
play a role, thehwyatmypstr nie sofe xac enpattivorneal | y hi g
with notable isotopic selectivity while pre
protons might be capable of moving directly
def éfdetr esearch cbins | padesli bhbitty warrants furt
if proven true, it would substantially alter

materi al

Al 't hough confirming the vast graphene potent
mat efriilalled PEM did not maedete @ niietxhp EBdddCnm ei nntuaol u ss

managementprassduhieglsystems to test membrane ¢

and | ong Fdiun d&teir oworsi.eg,i nt hoef t he transptolre prc
compatibility between the polymeonfahdebiel me«x
me mbr ame s doftul | y u n deexrpslt aniondeetithaedrie f o reemp | e/ fi mrge
graphene in the conventionabe&HChdesi geedmdr

To c ondculet dicem, u svee roiff i ed graphene potgpmdmiasi mgc
perf ormance of atsh evstdhsemiatsa | @ EddH a rGaNdPtse reix ptl iad n
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Chap2t.edbr & p lChrag ac ttelriisstdicss esttheehconpor apiose o
into the NafTheac me b atredlsdiyegtieed gr aphene i s
to gas mopesewbkes a®riyt high energy barrier f
mo | e ciud eas , r etabmoml owhoye n GNlPsEHC6s PEM coul d | o
mo | e cculoes suonvdeerr -prhagshur e ,di ehéaeci ng t he EHC
Furthermore, due to grapheneOBENiIi glhhomedhiamprc
mechani cal dur abi |l i meg h aenn scuarl i ndyel fa at4psmhas tsgshdi n 2 e d
di ffermnadt iloingper EHCnHowe cehmpdernges remain r
orient at laennds afh efi r weiotnhcienn ttr haetoi noenmkmneps @ ena | PEM
charact eietshted cosr i entabhi DNaf o d nvGdaP stpheer smaoginet i ¢
proposeptiemifae | er di spmearsendbhor mnpuntog trans,|
Thfeol | owi g ocvhpdpaseme edod of i ntrbdbeidgsggap
EHC6s PEM.

2. 4NaAf i on/ Ylemphane Design

Thproposed theoretical met hod of i ntroduci ncg
based on otfhaer imdws ngquant i NatE @b p ENBE dii ef €he
me mbrparneeparRtitoondr yi ng, t heer inadhtogptl aé emagse i ¢
whitlhedge mbr asrtd lils i n tThheenliifoouinenpatisen of GNPs
samples should proyofdePBEM, ecvdmamaread propREM s
orient eddu e@dbos e simil ar -sayaeacedrgraphenagl pos
inpri maril y, better mechanical rropesilveas a
experi mehNaf iwan/hGNP me miprr aoped seampneessd formctth e r
graphene from 0.15 wt. %hBNafiloR/7GNR . %, | meisp e
bet weexwospeady | ayeDiss poefr esd aokenr @wot r i c allh@NPsul at i
anthembraammpdfes2Bacdamvandar 27 Omntdleirglon eesnspi r i
charactprocadvsesetter under st ands atmpdiees thana
added a CLOGBL mgaytenhs Y@EPac®m N tbobbth sides t
| ayer efdorMEtAesting in the EHC experi mertdal set
and compamedr-kapér &doMEA| ati ve i n na&tsércimal s
acti vtehiaclkemeé sOmOmNafl0ad5, 0.3 mg/cm] Pt. on Vu
Thi s mestlhadbdoirnatnmeaodr e det ai l in wheéelfdlel dwisngd
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experievepntnaaldes in this disBell awdiomgpiborcifpultar
buttas mal | ert oe xptreemtar i | GN Pesxrgpmicihld Cotnher f,obwmanc e
Nafion/ GNP MEAs wit hsarted sitmg diahddselr et xag ei pof N(nOE&N P a
setupdeandi bedChapSteerpar | Rasretaalc h

2. 4. 4AMalt emainaky af

The maperchhsed for the futpreposger ementbdl| me

of i ntroducing graphenearienttchet feoldeswiigg:of E
f 125 mL D2 @E20i sNoaefrAsoiaoor o | based 1100 EW at
Chemour s,

f 25 mL D5 2F1 DiNsaff € 1ofsii conh o | based 11Br0a nEW at
Chemour s,

1 5 layer-26 26dEBAi vehiack@agdgs O mOnNadlbaas5, 0.3
mg/ ¢ mj Pt , Car beWl Sl 0olt1h fwoirt hb oMPhL aBnroadned : a n

Fuel Cel |l Stor e,
f 30 x GArkon Cl oWhSEDPEREthirokbmed®s3 4m@/ cm] 40
Pl ati num; oBr ¥nbdcaBRuel Cel |l Stor e, and

1T 500 g Graphemd HiPDOEEel 8tran@P | OLI TEC nan
Liguids Technol ogies GmbH

Thelafhk ©n spersi onchandcGNPs$ st iTab3, arad@radshe wn |
respecHoiweevleyr |, G N Pshcahvaer atoop elrey e el &yt dt he mat er

should be subjected tsesmore characterization

Tab2d @€éharacteristics OD&HIPOEShadbedi GBNEs fEPmM t he mani

Materi al PuriThickness Specific ¢

Graphene 99. !~ 2 im0 @y «750% g

Furtimproindotr mbobudbn GNP received i s t-bhbhackhe
powder form with noxdécaidsacsttearbilset iucn doedro rn ocorrma |
pressiulrthee handling oé&clmaged iarle a hdbwd dt dei tisn |

handl i ng, one should wear pr bhfeacctei vaen dg | boovceys,,

42



pr ot egotgigMae sabvroe adi hi mdpe mat er i ale yamdd ,atksi naont

may causeiresapmd adoypwe ydamage.

TabldGharacteristicsEDifsparsihas edbtNaifnead from the

Technical properties D2021 D521
Base Al cohol Al cohol
Equi val ent Weight (EW)1100 1,100
Pol ymer Content, wt . 220. 0O/M2 n015. 0MI. M.
Water Content, wt. % 34 N 2 45 N 3
VOC Content, wt. % 46 N 2 50 N 3
VOC Coifit-Rmdpanol, wt. 44 N 2 48 N 3
VOC Coiit-Etnhanol , wt. %U< 2 < 4
VOC ConMewmed EwWDehserai< 1 <

wt . %

Speci fic Gravity (Dens<sl1.01 T 1 0.92. 914
Avail able Acid Capaci > 0.92 > 0.92
basi s

Total Acid Capacity, r0.85. 03 0. 95b. 03
Viscosity, cP, at "SHhe/56500 1640
Rate (1 c¢cP = 1 MPals)

Nafion PFSA polymer dispersions are made fro
in the facridagedddgvai | abl e i ncomteemdtitshiele mg@to hpo
Di sper scilcevasr|l ,atrde elsisght ayweé Iclddivklewioadmodr chemi cal |
at normal temperat ur eMbp napnod ,tsatndt 8 gygemaedh eéi @ainan
cause skin burns, eye damage, respiratory i
ventilation shotulisehflee hpmadvVvi cdhgd afhmobri sp@c eass®inn g
wel hdegpuraattevetaMo/ree about safeeyxyppremaati ags \
propmséetiadderi ved from lhindersatflertey nesdarmnuch i on

manufacturer
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Hu and 96houd ewed t he hedlaskedr mak €.r o Tall ey 4 gsiBEMISi¢
t haten tlRkeegmch on the biological i mpact of
remain, making it difficult to predGBMstheir
vary in terms of the number of gtraphgear i atyie
and their functionalization further influenc
t hat certai mGO&BfWesha yseurcend ,agsc aphbaedi gested by
indicating thpgr snayt eenntt. blOvwdaesr ,s hroevchu cpeod e n
particularly in pregnant mi c e, where high dc
Without furhdedeabirleisttmraefh, GBMs t o cross the i

Early research on GBM exposure suggests mini

though eronngeffect s, including potenti al mi cr
appear to be influenced by tlhreiwi tsri® es tandi g
and @llilsl imdi cate that wiha y er cdimaphene xpoes s
cause cell deat h, it significantly affects
toxicity over ti me. To cohel meed thhhirs frue g da

i nvestigati othesr m nkiiooltohgei cladng mpact of GB Ms
precaut ihamddgwhhmhene.

The Nafion Dispersions and GNPs both come wi

foll daingmect ogmdmshei r. expl anations

Hazardous warninfpr both Nafion Dispersionis
f@ flammable liquid andvapor, causes severe sk
burns and eye damage, may cause respire

irritation, may cause drowsinessdrzziness

Hazardous warninépr GNPsi materials with irritation on skin, eyeand

respiratory organs that may caulsammation

For al |l t he, rtecasemsuraebotvlee safest conditi or

mat e, IGiN®IssNaarfd on Di spersion, the gl ansdxtwede
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and enclosed environment with an ilnehe atm
glvebox, the manipulation of materials is don
without the danger of pmoart eirm RBH iacdoindtirescste r wiatt h
provides insveboxtdessghoandbpasehtasectaisbor dab
due to verlyheriogdnptrriwetsi 6ol ddWVVRE By omn til e @

appendi x.

For the glovebox design, t &aeneefeodelexassmn g maser
compositionafpai reedd fo Oeic rfrgpgll onvoent awegden base
wi t h hsodadelr se,gudiopmentagfamk edmt i st at,i v enpgri dya,t of
apower Isioghaetdag,s f oFi @¢ilFwowsplt.hhegosedcghoeetbox
constr8cltedwd@veds h all .components

Lighting

Exhaust ventilator

HEPA filter

Plexiglass

Doors

Glove’s grooves

Orings

HEPA filter

Handles

Wooden base

Figlre Bsksembhytr udpei omoodd gl oveboxds isometric view
(mad®oliind2v0 2 & s

Thmain characteristi c®nobtptdauprdogppmdiendg gw orvkeibrm
and the easy mont age iotgnd Ihle \wioEkagdge na abtalsee d
side hands f orglnoavreibpouxl astiidem pTrheek mglveesisd e d 0

with plexiglas compoas de mshildeedwristhh tdhaes kaeadtalsh £ € C
the IinsTadet aleeacphrecauti onary measures agains
purchased for apptlihgeadvi dobng bxol ns ntghoeutniit eesdotdees | d £
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of the ,ghiopvdenbeotxr at es $sshooughchpeéaxi groaudIsiindge v i
power socket for equi pmenitn sptaatierte dad .| ocAvsv d rotr i
negativenprneosaameat iinsidempdsgtdoobkbabr omt ake
a hefgthi ci ency HE®PAtIiwtivedhreoine t alirm  (aetc hhahrei fm ont &
e X haavisrt ve(nd.id.at ocomput erf oeruoesnBag hdatht itldamtowr
backswhdeh generates negative prempssurEpamad e
filterf omeddiednGMRIshigg bl e t o capturtehleBBAOMal eer
i mounodoedsitdngel oY ebox t o enaAudleequed sy da lsgprogian g .
vacuum cl eaner bags) can be placed at the e
di spiomal approveddogdwasetca edniitn t h.eT hsaaasfseetmpbl| yns
constr udpei omo od d fgrl porvsei bdoex, b6 sa rsch otwdRp i ews

FiglBe Bksembhygtr udpei @mmoodd gt owda kdex 6 samfadd @hoipn dWe wk s
2020

Thepropgbedebox is 600 mm high, 700 mm | ong,

all owefadamg ntdh @ qqgi mment (|l aboratory grl ecwsiwrae

f arhe N&GINIPen PEMoM esiadbmut t hde semgeun hpondesn ti sa nwdr i t

the foll owing chapter
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2. 4. 4AMe2t haordds equi pment

The active tshig faeei aned mMEMP¢(mgeasathpbkbape 5
cm), along with a tédqe&hess®w othatdt. ©12 7c ocnmer
Accordingly, the volume that the membrane sh

di spersion solvent and wmihOwBl1RbumLgr 8pheace

di spersion also consists of an alcoholic sol
needs to be evaporated, I A5 imL ntex edsesxirggn tmnd
By weighing a plastic bottle filled with a 2

g was established. The density dfab3ilkse INaldf2 o
g/ é¢m he density of the Nafion dispersion sho
mass and volume of the |iquid). According to
Nafion di spersapPbgwas deter mined

Solvent (alcohol ) +NasfdlBbnds p(éNasfiioonn) = sol uti o

20% of the mass (20 g) in a solution of NafiI

g belongs to alcohol

20 %
20 %

(20 g_Nafion / 100 g_dispersion) x 100
(x g_Nafion [/ (25.5 g_dispersion)) x 1

It fo
mL is 0.051 g. The volume occupied by O0.051
olid fyramelos D.92F/ enin. Therefore, the vo

required to ?membuaemear 2macms unknown unt il

|l l ows from the above that the mass of N

i n s

density of Nafion in the |liquid state and it

evapor ajeutmik noavme

According t o st htetpseel feceadl cdu |l meetnissoi @otnes md mkar asrod i ar
f squared activd 5swmf «cé& afm)25 cm
T thickness 0.0127 c¢m, and
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1T 0.3175 mL.

| f the entire volume were filled with pure
would be 0.7 g according to the d&ndictcyrafi nd
t o the [I9iLltheer atmwruent of gr apheAteo uG.eld% 0 swidgt/rom
the best results &b tAapipnreodx iwnatthe |0y. 1a3d0o pmigi/ncgm t |
the proposed mass of?(&GNPstias Drfom hhgmBDa@lPs
sampl e) to?( 360G arhg/odm®5 Moemmbr GNBssampl e) i
of 0.0#01mobgcmore of GNPs for each membrane
experi ment, NdfnedR ampmiersa nnda2,5 “@mascthr evei tahur f ac e
(a totakbs54%cledbdxcomd 5 )ecmcan be made,’afea whicharb
cloth el8&8cmgbdm] (806&aPbowoinc Msoulfefinci ent f or M

With GNP mass adopted as Nhds ormde?, ane es a np l:

would still be approxi mately the same as wi
Nafk OBhspedmsesonnot change. According to 0.7 g
to 9 mg of GNPs, the mass fraction of graph

wt . %, respectivel asmé@eé hy @ atchceos tdiFjahteo aut hor
usedi, 0.5, 1, 2, 3, and 4 wt. % ofi tGNIPs nmRdde
to consider | af geeaxpgeurainmearnti,esdamendieng on th

t fet rst results of testing.

I n ordert hdews dsb®B GNP s sfPEMst EHG, i apecific | a
equi pmentThes maredleidn gf oorfewneaet ng ttichgele s v &#Bo x t he
mi xing BfDi Spfeirem o, heand oGENRPswi ng chemifecalm | ab
borosi |l amat e t gh epa@sbiptoisends
T smart prep antistatic funnel
-f ssrecgqrapwenegftymigcal t ag-detg)dose 1
T flaglkwol umetric and Erl enmeyer)
-for mixing solwuytions with graphene
T pppettes
-for transferring and determini,ng the vol

T micro pawdeérs
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-for placing gr,aphene in the funnel

T measuring cylinders and beakers

-for detevml omagot hkei qui ds

T Il abor at oviiys hbh etwivicadp s, wi t {t agalsnads tPect rsinadpi s he
-foperforming wex e rsiomamdigmres i icntfriaenlsdf,er a m ¢h

pur ptoeesut si de | ocations.

Fi gude amplseostheo$t ed chemical ahdbanat g gwrad ev:$ siarhteer net

Thgl assdwameensi ons should be adequately chos:
membr ane sample charadctosaimpiveisg,hiamgl Aln aneytsii
Bal ance AS 220. RRPWPAL®EIL nggy dedue et o0 si tch orseelnat
di mensions that fit inside of glovebox and i
GNPb&6s samPt bBer mappli ances needed forasphe des
coater or spragndoatkehageaweesoni cattbiktempd ear ¢ am
al so be carried out outside the home facilit

Before starting the process of membr ane sa
experi mentowi f lEov@&NPotngger oduct decl aration shi
oftlt o 10 (2| amn® ms n a | si 2ecennribiiglthes sGNPs s ho
execthoed t hei rPrdiostphesr s @mi fi cati onmne«tplea i men
characterization procedures to (deutrerhneirn e |tahbec
i n Ch2apstraBact eri sa)tFHoorn epxZabnepel de ®d/shaksti gat e
t he efufledatasomi c ti me, ultrasonic power , s ol
al cohol (EA) , Il sopropyl al cohol (I PA), and
(decl ared by3im@nwmfmadtnur diB ctOeneis 8)idin aamddtreyr p o w
forArs. treatment time increases to 4 hours, t

significantly decrease from 125.87 Om and
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approaching the nominal sizes marked by the
process, with exfoliation andHJweavweWamttaltero n
Waal s hfoolrdciensg GNPs t oget heex pwicttheidn taog ghl eo mee aalk
‘i"interbhetweens the basal pl anes in graphite.
base pl anes of GNRvs t flafn wsb rtiidg hzteldy chboowuealkld mtg «
fragmentation the Abstér chadhtb edigs pgr piroc easrsd

complete, while fragmentation continues but

crystallinity DAuntonigntsrod d/iemd s ,d dfagpctwsa.t er, due
enhances di sper shiuotn haansd derxafwoblaicaktsi osxuch as d
potenti al reactiiomswamEdrhi sertdanhi fmMmeedl as t he
excellent di spegmusickn defdfi in@ildiang j ty, with no
new vacancies f or nmi nsgunthexpaudgthor satcmenrctl uded

conditions for GNP processing are 4 hours of
35AC.

