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I. ObLLA XAPAKTEPUCTUKA HA ANCEPTAUMNOHHMA TPY

AKTyanHocT Ha npobnema

B ycnoBuaTa Ha eHeprueH npexoa v gekapboHmn3aumsa, BOLOPOAT Ce Pasreraa KaTo K4YoB
eHeprueH HOCUTEeN C NOTEHLMAN 33 MHTerpaLmsa Ha NPOM3BOACTBOTO My Ype3 eNeKTPo/M3a Ha
BO4A C Bb30OHOBAEMW eHeprousToyHuuu. OcHoBeH npobnem npu NPOU3BOACTBOTO MU
M3NON3BaHETO Ha ,3e/eH” BO4opOA OCTaBa HUCKATA e(PEeKTUBHOCT U BUCOKUTE EHEePruinHu
3arybu npu enekTpoan3HMU U rOpUBHU KNeTKU. ToBa Hanara pa3paboTBaHe Ha ONTUMMU3UPAHU
KOHCTPYKUMM HA OCHOBHM KOMMOHEHTM OT Te3n YCTPOWCTBa 3a NofobpsBaHe Ha TAXHaTa

paborTa.

Lien Ha AucepTaunMOHHUA TPYA, OCHOBHU 334344 U MeTOAMU 3a UscneaBaHe

Lenta Ha AucepTauMoOHHMA Tpyd € Cb3JaBaHe Ha Bb3MOXKHOCTM 33 NOBMLWIABaHE Ha
epeKTMBHOCTTa Ha NpPOM3BOACTBOTO HA BOAOPOA 4pe3 nogobpABaHe Ha enekTpogHaTa
CTPYKTYpa Ha eNeKTPONIU3HU KNEeTKM M NoBuWwaBaHe Ha edeKTUBHOCTTA Ha M3NON3BaHe Ha
BOAOPOAA B rOPMBHU KNETKM uYpe3 nogobpsBaHe Ha KaHaNHATA UM KOHPUrypauus, Kakto u
HamanABaHe Ha eHepruiHUTe 3arybum Npu MHTErpMpaHeTo Ha GOTOBONTAUYHMN N €NEKTPOSIUIHM
CUCTEMM 33 MPOU3BOACTBOTO Ha “3enen” Bomopons. MocTaBeHUTE HAyYHO-U3CNE[0BaATENCKN
33434 3a nocTuraHe Ha AeduHupaHaTa B AUCEPTALMOHHMA Tpya uen ca GoKycMpaHu B
cnefHuTe Hanpas/ieHus:

3apaua 1: PaspaboTBaHe W BanuAMpaHe Ha MATEMATUYECKM MOAENN Ha  a/Ka/lHU
€N1eKTPONIN3bOPN B PA3/IMYHU  KOHOUrypauuu (CcbluecTByBalla CUCTEMA, KacMYecKa
KOHPUrypauma, KoHpurypauma c obuy Katoa, KoHourypaumsa c obuy, aHog u ¢ nepdopupaH
€N1eKTPoy), 32 OLLEHKa Ha NPOU3BOAUTENHOCT, eDEKTUBHOCT U MPUNOKMMOCT Ha OTAENHUTE
KOHCTPYKLMOHHW BapuaHTH.

3apava 2: UN3cnepBaHe Ha Bb3MOMHOCTTA 33 AMPEKTHO CBbP3BAaHE Ha e/IeKTPOAU3bop C
doToBoNTanuHa cuctema (PV—ELY) upes cpaBHEHWE Ha U3XOAHUTE U BXOAHUTE €/IeKTPUYECKU
XapPaKTePUCTUKM U U3YMCNABAHE HA KoedUUMEHT Ha CbBNajeHne Ha MOLWHOCTUTE
(CF_direct_coupled).

3apaya 3: OueHKa Ha BNMAHWETO Ha reoMeTpuYHM napameTpu (aebennHa n nepdopaums Ha
€N1eKTpoauTe) BbPXY KOMMAKTHOCTTA, HANATAHETO U e/IEKTPOXMMMUYHATA NPOU3BOAUTENHOCT Ha

€1eKTPO/IN3HATa CUCTEMA.