As descri bed. 4Gn2a CHGanedr earc t e rtihset i icde al grapher
regarding PEM applicati-boaygredbeabl ytbereegha
of various GNP sizes in membrane wuti,laiszati o
described in this dissertation). Therefore,

GNDP aggl omerates, and exfoliate the graphit
reducing the GNPOs nomi nglk ocstelger, d a rtalcitcekrn ezs
processed IGNPneopodvedr I n order to prepare a s
t hfeol | owcedupe i s recommended. About 1 g of

GNPs bottl e wweii tglhieedh spatuhaad phaaedcahea fl a
af unnel . The fl,asd& i senc!| Dalgdno walpbexd dfeorofc har a

processes.

Before preparing membr &rmtee staengp | GNP s thestorb en
t hreot ati ng anad neit @aoidasi naaehxl aempl e of an adequat e
i AGEM 5Wa220h2 T maxi mum magnetic f,Whixicdkennasi t y
possecstshRmmmwer Engineefhegi Hethlwdnatioomrym or i ent a
GNPs in a membrane is for-l eNePsedogrfapheédre i
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required propertieskFurasheprnmeowiegusilty iesl aabno raaptpe
PEM applications, so the experi meirenflcoaende ha
GNP oriemeabrane c hlairm cd%8rjapstrii areetntoee d ewit ah i o1
contr ol of gala5themTgnét alke&pavbeh dshown a high di
of exfoliated graphene and demeogmrsdtriac efsieelhd
i Ri g2oe

—NoB iz 3 Rotati'ng B
164 —staticB

B9 £ (0= = (d) ==

oRe O == o=

Intensity (a.u) ©

‘ : 430mT  440m 50 1
omt 150 mT 100 mT Rotating magnetic field StaticB  Rotating B Time (ms)

150 0

FigRelmduced changes iamdomptiamalof adafi lpmdnteintiatyyyer graphen
under stationaryf aeotfds0o tnalt,i nNg Omargin @ A8 de f M[T9 Galngddt ¥ 40 m

Addi tionall vy, Lin et al . [d9,9]cuavietrge dnTi nr ott had ii
magnet itchafti eGRINs can beanfduratlhegrn e dd mgt@rnled d eerd
Furthermore, when graphene flakes are assem
excellent thermal, optical, electrical, and

The deeptraciclpduowopogpeepaembganeal sampé et ardgt beebc
char adtiernisi fud sl adws
1. Theiti al wei ghting of al | anas kog ,hec omted i
| abor aswaygegl a
2. Wei ghNaifnDjosnp esD2i0@i1 and mpbliRgcmtaihrdre nsi By
vol ume andemeandtksamaia s inrg t he ma sisisnofa Noaefai koenr
(0.2 miussicnag et)he TARE oThtei o | awwmmet tod W dlea @
of | i gwi @. 02 mlL))y hieso rdeettiecrami ned i n t he beal
a plastic bottle with a pipette (1.5 mL s
3.Det er mihrei vgoNamMe®nspersgansed fPmembnanéhs
samplpdiabagp maalno wMttafkE ®hsper siom & 2glmdgs sub
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(Petri diinsgh ) i, nigtaMgoh dry i n t hesuadijretchite rmg24
solid sample to mass measwictamimempterand volu
I n order to reseafrfcehctt hef meamy@iNiPgs ditinredwabgtt
NafkE ®nspersion solution, t hePifpoeltltawign gs pm
water into a Petri di sh (1,GnmL)a,ddweaigg GINMP
the amount of 0.025 g, which represents 5
can be taken with a powder spatula from i
wi wheirte i s weighed wup tPoe tO.wmi2d5h sgv aatnedr pul saic
funnePet Thedoswbged wi,ahdat ak e thdeloav esbh al>e f o
t hmagnet field inflaharceectexperaitmemt parmd e
procedure i NaflE paastped sawodn hd e p édreedd inlgt so,n wi
di fferent amounts of GNPs.

.For preparing two Nafion/ GNP membrane sz
amosamtt GNPs (1 mg. B:mdwtd. %mgand 1. 27 wt . %)
recommended. Using apai aedatibniib ahsmka ssctaol pep
approxi mat dbhyk DO sme(rtesHeonexact amount wil |
stem! d)cte on agsephenaaddnnaeal dkdotat amicelhcékd a
spatamlda,st oppeeveheémal coFhoour etvhaep odriastpieorns.i o
di sh (dix2ndethnenr alB@06mui taattoMO®amt n (acH2]r di ng
for hombig@n & e@amoreequ al di stri bastoil amhe@in. GNF
membr ane sampl &. h@3ithnhbnec .kantdaswsred er , t hi s Nz¢
fi$moul d3nmbme hG .cdciacmh be achieved via spin c
p r o c .eSstsaerst t he @€@pbydmgatprtote sambiashbrtempe
duratioanwfaaeeg. heat | asmpht etintachd a?ame it at e
Af t er NdarfyDipmmg,er si on -ceseatuskbdt hossdeayof the
each in a 0.0#4@ inew abnhddvonkcrhé ssanrepglheaani s

el ectrical atosal at br c kvin ¢ 88l P 9 xatbenlt2 7c umrm e n
conductors and t her)eAffareeree precaed e dt drlye nigs @

described, the unejmdcetanto sampd agtievsdaki on
smal | di fferences betipMeeesn arhee sthwownme mbtr ai
increase the amount of graphene in the ne
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6. Theiedrmembr atileesaeambesd fronstdireed | iars sd esiua
watoewrer ni ght to furthekrlONémeveardsi dhal me
are sandwiched bet weeah ottwop rceasrsa bonng5 epM Boact easo
110 AC for 3 [ridrdo] ascrcsou rdeé nbgeGtaoep | estt erde nME A s
are stuhlejned t o charact etrd sztaitngoni mprtolcee sEEG

setup.
The el aborated proposed method of introducin
di ssertation wil/ be experimentally conducte
A ore det ai |l edl hcdheasrcarcitpetriioznatofon procetdlue es r

sampl eds propaeritakesr atail gimsgoparidtvnied ed uisre t he f ¢

2. 4. 4Ch3aracterisation procedures

There are various analytical techniques use:
properties of materi al s. Sever al character.i z
t hpeg opmetllod of iIintroducing graphene into the

The samples of purchased GNPs and GNResdafter
by Raman spectrometry to determine the mat ¢

properties, as wel |l as to further verify if
di spersion. The Raman spectrumpbhopgkdseszpesi a
met hods to quantify the structural defects o

of bulk defects or topological defl®Ft] Al sand
Fourier Transform |+4#R)araendly XPeot oebkeopyorf FE
(XPS) analysis should be conducted to confir
occur during the whol-leR,s omh emit dfolnn dptoiroateasia nglr\
in a material can be identified, while XPS dc¢
and electronic ssuwmfcacee lbhnh ar dnat er o améap t he
nanometer scalesodamnd iogf@ta hmaegteesr i al 6s sur face
Force Microscopy (AFM) and Scanning El ectror
surface topography, "Mscaml mpaospreetaesyr fwae
the chemical compog$i9ttion of surface features
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Raman spedfFMamdt SEM are al sa hreeccohnmencdeed i 1z«
Nafion/ GNP memlbr alere ecsdamplhes mat eur abhcdefepbgr
and morphol ogyphwsiideael ombrtaperitniges and chemic
Theved | i nggndr awd toer cooftn ineenntb r tapmtea kcean be t est ed
me mbrdainnreensi onal c hamgieght alse fwoevler saos@ kitiaisg e r n
wat €her mogr avdlmedirs c( TGA) can beefoomducboaed al
t her mal stability, composistFifloR , orandPfegnalpn:
Raman speéecaalohetaypli ed to check for-teerhmmi ca
me mbreaxnpeos @ HE applTheatpieodh or mance characteri st
are obtained through electroahdmivoekt ammeedyar
(CM)or determiningapdalog otnr ccoomedmicawaliviid tya hhiel igta
met hod can be applied (applying specific cur
pol ar i z aotti hoen \i&G@HIGhv e@ovel membrane sampl es

2. Resul D3 s@amud si on

The regswhlts @rfeptserown as conclusions deduct

overview and study on EHC technology, met al
usage in other correl@daoi samehheeicEld@O® cha@mi bal u:
numerous industrial fields, suephurda g yf thegyldr og
home/ roa&dsieder s, cooling agent s i n turbin
refrigereaptpiloinc)ati on in nucl eacenéeaatons (§epm
i sotopes), and separation of hydrogen from n

rol e as a c¢omapwrsisfoire r()i nissh éaidedahamani f oadivsa n tTe

l ow OPEX,

hig@ority hydrogen production (up to 99.99
high tolerance to Iimpurities,

hi gh hydrogen recovery (up to 99%),

no moving parts,
no vibration and noi se,
modul arity (connecting cells in an EHC st

simultamdawgse dryalr ogen separation and c¢omg
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T high compression efficiency,

while its main disadvantages include:

T difficulty gceddaemblaxt uri ng
T difficulty in realizing a perfect sealing
T the need for additional water and ther meé
CAPEX of a whole EHC system),

T high cell resi stance,

=

hydrogessoard

T membrane def or maparteisosnu rdeu ed itfof ehriegnhc e s .

Chap2t.é&rer voiRrewsear ch Condwanmsskt hdtkiet hecubti es of

h
T

i 9phessure hydr ogeand vparna daugéettdiCom vamd meelcdhani c al
h e Eclerg@ific publication trend from the time EHC technology was digtgnningto the

presentisalsoshowb.l t i mat el y, via tédclsn «&sveagypfoeteeannttihael

f

h
e
0
a

-+ T

<

» S 9 O O

or furt hiesr croepsdesarripendels sure hydrogen product

azardous a reshicngtl@mpertihsekr, mi compeamaeebnonaér | owe
ner gy r & guinr eanieyrdtb a g e @ cFountptrheesrsmoorne, t he evi
f publ i she dtansets esaervcehr a | years confirms the
$ hneeed sd®velidpment .

n order for EHCamat uree dteevcel noopleadg yi,ntiot s mai r
orrectly deriGheg2 .&Hoerc ttrhoildsh drmemagsaohin ,@a repEreend sso r
hken owl edge b as afgonreneadredd tthoe Bler mma @ iwbea ceklsevat ec

resisurBHC achi eved via an el ectsmioc echiyde mtg e
rom the anode to the cathode side, where ou
al ve -mreshswrhEhesetsismé . needed to compress hyc
upplied current dielwesnhfynaddclbmpheldngpee $ur
an increase as |l ong asowdeerel eictritbecerrten
chieved hydrogen pressure is.llti mistadtsby i timipe
ot i ceel etchtartoc hemi c al hydrogen cprmps wrseg omp drsa
s ireglkBsure conditions are inohe beywedfogem!| ma
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permeation across t her ameanbrrea nea tf r oodn ct -hceo nhpi agr

pressure anodi c ccornopsasrotvieerntth (ah yrdersougetni ng dec

contribution. Several strategies of mitigatd.i
barrier or modi fying PEM, avoiding excessi\
me mbr ane and usickg (sepseeatd a8t espgs of intern

optimizing current density andnewaterbam&h & @ avr
el ectrical resi stance. Anot-helrl iBHOGreh&sgth e i
operation is the mekPeEMNt bat dehoomatriroduefto
physical support. olrn i gheardeerqaula,t et ey pleH@ £ cad ri e/ ee

compared to mechanical compressors when the
Al ¢or even higher), low cell voltage (likely
cell @(7iMRBRAYP2% N order to achieve these perfo

technology is needed par & m@tne movizhaitcoedw i nda tl @ rmi &
hydrogessodePEM deformation, heightening EHC
To contlud@HOtout put pil ¢ $ns @raet pi rioemsoecretid § &0 &
mechani cawh igsctdr ¢ mgtodreefacsromat i omr e e nm e hadnighhf er e
its protormweaaredbdtliiviyt ff ocr & y.slahvee rpiosbarieu teicoun se
could be found in ader aaseeChb fl pBteanisBrhaMMedirailal s
Foam Fl| pw2RNMefl @Goa pPermded on Exchange Membrane

Chapt.83rai 9t MselsFaRda m FI| ow cHFtulgddedd E&ICD s f |l ow fi el
dessaggral ysi s based on collected published res
met al foam material, el aborates why the inco
EHC per f,amdnapcneepdoessesifsprtHC f | ow fi el d pl ates wi
cell metal f®Aoamough tadetriengs a gap in the Ii
flow field plate design on EHC performance,

without conventional sif §owfichamtnea dv amtud gle so.f

propessucihesas high porosity, | ow -tdeeonlsu mey ,r aatnid
whil e maintaining superior electrical and t
wi dely incorporated into the PEMFC sadnpltiicoat i

for EHC appl welhhemxmreddopesnructure could enhan

ensure uniform pressure distribution, and in
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both efficiency and Fdur dlir lmetive r iminl toBwH & i seyl sdt epn
structur alcomddi faiddateissn t he Twe maicsadiHEe Idir mig
as the mechanical strength of a medwaldfmoaducdc
the probability of PEM deformaAdidoni amdlly,kh
hypot hesized that the pressure drop within t
field plate, coatdssmavwesgdt byhytheogambst ant i a
bet ween the anode and cathode compartments.
di fference without compromising the Hiogh hyd
t hese Ticazsmatdhblaamrper oposed i n t hi pordaitsisoenr tianttioc
stainlfeelsewstieel d plate design and tesB8ed in
Exper i ResretaZ lcthe sdeesdi gndhearseai nl es s Ivsietehe | mecthaaln
foam and a met al f ddomsensnoaa & rtelde nd Baamgmarse d
conventiohmhasedhfanow!| fi el d plates to assess t

Chap2t.eliaef GnapPerodg on Exchangel MéenbraheEpMr e s ent
designs analysis based on collected publishe
grapmanerial, el abor at egsr awhbye ntelde bien dhcernped ri acti i
perforamachcgroposes a OheBMdGNRPgenAIftoro uEgHhCn b her
publ i sherde gearsckiamr g lotfh en oivnefl| upernocpeo s e d oGNPESH N a f i
performance, exigtaplgeme siemc ahp orsautgegde sitmst ot hF
EHC cell dme digihi evd tctoeunhbdr aonfef er si gni fi cant a
uni que psruccphehratsiresl i ght wei g hto,p eerxtciee sl,e nhti grhe cehl ¢
t hermal conductivity, and a,GNiPsheaspéch pabm
solution for EHC appnavwealt i menmsh I dnuer d chreer smso rteh e
EHC | i mSt ateddefeelsdiynegrl egr aphene 1 s I mper meab
to its exceptionally high energy barrier fo
GNPs into the PEM of an EHC ccoruolsds ohdeelrp hriegdhu
pressur e dnpfrfoerri edmgt itahles ,e fifFiuaitenreaynoofe , t el e E WO
hi gh mechanical strength, GNPs in PEM shoul d
its reduced mechanipakbsdetftermatienenndat shiag
| i f eB@rant hes@NPRsemasmmgnesed i n t hi $ordatsiscenr tiarti @
Nafi ondeBEBEIMp®. pr op oisrewdo ldweess ginl endi ng varying e
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Nafion dispersion. While stildl i n the 1 iqgui
which a dryi ng Nmrfooead ENiPauriillnng. aa esniaf or m or i
within the membrane is expected to enhance
randomly distributed GNPs. This | mprovement
cl osely r esleanbdri ngrtaspnhhegrbee,l ypol eadi ng t o super
and reduced olsyadiVNeagfeino /i GNiA d wi steed b etovwd e sp
| ayers BoODi N@médr ©inon to ensure electrical i nsu
solsitdhit e membrane of ampr an. at27 vB@maskemubie Ry
CL/ GDL | ayers (0.3 mg/ cm] of 40% Pt on Vul c:
each PEM td ageeatde MEAge f or eval uati oA i n t
detail ed explanati on of atnhdi st hnee tahpopdrod aocghy wisl
experiment alpegsletinnp tchdweldi sserFaltlimwmi nfgora f air
approach, though on a small er scal e, t wo Naf
GNPs were tested to primarily assess the I
experiments are conducted ustiahgohhendetup d
ChapltEexrper i Resmetaalc h
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SExperi Resanie ad ch

3. Dverview of Research Conducted

ChouhahléeBajrarli,.ed out experiments using a sSi ng¢
crmwi t h Nafion 115 between Pt cadarlbysn dlaodtdhi :
bi polar plates (0.6 cm thick) witDbhA pmdaraalnllelss
steeli gmesihti oned between the MEA and the bi
structurally and prevent def ormation wunder
during the experiments. They @ empioskedf t MBA f
Thexperiments were only @®&nducted at room te

Grigor ifeNBkepteralme adierdgdvel t hbakWdke si gn | i mi t s op:
pressures lLedhetimamn®@ilarcurrent collector i
carbon material, while the cathodic current

both of which are held a@aitnganesthiees . MRAA f U suiom
prevents gasket deformataonl esns thtee gglapf Ibaert g
hydrogenAkeaksesult, the MEA remains mechani
coll ectoesf amnaple¢alitecespd ensuring it does not b
di fferential sThewyr iimg oo pemrattieadn.i nt o their EHC(
| ower and uppewhitbmpar omemtss,a water manage:!
humi di fTihceatbiodnm.om tank functions as a gas hum
to the PEM via gravity during operation. Thi

and al so serves as a thermostat for the comp

Hao ¢8,2&dnd [lltGusled al cell with a,seadonopbdhtei GO L
and Nafion 1laltl 0a nmeonwo rcaunrer ent dehGDltsy odn diesstse
of a sintered stainless steéh sheetaahdda p
constructed a smal/l chamber above the catal
humi di fy the meombesanwer § hirmtuggdr ated into the
for water supply to tme gmsmimaneagredffyom hn
|l ayer . During EHC operation, the cathode pr
pressure gradient that drives water from th
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PEMIheir EHC operated at a high operating t
transfer resistance of hydrogen gas through
mai nt #IEM unhiedi fi ed

Mot on[ 2@0éai gned an EHC system t-$pastemasilsy @&dc
del i vesryyst sunh h umisd/isftieamgt itohne ramaks y snb@mg ¢ me nt
l oop) , and el ectsryisctéehme.iamdEKONit $ ot esseath at a
A/ ém a voltage of between 0.22 V and 0.26 V,
pressure range of O0.35 to 2 MPa, alrhce ya ru seut |
porous met al Ti cel | supports wvaintap rsotparmpeetdars,

coating.