3agava 4: MogenHun nscnefBaHuA U CpaBHUTENEH aHAIN3 Ha BOANT-aMMNEPHUN XapaKTepPUCTUKMU
Ha BCUMYKM ENEKTPOJIN3HM KOHbUrypauumn, ¢ uen onpeaesiaHe Ha ONTUMAJIHO UHMKEHEPHO
peweHne No Kputepum 3a epeKTUBHOCT M CXOAMMOCT KbM AaHHW OT peasiHu M3MepBaHMUA
(BannaupaHe Ha YMcneH moaen ¢ oTKIoHeHue nog 20 %).

3agava 5: CFD moaenupaHe Ha PEM ropusHu Knetkn (PEMFC) ¢ pa3snmyHu KoHoUrypaumm Ha
KaHaNHUTE CTPYKTYPU: CEPNEHTUHU, C NPerpagm B KaHanute, TIOPUHT An3aliH U KOMBMHMPaHa
KaHa/lHa CTPYKTYpa) € Len nosyvyaBaHe Ha AaHHM 33 NAbTHOCT Ha TOKa, KOHTPO/ Ha B/1aXKHOCTTa
M ePpeKTUBHOCTTA HA MACOMNPEHOC B KaHANUTE.

3agaya 6: WM3cnepgBaHe Ha B3aMMOBPDB3KUTE U U3BEXKAAHE HA 3aBUCMMOCTU  MeXKay
€NEeKTPOXMMUYHN U TEPMOSUHAMMYHN NApaMETPU, ONUCBALLM NPOLLECUTE B €/IEKTPOJIN3HN U
FTOPUBHU KNETKM.

3agava 7: PopmynmpaHe Ha Hay4yHO-MPUIOMKHU 3aKNOYEHNA 3a pa3paboTBaHe M oNnTUManeH
AM3aMH Ha MHTErpupaHu cucteMn GOTOBONTAUYEH MOAYN — €/1EKTPOIN3bOP - TOPUBHA KNETKa

Bb3 OCHOBA Ha pPe3ynTat ot CUMYyNaunNoOHHUTE U3CNheNBAHUA.

Hay4yHa HoBOCT

MpeanoxeHa e HOBa enekTpogHa KoHoburypaums ¢ nepdopupaHa CTPYKTypa 3a askasiHu
€/1eKTPO/IN3bOPUN U € pa3paboTeH HOB XMOpUAEH KaHaneH AM3aliH 328 PEM ropmBHU KNeTKN,
KoMTO noaobpAasBaT NPOU3BOAUTENIHOCTTA M HAMAnNABAT eHepPruiHUTe 3arybun Ha nscneagBaHuTe
yctpoiictBa M3nepgBaHM ca  3aBUCMMOCTUTE  MeXKAYy TreOMeTpuATa, MaconpeHoca M

E€NEKTPOXMMUNYHATA e(beKTMBHOCT Ha eNnekTpoO/IN3HN U TOPUBHU KNETKU.

MpakTnuecka npuaoKMMocT

MpaKTnyeckaTa NPUNOMKMMOCT Ha AUCEPTALMOHHUA TPYA Ce u3passnBa B pa3paboTBaHeTO Ha
WHXXEHEePHW peLleHuA 33 NoBMLaBaHe ePEeKTUBHOCTTA Ha peasiHN CUCTEMM 33 NPOU3BOACTBO U
M3non3BaHe Ha BoAopos. MNonyyeHnTe pesyntatm morat ga 6b4aT AMPEKTHO U3MON3BAHN NPU
NPOEeKTUpaHe U ONTUMM3AUMA Ha aNKalHU €eNeKTPO/IN3bopU 4Ype3 BHeApABaHeE Ha
nepdopupaHn enekKTPOAHU CTPYKTYpPU C YBENMYEHA HA aKTMBHATa naoll. MpeanoxeHaTa
KOHOUrypauma no3sosifiBa HamanABaHe obema Ha eNeKTPOSIN3HUTE CUCTEMM NPU 3ana3BaHe
WAV NOBMLIABAHE Ha MNPOM3BOAUTENIHOCTTA. M3cneaBaHMATA BbPXY AMPEKTHOTO CBbpP3BAHE Ha

d)OTOBOfITaW-IHM cncTtemm C eNeKTpoIM3bopun Mmorat Aa 6'bp,aT NPUNOKEHU NPU N3rpaxKaaHe Ha