Nguyen[ lecex]pkeri me EHEdt haithgtorit @i ms MEAwi tsthape
Nafdid4d@ PEM and c arTbhoeny ppal paecre dGDaL shumi di fi er |
source (a PEM water el ect rTdhley aweart)e ra nwda ptolre crmoa
hydrwaéer gas mi xtures entering the measurem
to be close to the saturation partial pressu
They r ¢ tbeaesdtedper f ormances (|l owest MEA resi st

cell and gas humidifier were similar and cl o

Zangl griQestlessénted the first wubbl Aaf EBHGEf eab
mm i nner di eamemembramdeBWpp caktined shy g rstnaiendl e
porous anode. Their EHC achievetfwatpiaessuoeef
60 min in contwhnedhudemoosfpratned pl e fproate
EHCl.hey hypothesized that the possible reaso
at current densi?might abeve heO0 dmAhec mgo dosuath o f
humi di ficati on oft rtahnes pPoEM, Idiunei ttaot imansss i n t h

the anode.

There is a |imited number of innovative EHC
of the author's knowledgdesandpalmast nnovpuhb
system,weissitgegegui red for the EWHOTSsS tdhuccagxsafswl

60



di s

of

3.

Bui
t he
i nv
dev
me t
Uni
Eng
Sol
con
con
El e
ver
exp
i nt
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sertation outlines the i mportwhcehotonbes
t he requi hdeeds i gyns wod mvteniedH Co. n s

Materials and Met hods

| ding on t he ftrhemr r @liAegrdadg nf oaunndd aMai toenr i a | O
El ectrochemical Hpdr egprer Cooempt abs®erecti o
ol ves t he | aboratory deYéehopmenihganmndtede
el opment and design, oif ntt evpr aMiEiAmagt etam eh | psit capr
hods to address Tihhee e xdpeenrtiinhe netda |l irme steaatri coh
versity of Zagreb, Faculty of ,Mt bPeoaveirc al

i neering Laboratory, wbr ke dakl grmedsandctr
i dWor&edsmanuZXZGact ured by,wpdrht npeerr sommp a nsiuepse
sultmaomonserwautMEAArs were devel oped wunder
diattihdemisver sity of Zagreb, Faculty bheChemi
ctrochemi.Diesy ghaborcatnmesnty ucti ons are then
ibfeifeod e i ncorporationFiiggakbbaowe tehke e3 D meadia
eri ment al setup made pritoag itdentthief yc odnesstir
erferences, and, pandnteinaslur @as sad hb lpyarit ss ufel
cking alignments, beobtole e asctoomrsstt reuficd i oomnnect

FigRieExperi nartsalgos é md\p2 & s
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Al latmriaxperiimese aldltihgharye resi stant t o hydr
permeability, and reactivity t o ensur e s a
instrumentation are mainly made from stainle
and SRRai nl s pi spg@ladnedse nenuslkeldy f-mmre sesipgpHei cati on
whil eegi pamdnPPawvalfucere-dir esaspplei clehtei cemrxsp.er i me n
s etcwom soifsttswo madat paac(guA&)hkteoth t he EHCe syst
overall ouyst esosdllvaawEn gz e

Anode input
Low-pressure
section
Anode output

EHC system EHC |

High-pressure '

section |

Experimental -

setup ‘e
Sensors and

transducers |

Cathode output

Data processing

DAQ system Hardware |

Data processin
software

FigReeExperi mental setup composition sche

I n this dissertation, t heprEHLs sryes tseancti impn i @c
anode input and the anoeea eswstupet sleicrtd,ona swi we
hig9phessuresummaeinz«€hZBm 2t ectrodphemogah Compr e
successful EHC operation r epwisrtesn. waHoewe vaemnd
the siendgl eeesi gn, small active area di mensi on
via natur al (f rtehee) sa adrewse cotfi strhpeandEoHh@ |baey esrusf f i
with no requirement for a cooling system. T
the hydrogen temperature i s, therefore, | oc.
successful EHC dat a prsoctBBe&siynsgt eam d wehn alhy siinsg
incorporation of multiple sensmesasandngr aes$ @

physi cal ,apsarwenelt earss a separate data managemer
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soft ware needed for sampling, conditioning s
Il n order to clearly present the collected

measurem2A@ystsmbui It on a removable vertica
EHC sygptwuemtiogetbhbadori zont al board with handl e

I n this study, a totalO8€Cldenwexpedemiegnhad a
to systematically evaluate the impact of dif
the performance of the EHC. Al mi Bapeal mepes:
conditions to isolate and compare the effect

are pr eflseebdlteed i n

Tabd eExperi ment al sdeénmn afelrew t ff ibey lmdnda lIMBa icrognposi ti ons i

SCENARIO  FLOW FIELD MEATYPE GNP CONTENT CONDITION

PLATE TYPE IN MEA
SCO Ti foam Custom MEA 0.5 mg Closedend
anode
SC1 Ti foam Custom MEA 0.5 mg
SC2 Ti foam Commercial 0 mg
MEA
SC3 Ni foam Commercial 0 mg
MEA
SC4 Channels filled Commercial 0 mg
with Ti foam MEA
SC5 Channels filled Custom MEA 1mg Openendal
with Ti foam anode
SC6 Channetfilled Custom MEA 0.5 mg
with Ti foam
SC7 Channet Commercial 0 mg
MEA
SC8 Channet Custom MEA 0.5 mg
SC9 Channes Custom MEA 1 mg
SC10 Ti foam Custom MEA 1 mg
These scenarios were selected to allow compa
foam, Ni foam, and structured channels) and

on key EHC performance metricer suscdy eaess sau re

devel opment, and energy efficiency.
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3. Experimental Setup

The specific requirements of the experi ment

whiichh characterized by relatively | ow cost
transportability, and compressed hydrogen me
humi di fi ed, heatlkue tam dalmosne ltwenaesdoss pf t he e>
excelpenput hydrogen vessel, ajaends genisftiraealtley

di ssertationFifoh&dab@st ebei phpot ogr aphwiotfh t he
the corresponding marked subsystems

Vertical board
with ele.
hardware

DI water
controller

HPV
Humidifier
EHC
MC1

MC2

i T b ] RN

FigBBEexperi mental setup

The main components of the experi mantdalt as et
acquisit{bDAQsd®amput hydfldBg¥yn ghe pgels,sur e v
measuri ng epubeesss uirfeM&lelcawdhnMi@i2d i fadenpi apd wat

(Dlcont rloHd ephysi cal parameters recorded in
temperatur e, pressur e, humi dity, waterThleevel
medi a asto mibtf earcead | nodleu doewiaatygedrr,o gambi ent air
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char actMorries tdiectsa.i | s on the measur ement char a
provi Gleadp3i.e@DAQSy st. Eme s c hoefmatthiec sexper i mphnhgl S
& i nstrumentation di agsehaonwhR(i &i4R2) of t he syst
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Framienput vessel, hydrogen is released throu
to control the hydpogesumpesea khaaesn it ot hhee Isdw
above the ambient pr essucrocent(iannuboeussaltye g rr & me &
hydrogen fl ow through the adhyode giemp uts ttdveanr o
tmealDO% tROPH ensur e EHICAsSI grhe nibartaenre cont ent f i
conduct ihvdatye danidn t hea phruarp od+i thifesdgarl wv R h)D v e (
regul at.eldh echigbantiezred wat er |l ekebpt i ooméaved ratu mv id :
contndokllbe omane glaegawas he@ersat\adr iwautsers.ensor s i n t
measure and send signals of the hwhmildei fiitesd fe
controll ed t hrTduweg la ntollesiws antpud afdlldee®@n, avalibe f or e

entering EHEhy hiydalogemompec o.i @@nd atrhee aEgHE na n o d e
nomet urn valitve dusroexitdti azlelda dagndordoeg eonu ttpot O, as
pot enpgrievhd Apth e sksyudreogetino hleotpwrrers sur e anoide | npu
case of M&rmd rdiipit daseaef @ tty twal ve i n tlhneo xa ndo dzee do
humi di fied hydrogen, a | tomrgot ulhgelet cho ntdh ef lionwp usre nt s
measuring cube froec @ihd .6 D 0 e lentpunronpsevratbivedsdh @t e d

out putimeeafsuri ng ctulbe p ot @ mtaivalntti cndpade scdfur e dr ¢
in the ankidelr esstit encat hodeahoiugipard s ucroent hay dirsc
veswhiicrhhclasdd £ty valve and needle valyveas for
wel | as multiple Isieplsessurferhylenegd Womagdi c:
drai nadeeasseoonfdensed tviley @drowde¢®m gas mi xture i
system aateh el ocoaweeedh e panodmsd otulh @ ud stelcd, d emmcuetrp u
t he safa&najt viahlevebot pomscfurtehalypdirpleme vteissel y

3. 3Lopwr esEH@Ggstem Section

As s d&dmaidgnewpr essure EHC syst eam saircrdpwwtn whse rde
humi di fied hydrogamnemdtternuttplue BIPE(ho ottt he €
anodbgre condensed wiadalt | casnadl buen odxriadiinzeedd hy d |
i mpurities ©®aet bhey dredgeeans epdrressure in this se
than the ambi entr etriersms urael,v e nldo dateechoant t he e
the air cann-endeahoe dpeottheentappdn y f olCmnahbhaexpl

hydr ogenalswmipdaiyf ileorw pracognureea cfi ad mmet al hydr |
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sur ast airgetl e€eslsnt pr es,suwhei lree gwalttddteoms adp pli r t
provi dehce ki oni zed wBPebalkdbheabhmer tyvma of
installed in the huminegi ffiogr &sh eh ygduri ocgke nh yodur topg

stem i f needed, and anothef@fhewgr éd humnets ent
protecpeedsbuosm hhamglclamnet ravel from the cat

—+

y

s

rupt uaneomevtiua n v allovsee |Itoac aBHQ@ at t he anode i np
o EHC at t iSd aa md ceesrse tstt peetl v amlomes have a desi
n their spring is adjusted to reledfeseven
tection area that encompassmat gaiwshdheeand
a prior is composed oof ssyisltiechthré | peiap absi daersdy g
structi oepnrsesisrurteheelcowon ar e rtowmoe nmepahsyusriicr

pertiesametalseir E@ nd n o de ah ygprud g eam dh wmit giufti,

o T O 9 T 2
0_1
o -5 @ O o

(¢

i oni zed water controll er.

3.3. 1Hyldrogpepnebswre vessel

The hydrogen needed f or dchoemnikH Q isayl setnees said 3  hsyuc
My H2 SLJ|wM a3hp ® a l c apsheM ByaamdoB&iOng t o.Tthhee man
mass of the eastyisrtee Mmeatneolu Nithyshrkmodn@ M6 OB alggi ng p
of hydrogen i nBatsheed toann kt o esp p3s0é shsaorne t emper at ul
met adlr indyed e hr, o mah t emper ature of 20 AGna theyldyr og
bar (at higher temperatur &9y the sdtrmwamldange af
hydg i @ front pressutoeredgoaétathe psessstaltecr
at mospher.i cAdpdilietsisourrlaee saf ety val ve tios rmduretve
the pressure in capre duraen ruenleexapseec tferdo nhitgthe
regul ation of hydrogen pressure or an unexpe
result 1 n back hyrdeBidged b oavspthhoet ongertaagh of t he
vessel used to supply hydrogen to the EHC sy
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FigRbeMet al hydride vessel for hydrogen suppl

According to its specifications, t he MyH2 SI
sufficient amouwrste oBEHCGCHysdyrsotgeerm. fWhren cal cul at
pressur e-pirrestshue ehivefvsoel lu mef adt. OtOhle mend of t he
with 32 g orfoohnydireonyeear adttue ei deal, dgase Ireevacd@
hydrogen pressure amount ssytsd e @@esii@anbaode Co
mo dief we assume that the maxi mum amount of h
of the suppliiked manoumim s¢childeéved pressure in

which tbBamosefficient for the planned experi

3.3. 1IMe2asuriagseathieygepde sagad

Thassembly deshgdr dgaewi megaansdicraatmg ¢eubae Sol i dWwW
2020 i s provi dlewdo imme atshuer ianpgp ecnudbicexsumaaataseu d & snie g 1 €
of hydrogen t e papnedr aptruerses,u rheu naitd itthye TEMHeECY aarod e
| ocat ¢ d#hsenfeeatry-randrmowal ve, and thereédpalkl e mu
of wi t hhsitgahn dpirnegs sur es f or d hsdfoetty peal wa adt i
reduces pressure in thRer sybBtemreasdikAe mapd
construat e8$%3 bh@lwacnkdount ed al ongside the hydro
cusimamMe SS30t4o ctalreg iexmer i.eqd @Gd o waltetsp gma od ¢

hydrogen measuring @ulB® @dwiawh ngammidei ¥ s cons
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Carrier

FigR6eThe 3Dt hleysdiroggeaf measur i moadeulde (Swiliilhet Wda;rk rai hedr0)2 (

constr udieydmogwdn measuringighbe (with carrie

Thearrsedetsogme@sli |l y adjust the measuriy-ng cub
axpesiwviitdbhut teaoWWtigmount ed to the exTpheea i Mmehlt 2l
Winsen micro flow sensor ad4s mim X exd ctkobtoal Itme avs
tightened on t htehfebotwt esnnp 0 bt iawhneitleebwl th t w
Figasadows oimpomoémpwdr ogen measuring cube

i MPXV5004G sensor

( O -ring

= Non-return valve

| ] ! :H—~ Silicon pipe connector

SHT45 sensor

.|

O -ring
I

FigRreTheddasafghpey dr ogen mevaistulr i anlgl madirep d me rStod i d Wor k s

Hydrogen fl ows thr ou@h at lle mme alsiarmhied gk ¢ €thda h @ e
sensor6s connect ©r $ niighamptpsearn,.s b e ad i ed WwWrom t he

measuri,mg @aumbeMPXV5004 G rseesitsuatimreontpears uk eme nt . )
sensor is tightened to the cubehwiehi &as4hmor
contact spotbols eldowkEmMeirinoweére sensor i s an S

humi di ty aaldtftuelsipye rsaetaulred wi t h ,evpoich made dfeo
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ti ght hsteint&aowdiitthi on ail 4 yl, o SHtTeldd adf tthlee | mavesur

be al siof stibhggnmadenseds wdeéer

. 3. 1Hy3drogen danmd ad# s &g d

> S @ O

0
S
n

order tthieei gnlai indammiiam conductivity of the PEM
passing through a humidifier before enter
mi di fication is one of the most [clomimadmd met
S operation and par andtudrbdoemaaapstb € heasnl v s
nceptuah &bl stfdoore saeprptlaitciaotni on i n the desigr
nsi sts voefskal hedid imsdvidt er t hr ouhgyhd rwlgiemh gtatse
bbTlly.dr bgenndi t yebaebgt ede humi di ft mWiend eti grp .
the water column, the di sperFriomdyohfanniycdr o
rspoagygtdirogen fl owematgs | @awe euwmfatbile ng hydr o
mi di fi catiion.t hBh eurpepfear epar t ohydhegaresgeaes$ ,
uil i brium wi tThh ewahteeart eirs i r eisnepnite ment ed i n
mi di fication proceddeviacrkraswatl ear waemper &
hi gher saturatiaond a@fuilcykdnhbegheerad g enrgivepef str ti ie € d
asoempéemhat ar ec aorfh dildhde awtataersomewhat higher t
mperature (appsokhelpaACi &ali gheedsure of we
erefore the relative humidity)t hceanh ubnei daidfjil
e water vapor concentration in hydrogen i
essure at the temperat AMesoof | opar ateiram i of
ssible to manipulate the hydrogen whuintihdi f i
moni tored and controlled during the exper
creases the residence ti nmend fwiithhde shay dirrag @ rc

hydr oggabhAkddntiyg the diameter of the hayrder ogen

i mportant for the hydrogen upta&mabFfFewahgdr o

bubbles is favorabl e.