aBTOHOMHM CUCTEMM 33 NPOM3BOACTBO Ha ,3eneH” Bogopoa. ToBa Cb3zaBa NPeAnoCcTaBKM 3a
HamansBaHe Ha WHBECTUUMOHHUTE pPas3xoau upe3 eNMMUHUPAHE Ha AONbJHUTENHU
€N1eKTPOHHKN npeobpasyBaTtenu. MpeanoKeHUaT xMbpuageH An3aMH Ha KaHa/MHWU CTPYKTYpU B
PEM ropuBHM KAETKM MOXKe Aa 6bae u3non3BaH 3a MnoBULIaBaHe Ha edeKTUBHOCTTa U
Ha4eXAHOCTTa Ha EHEPIUIHN CUCTEMM C TOPUBHU KNeTKU. PesyntaTtute oT CFD mogenmpaHeTo
nognomaraT oNTMMM3aLUMATa Ha MaconpeHoca M yrnpaB/ieHMeTO Ha BOAHMA GanaHCc B peasiHu
ycTpoicTea. B 06o6ueHne, pa3paboTkMte MmaTt NoTeHUManN 3a BHeApsABaHE B UHTErpuMpaHu
€HEPrNMHN CUCTEMM, BKAOYBALLM Bb30OHOBAEMU EHEPTUNHU U3TOUYHULMN, €NIEKTPOAN3bOPU U

rOpuUBHU KNETKN.

Anpob6auusa

PesyntatuTe ca anpobupaHn Ypes YNncaeHn CUMyNaLMmn U CPaBHEHU C EKCNEPUMEHTATHU AaHHM
OT peaneH efIeKTPoAM3bop. YacT oT n3cnenBaHMATa ca NPeACcTaBeHM Ha MeXAYHAPOAHN HAyYHU
KoHbepeHuun. Mybankaymmte B pedepmrpaHn CNMcaHUA NOTBBbPMKAABAT HAay4yHATa BaMAHOCT

Ha pa3paboTkarTa.

Ny6aunkauun
OCHOBHUTE MOCTUMKEHMA N Pe3yNTaTh OT AUCEPTALMOHHMA TPyA ca Ny6AMKYBAHU B 5 Hay4yHM
CTaTUK, OT KOUTO 2 B CNIMCAHMA C UMNAKT GaKTop M MMNAKT paHT (Ql) n 3 B pedepupaHun usgaHua

Ha COOPHMUM OT KOHPEPEHLMM C UMNAKT PaHT.

CTpyKTypa n o6em Ha AncepTaLMoOHHUA TPYA,

OncepTauMoOHHUAT TpyA e B 06em oT 167 cTpaHWMuM, KaTo BKAtOYBA yBOA, 11 rnaBsu 3a pelwaBaHe
Ha ¢dopmynMpaHMTe OCHOBHM 334a4M, CNUCBK HA OCHOBHWUTE MNPUHOCKU, CMNUCBK Ha
nybavkaumMmMte no AguceptaumAaTa M uM3nonssaHa AauTepatypa. Uutupanm ca obwo 210
NIMTEPATYpPHU U3TOYHMUN, KaTo 205 ca Ha naTMHMUA U 5 Ha Knpuanua. PaboTtaTta BrkatouBa 0bwo
42 durypu n 11 Tabamum. HomepaTta Ha durypute n Tabnmumte B aBTopedeparta cboTBeTCTBAT