Therefore, thei sydoogeeddl ewe d asadpsn d& nmii dief i
perforated connectora tly dir rodgpa trdt ehde asel wethsvied e rh a t

foasi |l i c.ourpihpasmari-sntl emslshs wr apped in multiple
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perforations to achieve more effilmi emmts edias pnd
uni form distribution of water temperature an
predicted below the humidifier dmstthdfl ladii goht
magneti.Eheesi gmy dbfdpepmaderi n Soli dWorks 202(
Fi g28 e

FigRB8eThe 3Dt hheeai ddsf digdr ogmaddi spebBekid dWdr,kds hz020
constr udhey omdopd p errisgehrt

The key <characteri sti cdkesorfgutoh ev eh yadroaugnedn emusnui
humi dity contTloér eftoriset,se sosuetnptuita l to deter mi|
absolute humidity of hydr ogaedanm,i gl&®Bseerd exa mpmlee
for the EHC's operating conditions of 22 AC
hydrogen temperature), and the hydrogen pres
t he absol (AtBey nhduemi dihteyse conditions, nakcgor di ng
(kilograms of water pdmo kirleegmamcofh ddrogahy di
anomaet hway to the EHC, the humidifier operat
temperature. | f tA®@, hmani dti dii reirng st lsets d me 3Ry
and RHOYWAWBreumi dndgr these condikitgi ons reaches
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FigR®eHumi dity of colndpBrlessed hydrogen

The required fl ow rat ehanfodrumindiufti epdl ahyysd rao g
determining the approprildt & hdei menn saitroorush boaf ttehc
1. 6%¢mm. 6 °Kkg/sif0@avoi dt massf eandlhes steisme require
equilibrium state ,zompnr @i dBPABD | hsu nli8doi,t0y0 Or esa c
kg kg,water mass at 32 (Awataemoufnltsw troat4e 7&@0 Wn
kg/ls)Therefore, the humidifies wol smppost debe
EHC operation alongside conti n,uoarsd rleed te nri esght
For humiedi fglin/rladn st giorntl ensist hs tae e li Idopwrsi cues, e dt hdiL
walsimal | sveii tgdh |, ea nrda tdeefail&@lncm di amet edr. 5¢cyLl i nd
capalcnty the pot, holes are drilled fos the v
wi t hOrtihrepgs various$nappdi tabnon®. connector s,
connéstk eiervecase fodrrelmovmded as weél halsiupm pr e
O 4 obaxronfirm there.The@ensoc rh ybderdo gneunmilde &k eege h
umi di fication capdoirt Yy nteh anre mbhr atn er evg u,ihr @an a
ue to the need@GcGChhdptieut ure NResSeasembl| y desi

t
h
d
dr awi gy dofogae n h ucnoindniefa@ teamd dwa tihn Sol i dWor ks 20

-

in the Rippke&gkdalows etsh gmy drfogen ihnunma d3 0O iderrawi ng

construction.
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FigBbeThe 3D tgsdir ogeafnaudnee dinf iSeorliil @Wdr ks hz20Z2z®bnstruct
hydrogen -humhdi fier

The humidifier has eleven welded sl eeves, of
for sensors that record humidified hydrogent
f oorhweat er | evel indicator, andasxsneh&wgditehe wa
The humidifi euxsitnhga n § e s apheehvdhdidc t car e connect e
bolts that hold toegatshkernr .a Th emm ptemii mlg iolsisd d
install @atoinomecafort Heat urferson hate munssti dbee obfo It the
asahydrogen dispersen hleirdésddc dhlboenatbompwect ¢r sof
sensors for monitoring humidifi &cd esdalirtoigeema la
feat urae dfoawh att hae iadmséttlddadttu g ttrhaen ceen t ®i nt hcea ssee nosf«
an unprliasweadidani n which case, thEheehsatrsr ensist
adoubBided bolted tube for connection with th

mmmal | sa bli-&tl elset rdadqeouvrodfderfl oating plug
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Hydrogen low pressure (MPXV35004G sensor)
Humidified hydrogen outlet
Hydrogen temperature, humidity (SHT45)

Hydrogen pressure, humidity, temperature (BMEG680 sensor)

Water level indicator x 2

Water temperature (thermocouple)
Water inlet

Dry hydrogen inlet

Water heater x 2

Fi gBiEl even components of the hydrowenh hau n3iDd idfeiteari | me
BME680 sensor6s connector

Il n order to control the humidification proce
t wloo-ees 80 0s Wa i-ntl eeslspewer 2d O0dWweo | it ehdami di fi er 6s
wel ded .Asdl iee vheyserndagen temperatures ar & hteesrt ed
i nfl und mhee EHC perf otmampee,atfucre a elgo mwequyiornd d
while the other opelhhe gt d mp esreaatl lerde wi st hc can tprl a
includes the Plksh actoentrreolalyer(,SSaR)s oltihdr ee swi t
heater s, a t hervVmopcoowepr| ec,omannedcytda toth0O oper at es ¢
PI'D controll ewratieempemat ®u e tHtapgettherewimoc b up | e
it uses to rkbgutatei hget hemt B hdseasn o eadf ft etnmp emas
Addi t itohnea¢Rty®nt r ol the current Tihreti e csliitty ctomn
t hree wat erjornoeo fr esdwi stwihtecsh , which gcubawodpower
green switchwisag SbBReathpemndemwt deactivation of
keeping the PID displreymil metdi we,t dTeoepiedh R Wio del
equi pped with a apaguiavte eattsilmak, owmoi s requ
di ssiaomad i pnevent overheating. Al so, whhehwat ¢
operatt esogbhage) is |l ocated close to tlhe dei c
potenti al hazard i f watTehre rceofnoerse ,i wthhmd eeonncltacest
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temperatureystedgral ahiasen | svenotieaedr dehind t he
acquisition board, except fDercrteleenawavtheEmr o 0 |
adeqaiatfefloowt he SiIEROssipeisssxreds t he ri skhef a p

water temperatuire® skERwHBita on system

FigBeWater temperatudesigaqulodtitdbr éydreome nsbacek di if glet
si de)

Duet bpeot 6s t hin walhsemaolfl 1di2ament earnsd of connect
are made using cold TIG (Tungsten Inert Gas)
i nput so that the humidifier i's not def or me
temperaturdsal whhgegdhnueedmel ¢k .n wal t hweast ebrene f
|l evel whdichatoprer ates based on tmagmagnet wal
The prinbwaptleer ofevetlhnamgadied dtsorf oirces that att
through t hhes mivadli Heaomm.et i s mounted on a pol i st

inox guide inside the humidifier -pawhallleelt hgeui
mounted to the water | ¥ivalprcelhinmichary oeaseadr
bal | , ,amadg nfelto & hdeisshtagprecsee, of t he gui dmeasgnaend ct h

waltlhgeper ati ng tpwatnen platveldf hasibeen verified
features arshapheld5 nsepuWayrmda um magnets with 15
di mensions, 1.2 mm thick wall, 30 mm distanc
and a 20 mm diameter float. Wi th this concep
t he di staanndc ewe awd IHdeyn deg fdofoat Asnme guii dreé dab ¢ f
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height of the water | evel reduces or amdcreas
therafoesoertkelyeellaatteisvea |l lownigi lli t he di sperser des
t emperAdtdurte onal | vy, as calcul ated, more than
testing of Fd®restedHadSs atelse gchei oni zed wdtaalrs cont |
di sserBEHQ isoynsoese ml ai ned i n detail i n the foll

3.3. 1Dedi2di water controller concept and desi i

The dei oni zed swabtaesre dc -ooatd reao Iclluesnt iogrl alshs sc occrotna ian

consists of twadnsemwatadtrefcbambhdes upper c¢hamlt

|l ower chamber onl vy up t o t he hei ght
As | ong as water remains in the wupper c¢chambe
drop bel ow.Theeitouvhieez esix idcontrol l er i s design

positioned at the domeaallcowvedr avi s hel hame dk f o
both dewiegd®d®e Thi alewahbhlpes the calculation o

bet ween the water columns in the humidifier
determining the pressure inside thEBhéadulmower i
chamber i s designed to hold 1.23 ComWi whder
the 1.38 L in the upper chamber reservoir an
of water, this deionized water setup provide
the expertihmemte | ongest duration
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gBBeThe dr awi ng dfeoiro npiozseidt iwantiteritgeu andhrekti riddel & | reer randnveli i t nhg

wateagad | ev

tube campmpead sr tdier t oah hep € mail N gpdeeramgwiifrialro u s
ter supply wivbhoet r.elg®il moeee dtinlfeorwat er r emai
esshhe eupper maeadarvadilcry | wantdgrsstcearheup t A t he t
ain openitngt hhes bootctaodtneelofautr ih@atgcwat ai nean f |
avity withouA heleirnngha ewywmpndri cal stru

essure acts on the water | evef Bansuddenwpr
rge occurs in the humidifier,|fexgBssheat e
essure inside the humidi ki @2, exmcoédwwadtemos
2 mbeahé¢ water | evel in the | ower chamber wi

di cat or f olropiryedsssgugreee mi nl nhehe event of exc
e system-sparfoev indeecsh aanifsam.l | f t he pressure cC
ter out oft htriobeu glhu maildhiofwieenrg hydrogen to f|
servoir amtdd evtotulddheggsmamdbplyedesdgnodr aedn
ter cmoandeg oilh efol i dWor ks 2020FiigsB &dr mws dtelde i

si gheiodniazed wianea ZXODndmawilrg and its const
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S|

FigBdeThe 3D design of the hitbedoong er dhawmit dimf iSem ti rddMo Ir & 1

ileft; the cdesobnueeido waotifgrhttcentrol | er

Theei oni zed water conwiredhalrilgpeewey st baamber debaang
one towatoevieeenithewupper reserbwaddi vesi seahedtdalt
connectingt teolh @a.l Ilovmmdaearsefafom t he upper reser\
the | owerg.onedue to yvat ve Imaweéau nsculfafoimeimegfita a m
capacity dmd cpfnBEmethbhe@gdei oni zed watemrs caosntro
f ol |Toeds .a i maalgdel v e baantdl lawieet he ¢ o mreemati inn g | tosled

the upper chambehrosgbdoiadhd!| vepelAtheesviaild e

i's ¢l osmedl the connect iWpgedhmr ubal val o9 Dpenson
opened, the vsabeumiahefeppekpelegpcaankbeckrmmgi ot eady

dipr aitmhe | ower <cylindrical chambemaumtiali nt meg
system ¥Yhebithey.water | evel reaches the <con
pressure is c¢closed off, and the vacuum hol ds

I n order to achiiepver agires i mabbheywaest sdwith

di amseweere perfor madcecoMRceotridngpgVvayl,bve size i s a
openiawgoatdreducti on, which slowssuh#azegeed a
barrier that i s sttrheepgpearr tt, meano etahl el yp rpersesvuernet i o

79



water to theTheneepéingmemntudeconcluded the <co
size of{DRROWmMtdbatine vial ve si ze.

3. BERROesi gOpanating Conditions

The EHC is designed according to the maxi mu
derived froen ather@Gheepd Berxcihgn and Materi al Opt
El ectrochemical Hydrogen Compressor

3.3.2EHCircul ar daesgl gsnquar e

Two EHCs are constructed in this dissertatic
EHC per ffoormafnucteuTereresceiagedhedmeéferci mtiahdedect er
componrednretcst,ri caBHQ ntsoutldaltfifoienssl, t i es duri,ng tec
andodthe different shapes of the components
influence the pressuarned dihset rh ybduilt i goene o hop atkhaeg e

analcgasnmhde by determining the hydrogen | eal
comparing their performan@zesunaeavdmeprexpeur ane
cause higher resi stances or .@hassemiclhywnideal
dr awbpfbgp EMHEMadien Sol i dWorpk®vR2A@2d i nFitdh@&@beappen

showg i trlaanlda rsdgeusairgen of an BHG@itssmPpDndnawi ng
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Spacer

Outer gasket Centering shaft Nafion

Wrapper

Inner gasket

QQ L] . ~ Metal foam

End plate Centering shaft ~ Electrode

Flow field plate

Current collector

FigBbeThe 3D descghaaenhdbbguamBradteop)n Sod i dWor ks 2(

The insulation difference behagell redRdessg
polyoxymet hyl RaMONe @ap@loeynmge rfrmmhe bolts c¢omi
components that must be insuTlheéedl ¢ot prealeni
mat eafi awr appetb® made fr omswatalse rp ol ayradni mat e6r i(a
Tef |[Oun.er gaskets that are also el ectwiitdh i ns
silicon to better Three waaatliglehryifmyfoig®e ho tFe dylua e .
3bmade fromn PBOMCh designs are required for t
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membrane with electrodes, Viton gaskets, and
the fl ow fitehtedaip® alt &i, d wihrenlsent we egGas &seltaape d
EHC has two additi oppicnok aorfpedydisbee nt ehengl sgam
end plates, flow field plates, current coll e
| arger cent er i nsgh aspheadf tESHG nh a vhee wsrqaupapreer s on wi
and other compomaentghThdnpededt wi s hf or bot h
according to theirtiwelitgmtesdF avg @ @i a lweon dbdeé t ci r C
shapedst rof c taindb lEaHC was chosen for the disser
Chapt.&esults and Discussi on

FigB6eThe construcEHGQN of the <circul ar

The <cishaplealr design is considerably easier

procedeqei r ed, comp-ahaded,ovhd &citngprs g u @ § eap Ige x

centering the drilling hol esanidn tthlree edame , | dc
time for construction, costs more, and | eave
Addi ti onal tsyh,a ptelde dceisri gl ars e s alnas & hoeastetd, 0§ &1
and does not Trheeq uiinrnee rwrgaapspkeertss., spacer, and N
in a circular shape, but duheawpeo chloseha¢lor ol s
bot h delsli gemsperi ments done in thisshrapesdse&HcCh
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whil e experi mehtpewi desagagli@arecompari son of

research.

MEA of the designed EHC

Il n this dissertation, three different MEAs ¢
one is the bought tammer arel fabej candd t Wit |
procedure exIphiehby MEANDer ohva sed F u efl cre | U sse¢ oirre E
consists of a 10 x 10 c5n REBM a&deaxtrwhiesh tihat
Pt C 408amawtihe arpgvhicthpbi ®s5 Ctml a’°4 @B oo a@, 3 gl
on a 0. O04ul wmanmntbhoinc ke(l VBt h1.G&DH B d owschemat sc of

t he MEA with GNP desigduandgi ppsphobagngpbkoir

Cathode electrode

GNP/Nafion dispersion

Nafion 115 membrane

Anode electrode

N
FigB8reTchematic of the NEAfWI)th pGNMR ode aipchn of MEA wi t
position in EHC (right)

Two MEAs incorporating different amounts of

foll owing a controlled procedur e:

1. El ectrode Preparation and Masking

Commer ci al el ectronheiscmp®,i sm@CLPl @740% Bf 0,
|l oading on a 0.041 cm thick Vulcan carbon c
pieces. madeusattamnment mask twaes et abei pasedi o
el ectrodes NInNlit5 mehneb rNaanfei odiur i ng assembly and

2. Membrane Pretreat ment
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Naf Nbh5 membranes were soaked i n DI water 0

containers to ensure full hydration prior to

3.PreparatiMordidfi e@NMNafi on Dispersions

Two Nafion D2021 dispersions were prepared
separ at ecascnhtr 0 n7i5n grilLs pdr si on. Each mi xture wa
bath for 20 minutes to promeotexpl &i 2 ddv.iedn.dXC s
Met haordd equi pment

4 Coating of Electrodes

Using the doctor blcaodd atiend mrgi du es,peagasd i nGNR s
the cabal gdtsi de of one 5 I 5 cm electrode.
and the other recé&hegdaerl tmp E@NRCcltocadiersg.are c
D2021 di spersion.

5.Drying

The coated el ectdrofdeat weoem!| ted mpdroataurre f or

evaporation of the alcohol from the Nafion d

6 . MEA Assembly

A hydr atNldl 5Nanfeinobbnr ane was carefully position:
was placed on a flat Teflon surface. The al
me mbr ane was then covered with the second e
f or mien (MEtAh

7.Hot Pressing and Ther mal Treat ment
The MEA was initially compressed at 25 bar
Teflon | ayer on the top side to prevent st

thermally treated at 160 AC f oren3td, nwhniultee ss.t i
the MEA was subjected to a second pressing
interfaclimhd promdeaxdses ensured thatt bNeatfhi oenl e c i
N115 membvemeafter ,tweno dNBfcani darhat penetr a
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mi crostructure of asheorderct aode mof ertnpienrgna n ¢

me mbr ane.

8.Fi Malsti Hgmadidf i cati on

Prior to use, eacdhrbsabtiecattadrvBBA Nvd dt goenet e g
check iwfa tehleercet ri cal contact bet weeNl1lthe el
membramwdéi claslsogmnmnadisrcuit in EHC duresgsbpecaea
of continuous gOMygwe hwedn mowe ¢lhadEApdebheygnae
humi di fi edt hbeym phacionged container with DI W
temperature to ensure complhet e elsydrnatnicen t efs
repeated with humidified MEAN d@sd@ldki mgriem oa
further indicating the absence of a[di0@dct e
These tests validate that the Nafion film
undesired electron transport pat h pothent i al
membrane i s present Awidti hii m-htRh &a pME A T3 tsr watsu mpe
check whether t hi€Fpolaynwde r&d hbadiSshb(areec fleomi Bt ry
Naf ildbh me mburavadwle dt he MEAStseEhabhr meanbirame was
at three dFfpasdamntwspiHt ReSpeeitdafriaand 12 al ongsi d

results of different pwatbdschastbedeonshotchpe
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FTIR Spectra - Nafion 2 and Replicates (with characteristic peaks)
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Fi g@8reTl R S Nedtiommd 12 al ongsi de (dwiftfreremar gd taereiss ttiecs

FTIR spectra of the two MBEATf ifoanb rrilett Bati imoenchb rtah
c har acitCdirbiasctkibco n €1 1(4851 2cO0MdSD) -ahwdde (41060 cm 1
without new degradation features (e.g., car |
replicates confirms repr o-pruecsisbiivliaictuyu ma nodo nidn chi
not damage the Nafion chemistry.
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MEA gasket of the designed EHC

Prroper goaMEAe i pgfseerntgradventing hydrogen | eaksa
hydrogen crossover from the edchtnfddgeasead i fome
EHC ncltuhdeedm-t hiPEkpac.@8 Zcm® hi ck VitoandaNkfeit®an
Nafion film addresses the radial sealing al
hi@9hessurper etsos ulroew areas (from the cathode to
extending the Nafion | ayer of tbedMEASsSpPwBCETrC
and \Wiltagyn a r o, ec oinnt aseena catsingterl celc,t rsi Tchael ci onnstual cat1
bet ween MEA and flow field plaatde sund g taehrmeitrye ¢
has a significant i mpache osp&dH&€r pies f noemdade
di stance betweeni téhe, ftlloew dx ted it pdfatesnt act
and the MEA, tvwperebisuegudpplEskegdthloe t he MEA

—7"

- e 00 Centering shaft

.

Centering shaft
MEA

Viton gasket

Spacer

Flow field plate

Fi gBBOMEA gaskksturamdaindi ng components of the des
The thickWwietgosns @ttt healtShoinscsarsa@irddiodt eance keerg
For thjstheapoal i mi nar ybyexmperd dgednatikse twe roe dnea e

t hree q uti lriecdk nné@ :1® mpib &€ 8 s slpraacver MEA seal ing compr
di fferemst shibaviné® e
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Spacer
Flow field plate

Viton gasket

Innergasket 51 cSmpressed state

Viton gasket
semi-compressed state

Viton gasket
max-compressed state

Spacer

Flow field plate

/;if;;;/ Innergasket
a

FigdoPer el i mahauyYfatri des er mining the thickness of the

Accor di

ni ti al

three di fWwietrte nd ncsrmmeakc empr essed

ng to the manufacturer, the

state

purchased

materi al thickness. Feo the WEgSDhineg)
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mpression is about 0.205 mm. For paper GDL:
ich is why carbonusé oEmCi s gGbbseenr. vsiuni gt avilteo nf
gni fication reveals its roughbflegtuve, apkck
ich is smooth andfskPchyndupropertsebightto

mpressed enough rtoou gehlniensisn a tweh iicths rseuprrfeasceen t s
mpressi on. The maxi mamspéctiowiabd ei comprbas
nufacturer as 0.523 mm. Therefore, the ef
mits, wi t h 50% t o 70% of t his range bei
asurements indicate that the actual t hickti
mi nal vMalsuewe alwihtr ed at O0.72 mm instead of

essing tooth of the measuring caliper, whi.

19 mm bysau.ld33 nngm,i n a totdlo dentawmi ner ¢ heo
mpression of the Viton gasket without dir

ocedur e ass scéoengdduitcat e d

Viton

i gdiPerel i minary experiment for determini-Nigtomei b ha ck

sliding scale that stands independently on t
e initial thickness of the Viton sampl e i
essing element. Pressure is then applied t

a digital scal e. During hdetpbeoappsjebof
corded simultaneousl! y. Dat a pouanst sa afruwen cetxit
force per uniRi gadmea Siirsc ed ett ea nmaepapsidui reedd faosr

avitational, it is calcul afOedi a mass tfiome

then divided by the (&&Mmmpatca daerteear noifn et hteh e
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presisurdewt ons per.Mgeasaremeahnsi madercate t hat
reused multiple times, as ¢&Vveamnluy dtere counpfr&cs
is fl At senpedccording to the measurement dat a

mm without any measur abl e perpraenssuirrrdet ianninmgg

200 g here is practically no compression, a ¢

roughness, whi ch i s gan.gmBieffioaan tcloymplreessss i tomg n

Viton appears nearly smoot h, though it does

smoot her I mprint remains, which partially r

gasket to O. 65atnne npse rinasn eonrtilgyi nfall roughness.
0,773

0,723 ... ....

."0..~

0,673 4 Q‘"‘“O-Og....
T 'ﬁ'.-o---ug...
H y =-2E-116 + 4E09¢ - 3E-07x¢ + 1E05x3 - 0,00032 + 0,0014x + 0,7194
* 0,623

0,573

* max =0,523mm - permissible compression limit
0,523
0,000 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000

p [kN/cm~2]

Figd2eCompressi on hvdetsan dg agk eatm of

Beyond compressing the gasket to 0.65 mm, th
up ap o e scsaurrree | 20t0iOn g ,t ovher e the gasket thickne
next stage, f, 00 agn, atdldd tc¢ eom@ad essi on i s sighn
thickness by oméwmnaao uttzhedd . Omprme ssi on of t he
divided into four distinctkNf &aqitohnesr.e lins tnhoe nfe

compression beyond the third deci mal pl ace,
flattened. The secokNdE&meegxihoinb i tfsr oam Is7unitea@m5 G
compression. I n the tkM/i & trheegicoonmprfersem o®m 0 bi
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di fficult. FKNM &ml ¢, shaypndo@@r esosnicd ud@g ¢ U roy .

sealing, a desirable compression of the Vito
thickness of 0.7874 mm, the idea2 1t hd.ck&®sdssm
i2 T 0.1 mm.= 1.3748 mm

Accor diihmgnubdspercerdf i cati ons, the cl oFriss ava

met hod all ows for an accurate assessment of
seal i n coabi2znd4nimisgpia tveiet.pot ent i al mi smatches
thicknesses can | ead to hydrogen | eakage, I
resistance, which is why it is essential to

wi th the Wiotnopnroess stleodme h bfeobest performance of

End plates of the designed EHC

Theesigmedpl ates of the EHQ ohawet has ttamidc kprreesss
200. ba@ahe clamping force needed to ensure the
MEA sead idhgscri bed inisheoptevibed EBhaphercal
The clamping force exerted b¥% bhethel ast ameu
MEA, which cocmie®$Ondsd cihw, G0 N. When this f
across the eight bol250AdachdrRbmdltemmo &1 ewi Nigs
required compression of two Viton seals to n
a force 20f 29% NAid@MI T141cmm) = 14,250 N. Divi
bolts results in a force of 1,781.25 N per b
of081. 25 N.

The bolts ageanmhadsetetl|l 10wich providBs a nom
1040 MPa and a nomRmwed 9yi0elMPast tAkeegpteinl g omfye @ ro
manydllO]t he all owable stRexs282 2N Alhaeu | naat xei dm uar
force a bolt can-sceacrtriyohaad d saertkeao mi nos drir amet e
di, i s GFhaAhGabi%bwbi282 2IN/ e’ n6rdi7)/ 4,789 Since th
val ue exceeds the required 8031 NAppglhyi ol adars
appropriate torquesaddithigonalghdeanumigt yprtow i tdle
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the c¢clamping force remains stable and that

perfor mance.

Flow field plates of the designed EHC

Aldesifgihewpf ac¢led of the BHC6haweaadt hheksame
of c h.alnhreel shannel s are mapmar adnreduwlearc oanrnvde ns
conf i gafr azwirndmsdnd 2 wb demchanoel §ormly gui de
fl ow from t he iNiEA hteo ctalteh ooduet gfutow fi el d pl at e
in the anode f |iowglTfieelfd opvl &t et dr qddipdeaeise a
groove of 1.825 mm facocno rtdhien g rtéov igdhl@ew @&cnimmahpyt seir s
t himek al f oaF dg4n¥skeo ws otnhseh acd esciugmenmfde and catt
flow field pl aBHRC alDt Hr ewnatnhg ed ismefnosri on s

BB e cC BB
200
2,50
. 430, 1,825 - C B 1,825
- = 5,00 . JIL._A.-f 1 _—--—
/ g [T & M
;
T 5
0 / e | \
= / < e \
—Q) I n A
$° | A A |
oA 2 e 2 3
o o \ el o o
9 rasz | & g (DI J b
& 4 B Ly oA / ;
/ N &/ /| 67.50 o
W v N
H i
d s BN R
s p> 12, | - 4
e
= :
32,5 43 h I
A(1:1) D gawr
f-— =
R
Ly
D-D(1:1)
Datum Tme  prezim os | —
s T Ao V€ sp zagret
O PR T ‘ agre
\_“=\FSB Zagret Fregiedas -
= =
Objekt: Objekt broj.
Objekt: Objekt broj: R N. broj:
R. N. broj: Napomena:
Napomena:
M l: Ma:
Materjal: $5316 [ass 4 e SSSL‘s_ ‘ e -
— = E=rr
] @ Naziv Pozicija T . . Forma
memeas| 4 BIP - anoda (kanali) 4[5 e 12|t
12 [ty oo o+ 1:2 [[cretom DM02-12b e 12

Fi ga4Be Dhaene nafi @HG#Heode (| eft) fhdwchidduroadwemn (Saofl g sdtWo r k s
2020

The operating temperaturetyypetthlee rERcCc a sp Ime ais
the 0.5 mm wide and I0owWr eeassndaep fdmavnrdelelidn ptl
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the thermocouple head cl dbe eEottrheaceehnhber tdoat
i's seal ed wiorh neeptoaxlyloigcp useuvrefnatc erspdr ogeost eake
Figadgde fferent options for MEA support in te
include:

a)channel s

b)channel s Timelt laé¢ d f wiatmh

c)Timet al, faonadm

d)Ni met al f oam.

Figdde EHCOBEow field plate designs: a) chHaeneal,s folam cl

andcadmpr Besmdt al foam

As di scusse2d.Sitai BhaMeptBdam Fl owehi eolfd t hese |
support optipoenrsf cardnidericdese EHICYy evant engs MBEA def
pressure diff eraenmdc eh ydd rnpyeendsiasttiwhniptpbacca nst a ¢ t

resi stances, t,empaetreart urraemia)g cntdtimeeniSpov ¢ nt e B8 at
parall el channels provide structured and pre
but with uneven pressure distribution, poten
or floodingdg hef ctomd | JEKan nnefes IWwheed ewictcho urhat a l
increase hydrogen diffusion and reduce pres:
water management , reducing membrane dehydrat
Furt hemomoer euni fodmshyidbogemer malh a,d cwelhieppsi on
mai ntain stabl e opeFrudtli ome taatl chbiogdhde as uppepeesisiue e
option f or-prEHLHr ehigmpl i cati on due to ma X i

mi ni mi zed mass transport | osAadd, t aadal Imp,yr ou
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hydrogen flow and pressure compensation acro

gradients and contact resistance.

The purchased Ti foam i s nmalkkie fiosomhapdhen ep dn e ¢
Ni mafTeei abrosity of the Ti and Ni foam samp

a gr awvgememeatirci ¢ met hod, which relies on the
metal, the measured mass of the sampfl et hand
porousVidrwa@y ,cal cul ated based on its geometr.i

foamthe di mensiomszs mwliref 6aml Wa® compressed
mmThe actual iwdl lbye tcdhecuwp!l i d met aVsoywlashi n t
cal cul aEgeudh t(d),0inn g

, a

W R 4
whemes the measured masissofhe hehesamet iecdlg) de
metal ,08§/ ovimj po6nij s f or t hegdMmijs &wowd &i 90T he p

(%was calcul ated as:

n - 8 )

For Nifhoeam, the medaser €d .9 Hg b ¥h=ti0s gl:8 6 7amnedm
97.87%Whil e ftdre Tneafsamadrs nOaysdssyw ¥d=_@i. @@ H5
andgi=41.%lMPo deter mine the absolute pore volun

Vpo)e Wit hin each porous sample, the following
W W n. (6)

Using the previously tchael cudrart eslp ophodrionsgi t [y o rve
cal culVacned 4a 8@ 3 Dguade—2. 06T he Ni aswlerTei cfhooasne n
to be tested for EHC flow fields duetteitrhei
influence on FHC gpemparmamane. tthiel cwt hodled vp
with chantnsellt4®&mjowhi | e for the channels fil]l
vol mmai |l abl e f carmohuynd4s®d % eon Of.| o w
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compression,

t o
di

To evaluate the
MEA during hydrogen
Tif odghn g4 e The goal was
rigidity under the high
150
140
z
8 — Ni 2mm_1/1
E — Ni 2mm_1/2
— Ni 2mm_1/3
"0 02040608 1 12141618 2 22 24 26 28 3
Stroke(mm)
11000
10000 7 s e v
9000 e ST A (PN
8000 /,././......,.
7000 : / -
2 6000 -/’/ /
8 i —Ti-2 mm_3/1
S 5000 : : : ——Ti-2 mm_3/2
i . /// ‘ / Ti- 2 mm_3/3
3000 ffor
2000 L SN
y
1000 // //
,.:’///

-10

0

0,1

Stroke(mm) -

02 03 04 05 06 07 08 09 1

Fi gablehe compression testds results or Ni foal
A compNessmfdmexnm bited average maxi/mmjm, str e
corresponding to the onset of ig6r %ct Breglondo lt
l evel , further l oading |l ed to densification
pl astic coll apse of the MWNarké&el ptlooweThet it iefs
to TiTif ofaalam of 2 mm t hickness was tested up
k N. The corresponding average maxmnmunatc campr
average displacement of 0.61 mm, representin
materi al afmalis,b, utdée actual compressi v@veriatilt, i

det er mi

fferent

u n iNdaxni da |

ne

i al

wh i

ch

me c han ifciaell ds traabtielriitayl so fi nttheen

co
st

pressur
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these resul ts demonstrate that N i foam exhi

support | ayer, whereas Ti foam provides supe

3.3.2EHC operating conditions

The epdnanode outl et operating condptiemsume

a continuous flow of hydrogen, purgwenifmprumi t
hydrogen diffusion without pressure i mbal an
me mbr ane, or catalyst, and easilwiobkesemwsara
proper system spertabhemomea i s no need for an a
(e. g., a backpressure valyeasr hgdhygle mgého
regul atednvi pak@wes wroenbi nati on avittelr & hree enckltea |\
vessel

Both galvanostatic and tensiostatic operat.
' iterature. I n the galvanostatic mode, the ¢
density, which dictates the theehgtirogenppoo
rate in the cathodic compartment. On the ot
density is measured for a specified applie
conditions, the procdog creaties irecoeatdewhi Iwe etrhe
conditions, the driving force is controll ed
Bef or eiinegt etrhne o petrhaleeisngnmodd & H&Cf, concl usi ons
Il iteratur e. Observations indicate that gal va
primarily due to unpredictable fluctuations

tensiostatinabdt¢treeaguiwelldtoinen of process kinetics
the membwdide concl ude, tensiostatic operat:i

therefore chosen for the designed EHC in thi

3. 3Hi3gplr essuBpegsEEI@ Section

As sehemg24edi ghessure EHC system sectionds me
hi@hessurtehavtesisselconnected t ohiEHiGosss ua &t hSoSd3el
adapters withan wiondx rOO@repnmgaeyd phy poegemfhig
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pr esweusrissted measure the quantity and parameter

The | arger thesivml ruaenleatoifon hteo t he cathode voc

connecting pipeline, the more accurate the m

of the connections for measuring process Vval

accur ateememeta s wrd ewme ltlhd smed u ibhee d etfhoer el,ar ge v ol

vesgegeaeb ugwefsf i aicemmlayasur e fihehnet a mohuyndyreao f v,ol u me

concetrme ngccuracy of prfepesshapgs aavied € mp@mei g

so that the accumul atiisoom i dvo rtel@dmpu fefsis &ide rhty da ¢

this reason, the calculations are made to ¢

measurement accuracyansmadlylmenanseperto(fow ma

setup hor ) gmdotwaelr bcooasrtd.

3.3.3Colnsi der at i ¢ hnee acsounrceenmenni tn guonncper retsasiendt yh yadfr ¢

An al gioMATILhAB mulfiomk cal cul ating the accuracy

hydrogen in vessel volume, as well as the ac

pressur e, iI's presented, foll owing tHWeheanaly

complete set of input parameters, along with

i's detTaibbledvhiin e the output par amahtlee s are pr
Tabsl el nput paramet eakgofi t hper dsast uhrkemaghiyidcraclgen vessel

determination

Input parameter Symbol Value Unit

Measured hydrogen emperature [301.99, 308.15

uncertainty(35°C + 2%) Tminirvemax o1 0 31

Measured fdrogen pressur: [4990000, 500000Q

uncertainty(50 bar+ 2%6) Pminfriemax & 1 0000] Pa

Measured hydrogen elative H

humidity uncertainty(98% + 2%) Rbininruemax - [36, 98, 100] %

Molar water mass Mhz2o 0.0180153 Kgh20/Molh20

Molar hydrogen mass Mh2 0.002016 KgH2/moln2

Max. absolute Hhumidity ABmax 0.0398 KQh2o/M3H2
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(p=50bar, T = 308.15 K)

Measuredhydrogen vesseVvolume

Vlmin,ltrue,lmax

V1 uncertainty

Measured hydrogen vessel volun

V2min,2true2max

V> uncertainty

Measured hydrogen vessel volun

V3min,3true,3max

V3 uncertainty
Ideal gas constant R

Coefficient (realgas state equation) 6

[0.000124,

0.000L256 me
0.000127]

[0.000194,

0.000L963 me
0.000198]

[0.0099 0.00005
0.0010]

8.314 J/(molxK)
1.9155x1¢ K/Pa

Tabhtl e OQOut put

val ues)

ofartédhmetmartshemati-papésatgerhydmoden
det er m{8rbauttipount

Output parameter

Symbol

Unit

Ha total moles inVimin at Tmin true,mafor RHrue, Prrue
H. total moles iVayue at Tmin,true,maxfOr RHirue, Prrue
H. total moles iVimaxat Tmin,true,mafor RHue, Prue
H: total moles inVamin at Tmin true,mafOr RHirue, Prrue
Ha total moles ifVaiue at Tmin,true,mafor RHrue, Prrue
H> total moles ifVamaxat Tmin,true, maxfor RHyue, Prrue
H2 total moles inVamin at Tmin,true,maxfOr RHrue, Prrue
H. total moles iVairue at Tmin true,mafor RHrue, Prrue