Ha Te3n B ANCEPTALMOHHUA TPYA,



Il. CbAbPXAHUE HA OUCEPTALUUOHHUA TPY[

NMABA |. BogopoabT KaTo eHeprueH HocuTern
B KOHTeKcTa Ha rnobanHuWs eHeprmeH npexod M HapacTBallata HeobxoaMmocT OT
AeKkapboHM3auns, BOAOPOALT Ce YTBbPXKAaBa KaTo eHeprmeH HoCUTen, ropMBo M CPeacTBO 3a
CbXpaHeHWe Ha eHepruda, ¢ NoTeHUMan Aa UHTErpupa pas/IMYHUTE CEKTOPM Ha eHepruiHaTa
cuctema, Kato BEW u ropusHM mHctanaumm [12], [13], [14]. BogopoabT e ¢ Hal-BMCOKaA
rpaBUMeETPUYHA eHepruiiHa NAbTHOCT Cpes U3BECTHUTE FopMBa, KOETO NO3BO/IABA CbXpPaHeHMe
Ha 3HA4YMTENIHM KOJINYEeCTBA EHEepPrns B OTHOCUTENHO Manko Terno [15]. Toi e Haun-
Pa3nNpOCTPaHEHUAT eNeMEHT B CBbP3aHO CbCTOSIHUE M MOXKe Aa Obae NonyyYeH OT Pas/INYHU
M3TOYHWULM, BKIOYMTENHO BoZa M OMOMaca, KOeTO rapaHTMpa Ab/ArocpoyHa pecypcHa
HanM4HoCT. Mpu M3NON3BAHETO MYy KaTO €HeprueH HOCUTEN B eNeKTPOXMMWUYHU CUCTEMMU,
OTAENEeHUAT NPOAYKT OT OKWUC/IEHMETO My € BOZa, KOeTo npeAcTaBnAaBa CblL,EeCTBEHO
npeaumMmcTBO CNPAMO U3KONAaemMuTe ropmBa, Npu YNeTo nsrapsaHe ce popmmupat emmncum Ha CO2,
NOx, SOx, npax, yCTOM4YNBM OPraHUUYHM 3aMBPCUTENIN U TEXKKM MeTann. CneaBa aa ce otbenexu,
ye 0o6LWMAT eKoslornyeH edeKT OT U3MNO0A3BAHETO Ha BOAOPOA 3aBMCM OT HaYMHA Ha HEroBoTO
npoussoacTeo [16]. BogopoabT e eKonorocbobpaseH eHeprueH HOCUTEN, KOUTO e ¢
NPOAB/IMKABALLO TEXHONOTUYHO PA3BUTME M HaMaNABaAHE Ha Pa3xoauTe 3a Noay4YaBaHETO My,
MMa NOTEeHUMAN 3a BCe NO-3HAYMMa PoA B rnobanHMA eHeprmeH MUKC, AONPUHACANKM 3a
MOCTUTAHETO Ha KAMMATUYHUTE LEAM W eHepruiHata CUrypHoOCT. Bbnpeku ue napHuAT
PUOOPMMHT Ha NPUPOAEH ra3 € OCHOBEH MeToZ 3a NPOM3BOACTBO Ha BOAOPOA, NOpaan no-
HUCKUTE CU Pasxoan U yTBbpAeHa MHPPACTPYKTYypa, eNeKTpon3aTa Ha BoJa MMa 3HAYUTESTHU
€KOJIOTNYHM NpegmumcTBa. Ta no3sonasa UHTerpauuna ¢ BEU u enmnmnHnpa emuncmnute Ha CO2,

KOETO A NpaBn KNKYO0B MHCTPYMEHT B Npexona KbM HUCKOBDBINEPOO4Ha eHeEPreTuka.

1.2 Knacudmkauma Ha Bogopoaa cnopen BbrnepogHusi otnevyarbk

Knacupukaumsata Ha BOAOpPOAA CNopes M3TOYHMKA Ha MONyyaBaHe ce OCHOBaBa Ha
M3MON3BaHUTE CYPOBUHW M EHEPrmiHU pecypcy NpPwW HEroBoTO MPOM3BOACTBO, KaTO BCEKM
METOZ, Ce XapaKTepusuMpa C pPas/IMYHO Bb3AEWCTBME BbPXy OKO/MHAaTa cpeaa. Tasu
KNnacMdMKauma e OT CbLLEeCTBEHO 3HAYyeHWe 3a OLEHKa Ha MPUHOCA Ha Pas3/IMYHUTE TUMOBeE

BOOOPOA KbM KIMMATUYHUTE UENN, LI,EKap60HVI3aLI,VIFITa Ha MKOHOMWKATa N NOCTUTAHETO Ha



yCTOMYMBO pa3BuTUE. CUCTEMATU3MPAHETO Ha TEXHO/IOTMUTE 33 MPOU3BOACTBO Ha BOAOPOA, MO
€KONOTMYHM MNOoKasaTeNn no3BossBa LenecbobpaseH M360Op HA CTpaTerMm B eHepruinHuA

npexoa u B UHAycTpuATa [22].