H2 '[Otal m0|eS in\/3maxa.tTmin,true,maxf0r Rl_ltrue, ptrue

Nimin, Tmin, Nimin,Ttrug Nimin, Tmax
Nitrue, Tmin Nitrue, Ttrug Nitrue, Tmax
Nimax, Tmin Nimax, Ttrue Nimax, Tmax
N2min, Tmin N2min, Ttrue N2min, Tmax
N2true, Tmin N2true, Ttrug N2true, Tmax
N2max, Tmin N2max, Ttrue N2max, Tmax
N3min, Tmin N3min, Ttrug N3min, Tmax
Natrue, Tmin N3true, Ttrug N3true, Tmax

N3max, Tmin N3max, Ttrue N3max, Tmax

mol
mol
mol
mol
mol
mol
mol
mol

mol

H> total moles inVimin at Pmin,true,maxfor RHrue, Tirue
H> total moles iVitrue at Pmin,true,maxfor RHrue, Tirue
H2 total moles ifVimaxat Pmin,true,mafOr RHrue, Ttrue
H2 total moles inVamin at Pmin,true,maxfor RHrue, Tirue
H: total moles iVatrue at Pmin true maxfor RHrue, Ttrue
H. total moles iVamaxat pmin,true,maxfor RHrue, Tirue
H2 total moles inVamin at Pmin,true,maxfor RHrue, Tirue

H2 total moles inVague at pmin,true,maxfor RHrue, Ttrue

Niminpmin, Niminptrue, Niminpmax
Nitrue pmin, Nitrueptrue, Nitrue pmax
Nimaxpmin, Nimaxptrue, Nimaxpmax
N2minpmin, N2minptrue, N2minpmax
N2true pmin, N2true ptrue, N2true pmax
N2maxpmin, N2maxptrue; N2maxpmax
N3minpmin, N3minptrue, N3minpmax

Natrue pmin, N3true ptrue, N3true pmax

mol
mol
mol
mol
mol
mol
mol

mol
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H2 total moles inVamaxat Pmin,true,madOr RHrue, Ttrue N3maxpmin, N3maxptrue, N3maxpmax mol

H> total moles iVimin at RHmin true, maxfor Ptrue, Ttrue  NiminRHmMin, N1minRHrue, NiminRHmax mol
H2 total moles iVitrue at RHmin true,maxfor Ptrue, Ttrue  Natrue RHmin, Nitrue RHtrue, Nitrue RHmax mol
H2 total moles inVimaxat RHmin true,mafor Ptrue, Ttrue  NimaxRHmMin, NimaxRHtrue,N1maxRHMax mol
H> total moles inVamin at RHmin true,maxfor prrue, Ttrue  N2minRHmin, N2minRHrue, N2minRHmax MO
H> total moles iVatrue at RHmin true,maxfOr Prrue, Ttrue  N2true RHmin, N2true RHtrue, N2trueRHmax MO
H> total moles irfVamaxat RHmin,true,mafOr Ptrue, Ttrue  N2maxRHmin, N2maxRHtrue, N2maxRHmax MOl
H2 total moles inVamin at RHmin true,maxfor Ptrue, Ttrue  N3minRHmMin, N3minRHrue, N3minRHmax mol
H> total moles iVatrue at RHmin true,maxfOr Prrue, Ttrue  N3true RHmin, Natrue RHtrue, NatrueRHmax MO

H> total moles inVamaxat RHmin,true,maxfOr Prrue, Ttrue  N3maxRHmin, N3maxRHtrue, N3maxRHmax MO

Absol ut e ABoufmihdyidtryo gehre measure of water vapor
regardl ess of tempkigadamse of | moii sStexer pesedud
( kighb ) Att hteemper asuhA@, otfhe saturatiom,ivapor

approxi matedygc @r. dihtegbftbedrrh 1 1 JThe absol ute humi

deterbmy neal cul ating the numbbe pDllemab|l geeof aw
Equa¢gifon

nw ¢°Y7Y (7

nis the partial presswieas &®fhewatoRiusmetahjed ring €a,l0
const H008 3 (A mPE MmO) Ti,s the temperature in Kelyvy
andi s the number of mol es 20X 9 dnaaimhteedrr vcaapl dchuel taht a

mol ar massd ofs WBt O 5] fJsmolt he mafxi watme rmawapor

1 cubic metiegas offolhlyadwgBgiem Equati on
00 € 0 ®)

Therefore, the maxi mum absoluteamomnd &t & oof
gi2b M2Equ a(8iacsrs uaheysdr s gé nrsd tdit.taehe hydrogen i s h
maxi mum amount of water vapor possi ble at 1
humi dity of hydrogen at 35AC anedx psesksad wis

perceRtHabpe ratio between the actual and max
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temperature i s used. Il n this caébeathkbe thtno

RHHowever, at high pressures and moderate t
di ffer enfceenRiHes weeagl i gi bl e, and thus the rela
appr ox iAmneatoiran.ngly, the absolute humidity is
I 00600 pmm'YO g 9

Fofrurt her cltalme frneladtiiomnshi p between the degr
igiven I nNl1HEdUWRt]i on

n
P
f Y Oo———pn @y

pYG
At B P—Lbp, fs®d RH, justifying the use(@oTfo rel at

cal cul ate ,t heandtmdl|,ea swwat er hyadroag-e melihgh e
vesské, foll owinn g qf(iodra muwln&Eg(l patrieo.nu s e d

a 00 W 1y
€ a 710 1p

The tot alhyamowgremmi/>otfautrer mo,Jaemsl t he mol es of dr
€ ,in a mixtur e eiesn dal(chaluattEd s respectively.

oy v (0]
Yy Ao @3

£ £ € (1%

Theal cul ated amount fofr oatfureateew wWhednmgreervest@ua rec
mvol wimteheequ at i oins slbfoiwgel Heo wever , the data froc
does not giwnwehenfwvat mabsost at epr easnsdu rteh ev ehsysderl ¢

setehr ough materi al a h § or moteihse nnsbabmept bvs de e a:
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i n

hy

for mattihdkeewapoiumt, iwhircehqusihroewds t he t emper at u

drogenaltiuguisd i s1tt at e

m_H20 for different temperatures in the vessel
0,300

0,250
0,200
0,150
0,100

0,050

0,000

The mass of saturated water vapor, g

20 25 30 35 40 45 50 55 60 65 70
TemperaturdC

Fi gdbTlene calcul ated amount of saturatedsswalt edf vapoo 1l

I n

vV e

As

ca

de
Ve
Th
co
t h

e X

t e

vol ume
order to determine the dew point, firstl)
ssel i &.Tchd Isc urlasstse dni xi BEqqu atélito ro i s gi ven by
a 0 YO 1
: = VI 15
a 3] n YO n

al ready hme rstaitauread,i on vaagornvemr ¢ egnprdé aefur v
n bea nhfaobu pedslAifijnteeeal cul at ihem dbheve,rewsure an
hydrogen vessel are measured with sensors
termined frBbmg2abheFudi alye amaoiheee a mebempeéengt ur
ssel enables the comparisonthdtulaés e etmpe rta

I's provides the information whether the w
ndenstahtee ,| iiqguei.,.d phase, or i,witheuformoking
e opaque wall of the hydrogen vessel

oodachiheesgul ts of fohethégopitimmm hydroge
pressed atsheerealeatt id\ge satag | @adliwenlsga me . r ange

mperatures and pressures is used for all
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accurawyf f Nm t lod ctorruee cvtallye enpecarBautruarde), at i ve hun
RHrwend prpeubaor eextaenpt eyett emper atTurgg 0Bi. LIBi n
K) is selected al ondgmniwindhxFowo athbodoundare v a&lmpe
fixed tr(pezFepd ® sksaurr)e an d(RHede ad%t8i %)eh eh vanmioduintty o f

i n mod ecsal cul ated f or, eaasc hweolfl tahse ftohrr eteh eviorl unm
deriving frommepaaue ediemée(nNsin0c §0plt amsne tVyi@ad da s
Vmax This results inntboreeathsv olhdmetyseant i tie

Tab7l eHydrogen quantities in different vol umes

Volume | Hydrogen quantities for temperature uncertaint Symbol

H> total moles in Mimin at Tmin,true,mafOr RHirue, Ptrue | Nimin,Tmin, Nimin,Ttrue, Nimin,Tmax
V1 H> total moles in Mirue at Tmintrue,maxfOr RHtrue, Ptrue | Nitrue Tmin, NitrueTtrue, Nitrue Tmax

H2 totalmoles in Mmaxat Tmin,true,maxfOr RHirue, Ptrue | NimaxTmin,NimaxTtrue, NimaxTmax

H> total moles in \omin at Tmin true,maxfOr RHirue, Ptrue | N2min Tmin, N2min Ttrue, N2min Tmax
V> H> total moles in \btrue @t Tmin,true,maxfor RHrue, Ptrue | N2trueTmin, N2trueTtrue, N2trueTmax

Ha totalmoles in \bmaxat Tmin,true,maxfOr RHirue, Ptrue | N2maxTmin,N2maxTtrue, N2maxTmax

H> total moles in \smin at Tmin,true,maxfOr RHtrue, Ptrue | N3minTmin, N3minTtrue, N3minTmax
Vs H2 totalmoles in \iueat Tmin,true,maxfOr RHue, Ptrue | N3trugTmin, N3trugTtrue, N3trugTmax

H2 totalmoles in \bmaxat Tmin,true,maxfor RHirue, Prrue | N3maxTmin,N3maxTtrue,N3maxTmax

Af ttetliey dr ogen quan,t itthiee sr eclaalicinyiees evi aorai lact u loantse d

vol ume using thasfahl ewamgl| eof mul as

- h - : p T (1%
- R : p : p TLTT @ay
- i ﬁ h p T,TT 13y
-k i ﬁ h p T, 1y
) . A i o T, R
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R ; I 21

- F] h . h p T["r[ (2 2
h

- ——— pmm @3

- i i p T.TI @3

The same pgrheagpdwrte di ¥an\yv orleusmelst i mg niendma r e ot
val #éesally, theseivaguephaFagéeBmmwmedmondi n
val aeést hree didrfeereeqqualv otlou mehsr ee deci mal pl ac
choice of volume does not sisgtnoihfieidic agrgtalnyt i a fyf e
i mhi oghessurwi tvheisnsetthe observed temperature

Howeverlvailfueshdi fferent volumes differ alrea
choice of volume i nfl uengwancahteyy s @tnido atchye roef f
refltlte d¢a@l cul atos s odnélryh yadfrtoegrel a Inig epdotiss g bd lel

to accurately assess the i mpaThe ofevwletdsnea e
so Th@di,,RRKki,n &ndién greemvmpcesent the case whe
physprcaper heeghtatandndv & sxiredu su nodfe.rtel@e i tmhag edt her
Tmi,Pmi,RFkhi,n &Nnéd bbbl vepresent the maeasuwbhdrphysic
and height and radius of (the Veeauwhli ¢ase)edorc
represenwsimke asucoaweernd s tHumatthieornmofrogia rneaerskued d s

wi t h avwiitrit | ae,sWwiatrke , a achida mond.
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Deviation from exact measures, e [%]

Deviation from exact measures,e [%]

2 r

Uncertainty of measuring T and V for V1,V2 V3

QO < oo

eps1 min T min
——eps1min T sr
eps1 min T max
———eps1 max T min
———epst max T sr
_e_eps‘t max T max
—@—eps‘t sr T min
——epst sr T max
—g—eps‘t srTsr
—fH—eps2 min T min
—f—eps2min T sr
—HE—eps2 min T max
—HE—eps2 max T min
—H—eps2max T sr
—HB—eps2 max T max
—HB—eps2sr Tmin
—HB—eps2 sr T max
—HB—epsZsr Tsr

3 eps3 min T min
—eps3min T sr
~—eps3min T max
eps3 max T min l"_')
eps3max T sr t|
eps3 max T max
epsd sr Tmin O
epsd sr Tmax

epsdsrTsar O

-3
302

05F

304 306 308
Temperature, T[K]

310 312

Uncertainty of measuring p and V for V1, V2, V3

O

~——eps1 min p min
——eps1 min p sr
~——eps1 min p max
———eps1 max p min
—e—epm max p sr
—e—epﬂ max p max
——eps1 srpmin
——eps1 srp max
—@—epﬂ & p s
—+—eps2 min p min
—+—eps2 min p sr
— 1 eps2 min p max
—H—eps2 max p min
—H—eps2 max p sr
—HE—eps2 max p max
—HE—eps2 st p min
—HB—eps2 sr p max
—HE—eps2 srpsr

~—eps3 min p min

o epsd minpsr

—eps3 min p max
eps3 max p min
eps3 max p sr
eps3 max p max
eps3 srp min
epsd sr p max
eps3d srpsr

314

-
L

O

<

499

4992 4994 4996 4998 5 5.002
Pressure, p [Pa]

5004 5.006 5008 501

%10%
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Uncertainty of measuring RH and V for V1, V2, V3

eps1 min RH min
epsi min RH sr
epsi min RH max
1k ——eps1 max RH min
o
——=—eps1 max RH sr
o U ——epst max RH max O

——epst st RH min
—C—eps1 st RH max
——epsi st RHsr L
V3 eps2 min RH min <>
eps2 min RH sr

S
S

T~

0.5"

eps2 min RH max
—H&—eps2 max RH min
—H&—eps2 max RH sr
—H&—eps2 max RH max
—HB—eps2 st RH min
EC; O —H&—eps2 sr RH max C]
—HB—eps2 sr RH sr
epsd min RH min
epsd min RH sr
epsd min RH max

—9—ep53 max RH min
05 iepsS max RH sr
—epsd max RH max

epsd sr RH min
epsd sr RH max
epsd sr RH sr

Deviation from exact measures, £ [%]

15 I I I I I I I ]
96 96.5 97 97.5 98 98.5 99 99.5 100

Relative Humidity, RH [%]

FigadareTlke ut basl goofri t hm ftohheyde bgwmmicelsismdhe vessel vol ume

the measuring uncertainty

Whewmo!| ume measured cdraeleacddry hy dmaggenTiRHh y si c a
op, the measu+tiesme&ddtve caaevriraotri ooml y i n vol ume m
to the | argesdr rdeeosti alty dmo gem idlu aftd ri ttyh ec ad mall
vol uvwme,and the smalN0.esG&rdetviatl avogWbEWMi ¥ 0l ume
accurately measured iaafrroosns ialsl tcrausee sv,al dueev il aet:

hydrogen calculR#lhohhefawer sicedvalilNa, a wheas ur i

error, @&l otnhge iwi tchombi ned effect r3esl®d tfg oimn tan
accurately cal culTahteerde flhayridnodigi efe gqeaswuirey. i nac
| arger vessel volumes reduce the overall err
(G, G, c8) , t he d¥pJiagtsi can momr e significant rol e i

mass calculation wWhMaweeeror s hienomeasiutiengan
-di ageramgmesa s Wrhiarvgeg a greater i mpact on the hy
i p(NO. 3@n the other hand, relative humi@ity d
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= 0% for any RH me datersteanle na maewt adfi omydr ogen.
does noToctamgeoadei ng t oheée hap aivax inofdetieh,e tvess
i s ppreal ¢wemel adOgle Pm tHoave ver , dgenaldt edecmvge ro nsaq
andowmastshkeet er mphedthuipr Bsgbhre hydrogen vesse
resea0n3(ims00 mm high cyl i ndd&thewivianisses 0s cnerm adrii

where the vol,améd, premper aa bheveegsdred gemm | iume s

measured with a ma¥Xig@atheerror i s shown 1in
Uncertainty of measuring T and V for V1, V2, V3 Uncertainty of measuring p and V for V1, V2, V3
35r 35
'.} ——eps1 T min ——eps1 pmax \-)
m —G—epsi Tsr —S—epstpst ([
= it —E—eps2 T min = ir —HE—eps2 pmax
:‘ 4 —HE—eps2 Tar ‘;‘ —HB—eps2 psr (,}
@ —Q—epsﬁTmin o —e—epsfupmax
@251 —e—epSBTsr o 25 4@76:‘53 psr
2 A
(] o
@ @
E 2r £ 2r
k3] k3]
% g
@
g 151 £ 157
g g
= =
5 .| E
B &
“’E &
0.5 o 0.5
) I L L L . ‘? I L I L £ L L L L :
0
302 303 304 305 306 307 30 499 4992 4994 4996 4.998 \g, 5.002 5004 5.006 5.008 5.01
Temperature, T[K] Pressure, p [Pa] x 108

Fi ga8Tehe warset scenari o wher eancdc eprvend suureea ltothe rdpyedvastguered

vol umes are all measured with a maxi mum

To summanri tdégcWaxOM wol ume t haint hsec ecnmireieoe t | y
t teemper ature and iprhves saréde mb & s by de2dy eett h ea

hydr ogen tqhveerstsietl y iisn a#82l.c3e% a®m®d f womht emper at
ant)h. 3% of pr.r€ébauresenten)the case for all c
0.0C1 as th+.8fr drs @afccumul ated only &mnydhydr
wrong meWlsaimra mge rasntduressmue e measured vad aumreat e
measdursi ngncorrect ,oft hOellBl@dr gehset svallumeest devi a
whelW e= (i0.%he poitnhterwheirse no deviation from t he
approxi mate+@evybmheomanpbt scenari o where the
pressure od0.mMydeegdiombmsured with a 2% error
vessel volumeairs rmea oud rt dayllwimint efroorsh aii, ghttdrtee r

hydrogen quantity i n a2he 5WeRsrelocro.mp a&raiksasra ante

Wo rcsats e S c ¥imaoiutma3ssd error i n hydrogen quant.
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3. 3. 3St2r engltchul ati on ofprtelses uryed vegesmrelhi gh