1.4 TexHONOrMM 3a NoNy4aBaHe Ha BOAOPOA,

JncounmpaHeTo Ha MOJIeKy/aTa Ha BOAATa Ha BOAOPOA WU KUCNOPOA e peakLuAa, KOATo ce
OCblLECTBABA Ype3 HocuTenn Ha 3apag [38]. TexHosorMmTe 3a noJsiydaBaHe Ha BOAOPOA ce
pa3genAar Ha:

TepMOXMMMYHM (TEepMO/In3a) - N3NO0/I3BAT TOMJIMHA EHEPIrUA, KaTo AMPEKTHATa TEPMO/IN3A Ha
BOAHW MONEKY/IN HE € MNPUAOKMMA 33 MNPaAKTUYECKU LUenu, Tbi KaTo ce peanusupa npu
TemnepaTtypu Hag 2000 °C.

ENnekTpoXMMMYHKN (eneKkTponmsa) — M3NON3BAT eNeKTpPUYecKa eHeprya 3a pasfiaraHe Ha
BOAHUTE MOIEKYN (NPOLLECHT € 06eKT Ha NPOoyYBaHe B HACTOALWMA ANCEPTALMOHEH TPyA,).
doToxmmunyHm (boToNmn3a) — pasnaraHe Ha MosIeKyNaTa Ha BoAaTa Nog, AeNCcTBUE Ha CBET/IMHHA
€HEepruna 1 B NPUCHCTBMETO Ha NONYNPOBOAHNKOBM GOTOKATAIN3ATOPW.
doTOENEKTPOXMMUYHA — AMUCOLMALMATA HA BOAHMUTE MONEKYAM NPOTMUYA YPE3 E/IEKTPOXMMMUYEH

npouec.

1.5 3aknioueHue

BogopoabT e ekonorocbobpaseH eHeprmeH HOCUTEN, KOUTO C NPOABAXKABALLOTO TEXHONOTMYHO
pasBuMTME M HamanAaBaHe Ha pasxoauTe 3a NOAyyYaBaHETO My, MMa MNOTeHuUMan 3a Bce Mno-
3Ha4YMMa ponsA B robanHUA eHeprmeH MUKC, AONPUHACAAKM 33 NOCTUIAHETO HA KIMMATUYHUTE
LEeNnN 1 eHeprumHaTa CUrypHocCT. Bbnpeku, ye napHUAT puPOPMUHT Ha NPUPOAEH ra3 e OCHOBEH
meTo, 3a MPOM3BOACTBO Ha BOAOPOA, MNOpaau MNO-HUCKUTE CU pasxoauM M yTBbpAeHa
MHOPACTPYKTYpPa, €N1eKTPOoM3aTa Ha BOAA MMA 3HAYUTENHM EKOJIOTMYHM npeaumcTea. TA
nossonasa uHTerpauma ¢ BEWM n ennmmunHmnpa emucumte Ha CO,, KOETO A NpaBu KAKOYOB
MHCTPYMEHT B Mnpexoda KbM HWUCKOBbrAepogHa eHepreTuKka. [lopagu nepcnexktusmute 3a
pa3BUTME Ha eNeKTPoIn3aTa Ha BoAa KaTo BOAELLA TEXHONOIMA 33 YCTOMYMBO NPOM3BOACTBO Ha
BOAOPOA, MOBWUILUABAHETO Ha eQpEeKTUBHOCTTA HA eNeKTPOAM3HUTE cucTeMn e obeKT Ha

n3cnenBaHe B HaCTOALLMA AUCEPTALMOHEH TPYA.



Nnaea Il. NMonyyaBaHe Ha BoaopoA 4pe3 eriekKTporiusa Ha

BoAa

Pa3rpa>+<,a,aHeTo Ha BOAHATAa MOJIEKYyN1a € TEPMOANHAMUYHO HECMOHTAaHEH €eHAOTEPMUYEH
npouec, KOMTO NPOTMUYA C NOTMbLLAHE HA EHEPrUA U NONOXKUTENHA eHTannuAa [52]. XumunyHaTa
Tpchd>opN\au,Mﬂ BK/1KO4Ba egHOBPEMEHHO peayKuna n okncaeHume, Kato U gsata npoueca ca
B3aMMHO CBbP3aHMW. BVI,D,'bT Ha HOCUTENINTE Ha 3apAd, y4aCTBall B €/IEKTPOXMMUNYHATA peakuuna,
3aBucKM OoT pH Ha cpepaTa. B KMCeNMHHM ycnoBMA TOBa ca BOAOPOAHUTE KaToHM (H*), B ankanHa
cpefa — xuapokcmgHute aHmoHn (OH™), AoKaTo npu TBbPAOOKCHAHATA ENeKTpo/siM3a ce

M3N0/13Ba TBbPA, €NEKTPONUT, NPOBOAALL 38 KUCIOPOAHM aHMoHM (0?7) [53].