After deciding on the di ameteesuapdvbesghtiaf

cylinder, calculations have been made to det
Thsmade according to the control cal cul ati on
available HRN M. E2. standards, which are |
Mer kbl att Thegbkati maserial wutilization is ac
transfer the compressive | oad equally, witho

flat bases, which araehypydoogpmhnoelsibgimdi mgsse@&her
as a cyl i ndveld dpidpdewiitsipladeepabobbaem wntdhone
anavel ded straight flange on the top with anc
to enhbopleenitnlygeess el . The mini mum wal | thickne

not be | ess than the required thickness dete

Regartdiiengn gee naosvtaabpl eof t hewPWd Os €N, ,1 0By e 5, DN
are ¢ haswe ncatrdnecptiioomn, andt hteoht owli hgtdoatlt adael at
case of flat flanges, which are | oaded with
which depend on the type of connection to t}
t hickneesatf ofl ange basne Esgifoditn oins deri ved

n_'y
0

i 6 O O ® 2%

sis the thicknessCiod ttthe aovalldyl at ieo,whffid &thnagre , (
genamalundt.s3té 0.5, depending on the type of
Di shceal cul ati on diRinpddpddasicpnm dP nsepsfewryd f act o
i materi al st reeingylt lho weao aeneit ket sef ect | nawdl |

@iallowance for wear .
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Figd4®9eRound fl at plates and floors; a) Turned fl at p

relief groove; d) Flat platpld8] flanged joint
The complete set of <cal cwlratsesdu spea avieeosesgeelwist lo f
correspahidsegetTaaibB&df eh ySvfaalcuteori,s chosen acc
HRN M. ES2t: &2rfdoarr dmat e rmaatl e rSiSa3l1 6sL.t rKe rsg tcth Bparna nmet
for t he s awha | maotaarnicael ,t hat consider soitshe de
calculated as 2% of ,thestékbcOhgmed wal l t hic

} i

ﬁl Eag' | E 777777

‘ L_kfr_.. alin __,hj.-_.____L
o) = b B, _

LY L _ _

l’ A = ﬁ/i’?f e
g !U _ *T Pl I-—t

L P ) !

c)

al

Tab8 eCal cul at et hhpyadrraongeptneerss ganfe v e s[slell3]Jaccording

Input parameter Symbol Value  Unit
Clamping factor C 0.3 -
Calculation diameteof theflange D 145 mm
The aitside diameter ahevessel Do 88.9 mm
The nside diameter ahevessel Di 80 mm
Design pressure p 150(15) bar (N/mm?)
Safety factor S 2 -
Material strength parameter K 170 N/mmn?
Weakening coefficient Y 1 -
Defect inthewall thickness allowanc: ¢y 0.02 mm
Allowance for wear C2 0 mm

Accor dtihvenl ue s

of

t hi cknbeysdroofgpnelsisgl s

condi ti

on

mor e

t han

c hosle,n TPyNMde0 5EN TINS5 s@ac e ddn e sf or
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fl oorofwaglrlessure vessels exposed to internal
HRN M. E2 252 standard. This standard appli es
bottoms, under i nt easnasl &eunddd @ xt er nal pressur

FigboeVdd vewly awpl tommon vessel bottom shape; b) vess

bottom with minimum spacinglix3]lbet ween the se

The required minimum thickness$ hbedguathRon | oor

14 ’O r‘-l I it

T~ U
New parameters ©On whishegasathenoatei de di ame
anwwhiicthhweeakening coefficient as the ratio o
strength "Dhiethheeshieetent of validity of a wel

includes the weakening of the base materi al

joining of el ements (by welding, sotdensng,
(holes, connecti-6IRN, MaERe260ri eSpreftoprs fo
of the all owabdwemnesagnweltlr esss iims tpre case oIl
it i s caV=x Ullhet edbdidtttidormi nes the reduction in

wall s caused by t he,omasntuifmage,t udd enpg dreda vihiordg , eh
gener al cas®s, At her dticheeg t i ®Benpfut par daméotl er s f
8i Equaf(ipont he designtweydr aghemkiniegiBe obes s elm

has to be more than 3.94 mm, which conditi

Additionally, deep bottom prceosnsdurte ovmessel f|
l W W

TBU TP o) L) 2y
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whi ch, according to calchheatcahsctuhtetl iOch® Y ¢ fc a |

shell of the vessel i's calculated according
cylindrical shells and spheres | oaded with i
formula for the requiredewdl |li st misc K rf2dBd 0 wasf i tr
, o n . .
i — . W0 W

T =~ U 23

Accor diilmeg!l uebienpfut par §m@bddi eérqsu afigpoomt he desi gn
t hi cknéheysdrodgemelsisghe vesselO.hffs, twh ibceh ntoorned i
chosen DN8O0O pipeT6o4dcodhtchtempPpegat ds meamsi ons of
hig9phessure a2é@d9dDs anmtDbNeBiGg hpi paweéhdéd hahemi spheri
mm t hick bottom and 22 min, thyp& wel OG5 PNKU&nN
satisfy the control cal culEat®ino nehxibpoeg h dreesnitgsn w
t his areeesdlbcted under 40 bhar Hedigoedr preess e

exper,ismerctessfully tested via faorwas afretpyr ese:
Addi tionally, the vessel ds category PBDcCOTI di
2014/ pi8s/ Eclalf ou |l ywdhreewlghe Nt h ta hger foaulpl sl wraGe ocuagppt e g o
1 comprises those fluids <classified, accord
dangerous substances?™*, as: expl osi ve; extre
(where the maximum all owabl e tiecmp etroatirogy;e oixsi C

Foal L volume at 150 bar pr estshsoa,n dt lEen gd eveieg
Practice (SE®R) s&éghbimtegory

Equipment | Vessel = Piping  Steam Generator
type:

Fluid type: Groupl Group2 | Groupl  Group 2
Liquid Liquid Gas Gas

Pressure: 150 Bar

Volume: 1 L or mm

Diameter:  4nd Length

mm

Category: Sound Engineering
Practice NN v

Chart 1 - Vessels for Group 1 gases

FighitePED cat epgroersys uorfe hhiygdhr o g e[nl lvde]s s e | accordi
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SEP category meanpgreéedvatra ldedi ggoed -riesgkhednd s
must be built accordingotenguobet sa@gesngroti nge
(European CoOofnofromintiyt;® aa.r bip®genoebecatube PED
consi derriedh |liokne-r i hslghent egori es (Category | 1
requi rpeartttyi radsessment or ,apprmrdwDaldoley aoNoti im

conformity assessment procedures

3. 3. 3Hy3dr og ermr elsisgur e vessel design

Tha&ssembly desahgnr dmg®wiemsdg gdnfiea dvee I e lSol i dWor k¢
provided i nThteh ev easpspeelinrdiasr .EeSSil@viiendda tod hinalg e s
to be able to open in case of a needatfoopr sen
opening is needednfdonoa thyrd rfogre nc ored erased wat e
hi@ohessure hydrogen at the cat htohlee mettd ess do
i n EeHXCp | aiCheg2t.edi.h®Bl ectrochemical Hydrogen Co
Princitphere is sttihhehdwagen phatenbani be cond:é
whitlhree si de openingAlfilbesdydpegengs phbatses ubB3:
needl e vaidtwas bbhreydrfdogen/ waeded fd wev t.of hlei gh p
saf etyavahgewi th i femmanbemdten the top of a v
pressure exceeding Fhghbkbaoed ertsd @hny difo pe e skiug
pressure weS3PDeldr awing and reality
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FigbeTehe 3D déwydrnogeEnebisghe vessel mial deef ti;n tShoe icdoWwogs tkrs
of hheydrogpepmnebkisghei glkessel

The vesselfadrs accurganteed hydrogen physical pr
sensors in tkenmemavabldétsbdeto connector s,
connector sleeve for the pressur eSetnessotr sa nhda vit
adjoining transducers t hat hdeetnad a cheeu igil thiaogre
vertical board. Sensors are carefulatygpt ant e
with perforated to@pspifeveipnceEecad$asid @omgsn menat o r
from the walsdasdeégludayv es
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SHT45 sensor

Connector

2=

7T =5

FigbhBeThe 3Dthleysrogpafebsgihse wessett or niaode siemmsor S|
Sol i dWoikef 2020he tchobeosnhectbirofoofigaanmsor SHT45

The finstastineg@rfrom tileé heo moo &t thpehenofsd s saecic u
temperat umwe t heAnddtriigcsan Nati onal RPpteh rTeaapde r e
compressiwdrn hf iTtetfil rognT htea pee escesad hiinggs e ssur e sen
transmitt@r fldOhd@drbar pbBrSSasaednimgas O@e wi t h
third sens,cre@sriqgdaBireectonstructed from PEEK n

mechani cal strength and is an electrical I N s
t hrough t het ®@HITAHM® cseenideer s etnhkeami deagsand t e mj
and i s cemapleditalfefpoxy gl ue in the connector

3. 3DALBy st em

EHC data processing and analysis in this d
necessitates integrating multiple sensors an
measure relevant physical paramet ér sysAeédi ti
required to handle transduced dat a, i ncl udi

conditioni #gli gandlailobhAQ@ rssyisotoenms tirsn cda eway t ha
can be optimized by repl agriande dal e risaipoefigsr ad re .
requMoreeover, the whole system is designed a
extremely expensive DAQ equi pment ams@nisypdr og
modul es with designed housing (comMreesdtgnres f
compaArn duiend ns dthu st owpaayli,c et hdei f f erenceseiverast i
t sothosmdeuro®r even mot énea nduefpaekhtdu riegpp @m s or s

used in the DAQ create the rmpmpersatbur a,t yhuwri dui
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pressure sensors to measur eprheysdsruorgep naenpds alciegs'r
ar dag verMofriecoaweldreehed after the exalmplmeadurda
data is clearly presented on the vertical k
propertieésmsmei oconedalti ons with one villeyw torna ctkhien
al |l 15 signals ohntboedemmpaoatemsesceean.cl ear
numeri cal and operatrieemant daitmm tfreo mf c&ErH® arnfe als
(LCDs) omoRedsi,nakhe visualization of the DA

verticab bé&amgdde

FigbhdeThe DAQ system in the experimental

Starting from the socket in the wall voifa 220
aPl D regul ator that controls the heaters acc
humi di fier. 15 measurement cards are attache
and 1di snmAhtes$s hese cards represent about a b5

from the appropriate |Iinear DC power supply
Arduino controll er hrasf ort sf uorwinh e C/vDod tcaognev erret
DC, depending on the sensors.
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3.3.4Melasur ichgsacopdr doperating principle

Il n general boaadh cPettaiimax an Arduino microco
R4 Mini ma), gLt@€Bhlcagverter ( DAC) ,seampdwehe ne
suppAlyl. digital Ssiboat ds fhawme Peheéei paxsi bildi

measurement wunit in the for ma odommbiAkl@igaTshiegn a
measurement central uni t used I n this exper
|l nstruments), which allows simultaneous conr

for storing data on the compamemt ddardsiddmrmmt
and exchange theifi ndetga aiesddedc iomrc utitie (it R2tC9r, |
mast ers/lmwlet-¢ ndierdg | eser i al communication bus
share the sRingeh&ddams xamelse of a mépasoacesmeas

the hydrogahapressur e

LCD1602 (two-row)

Sensor MPXV5004
(ground and voltage output)

Arduino Uno R3
DAC MCP4725

Voltage reference LM4040

Power supply
(DC-DC converter LM317)

Figbbehlyadr bgmmessure medédéondemeomponaemd s

Il n the Arduino | DE progranmreawsaloege i sadrftao
MPXV58@AaA3be. operating prinprepbsunpée mhashydng
3 implies the mapping ofvipdiagistuale dnatas uo @& tmeun
Serial monitor on the comput garnd tolud paudnvaer sir
signal t hMOR4YQH2 SDIAEC Ar dui no c oannveelrotgs i vidhl@et amgeca
di gsitg@ahal , which it sends perftdhem®dCusiThg sa cl
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based on the range of possible values that r
and the vol-bageDAGatlehteheveod @rady.e di spl ayed on
in the Ardpreslsipmegrrlayn qonverted into voltag
DAC. According to the code, O0OBbsmi¥igiThal D&aCgqg
converts this digitall nsiogralr itrot ogedn tarea lnoog
readi ngs ami ghecLLiDgre refer encaes LtIMAOD 4ARER fus
Arduimowedro t hegste nstoablasmdr eadi ng.Wit homhehesp
4. OW6as the reference, the ArdVino We@®d& trho sat
better AstshtlACt ii an.poal®r &Ad db ytnhoe pODAC out put s
adj usttheedb dient bhen®ACeout puts a vVlitragte? gpd opfor
OQut put from the pressure sensor MPXV5004 i s
commerci al Ni DAQ. However, a digital form is
Figh®bows the components of a measurement ca

dat a.

Figb6eThe EHCO6s voltage and current measurement

The EHCO6s voltage and cur r epots erderaamfuNineonenat C ¢
R4, vol tage ref elrCDnc et woMMBIMBDG620 mi crovoltage
ampl i(foineer § owv otl memgileHG e ot,Aaed nfesaos usrheanmetnag ni n

DCshunts of 0.5% accuracy /WotA, maddu MAwopVr an
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shunt resistors are i,dstaltloednien beeémnige snowiet
currents to 10 Agcuantdont2s0e A,t hfear aus ahg eg hiefr ne ¢
EHCOs current duThe gAD®=2O0-peoxvpeera i Ime3wt . mA  wi t h
suppl kprgenci si on i nst rcomdntgBubracmpyiviemy | ismaét si
fromehuanEsHCThe ampl i fier is required due to v
shunts anas tthKeC EHfEer at es and vreealya tliove(t yyel htiagghe
premifgsem saround 0. @2abhevr a e Oc ulr Aeftaotfii We 8a 1A
20)DBi rectly measuring these ignpg rgatliess ¢woi tiht sanl i,
resol ubiA® n( t2he RMi OMb nV mpBmeg eADC resol uti on
per step (5 V / 4096), meaniinmg gsih@ani simaant vaold
errbéust heymmlrle, si gnals are more susceptible
feeding them into the Arduino ensures that t
ampl i fying t he stihgemamgOfxr obmm i EnFHBG atnhde m wi t hi n t
for higher accur acyAsndaurrreadrutc efdl cmmws steh red U gelt t
through t hegesrmamdtsimag il s tvicmsl ht vangt sveallr we nidsu ek n o w
t ohsehisntk nown | ow rgesei s3phsemefampbi mied voldt
sent to the Arduino, twidofcthwarecthy i i @€G8x tthe ol
values, converts them to current using Ohmods
by adding back the shuntdés voltage drop, bef
LCDrLhe software (pade iidredAridwsitreaehappeddby) i nc
ADC resol uti on usi ng 16 x over saombilh2g ,t oi m
appr oxi nbaitte.l yThied LM4040 voltage reference (¢4
ensuring accurate voltage readings. Addition

the 4.1 V reference insteadpofvetbd wyphcalr]}

precision, accuracy, and reliabil Aty mondmées
wee tested in the preliminaryyveixaperrelmeanbtise td
suchmMays | ent 34mud It A andeiKgeiytsdalght E36231AMoD@ powe
detail about the most used modules in all me:
Arduino

Arduino is abased odconelrop ihhemt pl atform that
codel oaded to its microcontrol ltelrei rwhad arhp a thi
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moduhllels program codes for each medser Anguc aro:«
types used for the md@d3um@mRandcEdnd@WalnlemiaR
are powabraerdr el 74 a\ kf wormmht he voltage regul at ol
sensor a@mpidsi ctahtel ochsealplesdst anldowever, Arduino
mul tiple moddUes$ howrnrneerctt e(di MRIS®A 01 omAs before
AMS1ITle@mgul atojpfovdreheabward voltakger rmegald wartion
cards that wusentubk,Buglteasmmosd unloe.s, 1 ,t hz2y 2l,r aavn dr

t hanmAOiOn total, so the Na&aAmrad udam' tUnsou papnidy Ma m
current i mi t atli Ans amfd 4 A80-Q mMAle t o more ef
NCP1117 Il inear regul atori Vv@gArdus wiot ddmion gR4r ey L
used for more memory, fasnsatt edrg gp t @ ¢ e(AcBopnnvge,r t &

resolfwtri onreas urllanngd waor.d no.

DAC

The DAC type used for alll measurement <cards
5 V from Ardu-bndo aedohasianl2meaning it can
l evel s. Therefore, It converts diigneoe ali nso g

corresponding analog voltage signals repres
humi dity, etc.), which are sBGP4TD25Nlr £€ompap
200A at Apeanlul ti pl e measuring(cardgeenenmorepr D
i's necessdrhseo ttowaxrhmangred hardware i n the fornm
di fferent physical property signal s. By def a
be changed to 0x61 by modifying the A0 pin
moduHoer. t he usage of asmwirtec ht ehra n astsvans emmCisihtad pr
switches the data from two DACs to the third

DC-DC converter

The LM3DC O&nverteDowucModutleep i s a voltage r
all ows for a stdp D¥o wnolftradge Uab rhaing haemer v ol t a
DCwhich is the optimum amountt yfpoer np ocweorciomg r

Thelwage regius aba@asediodm| the LM317 | inear reg
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and adjustabl e FDC dutgphetr walrtragqenseat st nkhato a
over heaasngt di ssi pat elsh ee xcwetspu tp owelrt aagse h es:
potentiroenguleated with a screwdriver).

Thermocouplenodule

The thermocoupl e tnhbed meea stuy ene un ¢ MAXaF ladEh6e. s t h e
MAX31856 -prsea@i fiagahn e rgti dh@a it imowe uPpPdee al | ows Ar
to read temperature fr(odn vkar iN,usR,MAS B8 hiB,6 6EI,p |
hasd é@ai t ADC r e cdlght iacrc uarmad ya ojfun dt i0o rl 5¢ Ar@p € ro¢
whi ch +Hsn astelmasitolrtmeasures dmbi accutrbBhgdat@bai eg
amplifies and converts laeatmal WhivioH tiagegemnenp

t her motclhaitpl measures temperature.

Voltage reference

The voltage reftehteknee mgpesuuvuemdnf ocards is t
is a predigicuvaktymige (rNe fOeurdedtlicet o provi de a
accurate rebokbrdnboo6mel nagens a fixed voltag:e
when a resistor is placed in series with th
LM40.40The out put remains steady wl @5 hvdilpsoswse ro f
supply from the Arduino pin.

The various modul ei o8 o0an e @fthol ren aflolac memena s uce me n-
provided in the appendi x. The commu+wiiacat i on
prot,lo2@si ng tavodegtiansl i ne ( SDA) and a-sdlawek | i
protocol, in which Arduino controls other de
The Arduino generates <c¢clock pulses tonalm€CL t

received on SDA one bit atwiat b i AreduiAdd gmotdwp

uni que ,asdodrtehsesrees are no conflicts i n communi
mo d uywhei c ht heeegg al peripheral I tnhveorl ft ;aagyee , (r &R le)r
which i s an analog device. SPI i's a simple

device,amhdahnbos and aMAXBilgbér alSPlevihnve!l ve:
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eri al clock (SCK), seri al d-a tha oagth WE8DOhI, d

ransmitted in both directions. Ardui no set

Tabdwd t h t heir approximate costs to give a p

t

he designed DAQ compared to phecese@eesci sl

and their desriegnedad blEpedu sinngs

Tabd eThe | i gthremasucementofcardos features

Feature Type Cost Quant

DAC MCP4725 1.5 20

DCDC conver LM317 0.36 15

Pertinax E Single side 2.16 15

Arduino Nano 3.5810

Ardui no Uno R3 4. 12 4

Arduino Uno Mini ma 6. 48 2

Ther mocoupl MAX31856 9.24 3

LCD 1662 row 2.26 14

LCD 2004 row 3.941

Vol tage refLM4040 4. 156

Rel ay One channel 0.421

Switcher ONON -p6i n 1.711

Beeper LED 12V 5.021

Mi crovol tacAD620 3.11 2

Wire insul eéHeat shrink 0.416

Wi res Pin connect 5.47 1

TOTAL 236. 04
The total cost of 15 measurement cards witho
sensors i s 45t8he3 % vie.r alghee rceofsotr eof a measur emer
G4, while including sensors is 30.56 0.- To ptL
decl ared pressurhdd0dMansorvecosiwbhear ohedsensor 6
in the total cost of measurement cards (653.
U, which is stideé faresmginheé i gprainte Ao FfFe@mmien c i
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exampl EBi §ga®lenh measurement card teaxmhiazadunpe
are verified via preliminary ¢xXlpgesrtiendé nsbeam sionr s
T a bll Oe

3.3. 4Me2asdurpehysi cal properties

The setup recor ds vyianrcilouudsi npgh yvsoilctaal g ep,r ocpuerrrteinet
humi dity,comyeémdglervol umetric fflBavaonenaumemenot ¢
cacdnt xiom:neat e dadseesnisgonre da nrde mov abl eamer cewcitmmni
setmobpunt ed on at PmMrdsdsemtxs bomea dor mast sipbe | i s
T a bll Oe

TabllOe The | i st drhke aesrcea nfquinicaagiaaad

Meas PhysicalMeasuSensor SensoSens Sens

remepropertyd med | ocati's co!s
card hous
no. cost
1 H cont erambi e MQS8 severtil. 08 -
ambient air + BMEG6 board5. 95
ambipeTnt &
RH
2 T+ RH hydr oSHTA45 humi d6. 92 25
r
3 | opv hydr oMPXV50 humid21.2 20
G r
4 T+ RH hydr oSHTA45 measu - 15
cube
(anod
out pu
5 | opv hydr o MPXV50 measu - 20
G cube
(anod
out pu
6 T EHC K-t ype EHCO6s 5. 9 -
t her mo MEA
7 T hydr oK-type high | - 15
t her mo press
vesse
8 high hydr o EARU -hhigh 12.8 -

pressu press
transd vesse
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9 p, and hydr oBME680 humi d - 25
r

10 T dei onK-type humi d - 15
waterther mo r
11 vol umetrhydro?2 X Wmeasu4l. 3 -
Qv F1012 cube
(anod
out pu
i nput
12 u + | EHC Shunt Verti 5.02 -
10 A, boar d
A
13 T+ RH hydr oSHT45 high - 25
press
vesse
14 T+ RH hydr oSHTA45 me asu - 15
cube
(anod
i nput
15 | opv hydr o MPXV50 measu - 20
G cube
(anod
I nput
TOTAL 222. 195
As previoudg!| yt hmenwhiooonee DAQ system is desighn

al t ertntalt @ wheoisgth hydr ogen sensédltb bgnsalimgdamayve
anal og vot hiasgg ec conupt gatudtrod ei wlo he-t wpe sensors (S
Ktype thermoc,ouMPX\Jy5@B®BEE80nNn the DAQ create t
commerci al air temperature, humi di ty, and p
par amet episednurliepwaensds urieghar eaMorf ®o v evre,r i if i c ent
di fferent sensosf®rs hithg dgiomgielnarmp hwali ce If opr oper
t heircarsalge viar itfhioeskeT hree feeprpelniddesstwiosn éf ow ser
Wi nsen BHAYdrRegenr dmmanbeaeamper il meptoated as fe
by Rei[sl B egl performed an indirect calibrat

which resulted in a coeffamidgnutstefd dat ¢ bmian a
experiment al datMobg denesénseygmewvsded measur e
cards is written.in the following sections

Winsen F1012 flow sensor

122



The Winsen FE0E:aeich aai micdbdarsseyds t(eMEMS) gas f 1 o0\
measur es ftl bewr miosdigymngaméicp | ea. me a e 21010 n ga aameaa

wor king vol tiatgei ©f pdwerVed hdemdweipreaitd b ditaisgph o f

accufBc®. 5 nWF .sIJahbei Itihteyr.mal mass-i hdewdipd eimstc i p
cali brated compl etely), and ttehnep efrlactw ries cnoergpseu
transfer, whi ch behaves concdrsrtemttdds faacrr oS [3e€
propelrhte essensor cloendtagarmsarmd miemmper at ure sens
in the flow path. When gas fl ows over t he

temperature difference bet ween the upstrean
dfif erence is proportionalAl $o, t tede mcehxirfes aw er
no mechanical components t hambrciotytlldaaleenn qf i ¢

conveni emhytoogsroBment .

SHT45 temperature and humidity sensor

The Sensirion -aScHTWrbaciys (48 empghat ure measure
humi theagur ement accuracy: N 1.5 %RH) digita
operates using a capacitive sensing princig
temperature sensor foitstepoipyradvVr ewmeabur s me
wi avhol t age tshdeppluynwi dodlrydhaAtdslma ¥ bdniaeentsi ons
of 17 x 12 mm, and the sensor part is easily
as designed (presented i n pr ehhieo Yso | ordimaer tt edri se)
capawhtaehmh i s responsible for humidity measur
hydrogen. ulnheriegfyorneeashur ement should be inde
depends on watemfheapandgdporpteobpance sensor
based on the voltagenvasi aemparatuaePNhjanges

should not affect semiconductor bandgap beha

BMEG680temperaturehumidity, and pressureensor

The BMEB®0 sédoul d ac cahryatreolgye hp eernfvoirrno ninme nt b
temperature, humi di ty, and -ipmeessalnhdee MBIAMESIBM g

measures temperature using a bandgap refere
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semiconductor voltage variations with tempei
similar to SHT45, the humidity sensor consi s
rel eases water mol eculTehse bBaAMEGI8 (b nmeaarsbu reenst phru
MEMS piezoresistive pressure sensor, wher e &
resi stance in a Wheatstone bridge <circuit. F
gas compositionffwhkited $Go®npyarrdody etnm aSHT 45, B
N 0.5 AC temperature, N 3 % RH lhtumigialyso apd
by 3.3 V and has slightly | arger di mensions.

MPXV50045 low-pressure sens@nd EARU higkpressure transducer

The MPX®i50 0adn g aopgreeosgs ur e s ens @i edsessuirgen enke afsaurr e
with a range of 0 toqo 3Wh92ZhkRPa (dinedada nffdbdie rmshdéc
usage that requires aatshogmh e rya dbeiiagoge rzhequs ensast
controller safety pr 88sumdd Ehteckr ovviiad ewsatae rl i
out put propaoppliioencal gawgde hperessure (pressure
The MPXV5004G should work accurately tiinvehydr

sensing principle, which measures gauge pr es
el aboration, the deformation of the silicon
bet ween the applied pressure eand eat rhad skpeh edrer
composition. The sensor contains a MEMS sil.
Wheatstone bridge. When pressure is applied,

of the piezoresistiweétalgememar s atwlinch hateatse
The EARpPr éas(gth4 eMRa)ansducer ibsasea ds tsreanism r g aduegse
measure pressure in gases and {stegeil ddhaoulsd nigs
hi gh accuracy ofarmMd 1c dn WeFrSt sa cporuer sascwo,®i 5i nt o a
V, whi ch i s pr ocelTshsee dE AbRYU atnr aArsdlwicrea. shoul d

hydrogen because it operates on the strain g
defmati on, nlott aarst atiynpse.a di aphragm t hat de
di aphragm bends, the strain gauges change th

K-type thermocouple
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A K-type thermocouple is a widely used temperature sensor in hydrogen applications, made
from two metal wires (Chromel and Alumel) joined at one end. It measures temperature based
on the Seebeck effect, generating a voltage proportional to temperatererdiéfs. Due tiheir
fast response timesmall probe diameter (0.5 mand 3.18 mmy designed stainlessteel
sheaths that protect the thermocouple from hydrogen exposure, and compatibility with Arduino
setup witha thermocouple moduléhat has buikin cold junction compensatiothe K-type

thermocouples are used for this dissertation.

|l f the premise of acostasensmensuremanhyofode
without designed housprnogpa sseeawra lfiide,d taldidsetrdiastsi
commerci al products prasdntbl meahadl &bl-et bri t
made housing desi ghnade sfcorri btehde ssep escei-pfsi ecs scua ned i
vessel, hunprdea sfsiverree nmoera slworwe ment cubes) .

3.3.4Ca3li brati on

The calibrafioonppesscsedewaned pemper medrat t he
Zagreb in the Laboratory for Process Measur ¢
including al/|l wi ri ng aonfd DAX@Iyus tAcbrh ene ase bt a me nn
average sensor readi ngs, cal i bration funct.i
Arduino code to correct the sensor out put s.
cal i brtahteeyduweesrde i ncl udi ng anywierfifnegc tasn d nelreocd
The calibration plots for each senmandr | ( mefas
cali bration functions are calcul ated, al ongs

Error ( RiN&EID) mamdab s(oMauxt eErerrorro)r sbhef orRRMSE1d af |
provides a single number that summari zes the

across all caasl isbereant i{®drfh Epgouianttiso n

YO YO O O § @9

™|
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T h ® presentshemeasured sensor value, ,isther e f er enc e (&rreuper)e svean tuse

t hreumber of data points. Il n order to furthe
decl ared accuracy, the Max Er8pPr was <calcul a
DO i ¢1AD & BP

This <calculated value indicates the | argest
referenEaechadearesor has a | inear calibration
3AT ORAAEAC 3AT OIOOBODOOAAGA 31
Temperature

A calibration procedutgpwasheamocddmpmaasl 06 . f
3. 18smedit hmdtod8rH)T45 ssemasdr one BME680 sensor.

were inserted directly into a ther mal bat h,
inside a small plastic bag, embedded in qua
assembly was pkacéddmberassbmarged in the the

temperaturmracaxpghamber has aemsedrerglihaeced eanlp@n
cali brated group of sensor st fehee mooobbe ppkas
measuring the . Thee cakempeattane was perf or me
measurement setup, i ncluding al|l wi Figgrand
57
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FigbreThe

Three calii

readings were

Temperature

Tabllle Temperature

Sensor

temperature

brati on

|l ect ed

calibration

Calibration function (y =

wer e
every
br dabbnidaehdlad t s

RMSE Before
Calibration (°C)

used:

fcladeialsuateimemtprcacadsr ¢ noor 2)

approxim
seconds

shown

results:fecraltibhermoooaupluc

RMSE After
Calibration (°C)

SHT4%Humidifier)
SHT45 (Measuring
Cube 2)
SHT45 (Measuring
Cube 1)
SHT45 (H2 Vessel)
BMEG680
(Humidifier)
TC1(0.5 mm EHC)
TC2 (1 mni
Humidifier)

TC (3.18 mm H2
Vessél

y=1.1647 x ¥ 3.3871
y = 1.06474 x % 1.6909

y = 0.97157 x X + 0.7604!

y =0.9943 x x + 0.0195

3.655
4. 246

1.673

0.797

1.493

0.462
0.258

0.327

0.421
0.752

0.535

0.262
0.163

0.017
0.014

0.034
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Tabll2e Temperature calibration results for thermocoupl

errors
Sensor Max Error Before ~ Max Error After Manufacturer
Calibration (°C) Calibration (°C) Declared Accuracy
SHT45(Humidifier) 5.61 0.593 +0.01°C
SHT45 (Measuring 6.359 1.058 +0.01 °C
Cube 2)
SHT45 (Measuring 2.259 0.753 +0.01°C
Cube 1)
SHT45 (H2 Vessel) 1.04 0.37 +0.01 °C
BMEG80 2.28 0.23 +0.5°C
TC1 (0.5 mm) 0.609 0.024 + 2.2 °C (typical for
K-type, Class 2)
TC2 L mm) 0.398 0.02 + 2.2 °C (typical for
K-type, Class 2)
TC (3.18 mm) 0.399 0.048 + 2.2 °C (typical for
K-type, Class 2)
The calibration procedure significantly enha
when evaluated agaiercdtarteldeRara crialyspcéikercsh. @ r mo c o u
(TC1, TC2, and TC), which typically <carry a
maxi mum absolute errors after calibration we

to 0.048 AC. This comfriatmont patocedarappfied
systematic deviations PBMESSOt siemstbohe ispietci &
within NO.5 AC, reached a maxil mbmaal soml, utde m
a strong performance i mprovement. Il n contr a
accurate to witdhdlnr &0i. 61 RLxi Mmawm plis OBBt e er

in the wofMfht scasescrepancy | ikely arises fr
i mperfect ther mal contact, sensor placement
gradient st hmartrhaln R ateh, rat her t halmh pfittdkd m s en

calibration results for tsheanhtiet mec BMEIES8D, s
preseiri g&ieRi gh9 e
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Thermocouples - Before and After Calibration

TC1 (0.5 mm) Before .
x  TC2 (1 mm) Before %«
701 % 1C(3.18 mm) Before /'
x TC1 (0.5 mm) After ya
,
x TC2 (1 mm) After -~
,
60 * TC(3.18 mm) After e
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—_— /l
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=] -
© .
1} -~
£ g
40+ 4
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Sensor Reading (°C)

FigbBebled ore and after calibration plot for

SHT45 Sensors BME680 Sensor
—=- Ideal . —==- Ideal .
701 ® Cube 2 Before prad JO+ BMEGBO Before Bt 4

A H2 Vessel Before - .S"l BMEGB0 After ,”

x Cube 1 Before ’," ’,”
_ 60+ e Humidifier Before ’,’ 60| ’/
o Cube 2 After /' s
< H2 Vessel After - -
550t Cube 1 After S 50f o
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[ e s
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g 40 o 40 e
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Sensor Reading (°C) Sensor Reading (°C)
Figb®Tehe before and after calibration plot for

For the ther moccoaulpilbersat itohne) rnaewa (wprreement s s hov
deviations from the true temperature values
expectations, the SHT45calenbootrecpiabiti edl| stulb
temperatures, exceeding I ts nomi nal accur a

demonstrated considerable deviation from the

' imits of i-4 tsa tneadn ud @caudprpa ayyi .n gA fttheer | i near cal
derived theongigheeriveg sef the raw dat a, al |l t
SHT45 and BMEG680 sensor s, showed strong agr

closely aligningewpomseée he i deal l i near
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EARprasghre transducer was cali brated us
rolled | aboratory conditions. The <calibr
sure port of the deadwei ghet gteensetreart,e dw hbeyr
brated wei-gyltisndoenrt oa sas epnbdtyaoan The appli et
ostatically to the sensor through an oi
bration for high pressmplitetwamepsuf emmed
wi tr hMerglua mb measur ementg@der d, as shown in

igebeTherteisgghur e cal i bt anea aosnu rpernoecnetd ucreer of o(frno. 8) E

or out put was continuousbgsenbndavbaeacags
em connected to an exterresloldti o VADICL a g
es Tsahbdl®ee rien recorded both during pressure
cending) to capture possible hysteresis.
ul ated and compared against the referenc
Calibration, medwldtingwdreeri aabahat ehd/ st
rtainty in accordance with |1 SO 17025 rec

Tabll3e Pressure caltihBleARUW i-pping &t ewsrud ttsr arosgsducer

Referenc Instrume  Instrument Mean  Deviatio Hysteresi Calibration

e nt Reading Value, n,M-pe s,h=Asc. Uncertaint

Pressure Reading Descending M - Desc. y,U

, pe Ascending

EARU high-pressure transducer (H2 Vessel)
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