1.1 AnKanHa enektponusa (AWE)

AnKanHaTta eNekTpoan3a e Hali-yTBbpAeHaTa TEXHO/I0TMA 33 NPOM3BOACTBO HA 3e/1eH BOAOPOL,
ypes eNeKTposiM3a Ha Boga. TA M3MNON3BA CUAHO anKa/lieH eNeKTPONT, 0OMKHOBEHO Kanues
(KOH) nnun Hatpmes (NaOH) xmppoKkcmp ¢ KoHueHTpaums okono 30 % mn pH=13-14, KoeTo
OCUTypsABa BMCOKA KOHLEHTPAUMA Ha XMAPOKCUAHN MOHU — OCHOBHUTE HOCUTENM Ha 3apAaa. B
cucTemata KaTo cenapatopu ce M3non3saT nopectu Aauvadparmum UAM aHUOH-0OMeEHHU
membpaHn (AEM), KaTo Npu KNAaCUMYECKMAT AM3alH MMA Pa3CTOAHUE MEXAY eNneKkTpoauTe
(finite gap), a npn NoaobpeHUTE KOHCTPYKLMUU - ENEKTPOAUTE Ca NABTHO NPUNENEHU KbM

membpaHarTa, T.Hap. ,,Hy/NeBo pasctoaHue” (zero-gap) [54], [55].

1.2 EneKTpoan3bopu ¢ NPOTOHHO 06MeHHU membpaHu (PEM)

Mpw PEM ce n3nonsea NnpoToHHOO6MeHa nosnmepHa membpaHa Ha OCHOBaTa Ha KMCE/IMHHO-
AoTUpaH (Hak-yecto ¢ H3PO4) nonnbeHsommngason (PBI) kKato enektponut [64], [65]. KneTkute
ca KomnakTHu ( 5-7 mm) [39]. OT aHogHaTa cTpaHa BoAaTa ce AucoumMmpa oT NoAaAeHOTO
HanpesKeHue, NPU KOeTo ce reHepupa razoobpaseH KUCNopoa, BOAOPOAHN NOHM N €NEKTPOHM.

11.3 EneKTpoansbopu ¢ TBbPAOOKCUAHU KneTku (SOEC)

AWE n PEM paboTaAT npu cpaBHUTENHO HUCKU TemnepaTypu (<180 °C), koeto BOoAM [0

HeedeKTMBHOCT Ha NpoLeca, OTYNTANKN TepMOAMHAMMKaTa Ha enekTponumsarta [10]. Cnopepg



TEePMOAMHAMUYHUTE MPUHUMNM, NPU MO-BUCOKM TemnepaTypu 4YacT oT Heobxogumarta 3a
pasfiaraHe Ha BOAHWUTE MOJIEKY/IN E€HEpPrusa, MOXKe [a Ce A0CTaBW KaTo TOMJIMHA, KOEeTo
HamanaBa obLLOTO enekTpuyecko notpebneHme Ha cuctemaTa. TepMoANHAMUYHUTE aHANU3M
Ha AMcoumaumnaTa Ha BoAHaTa MOJIEKYNa MOKasBeaT, Ye cBoboaHaTa eHeprua Ha Mnbc (AG) Ha

peakyunATa HamanAasa C NOBULLAaBaHE HAaTEMMNEPATYPATA HA €/IEKTPO/IN3HATA KNETKATA [39]

1.4 OcHOBHM KOHUrypaLumumn Ha eNeKTpoan3bopu

CbluecTByBaT TP OCHOBHM KOHOUIypaLmm Npu eNeKTPOoAM3bopuTe: MOHOMNOAPHA, BunonspHa
M BunonapHa c ueHTpaneH enektpod [68]. Mpu MmoHononapHata KoHdUrypauma BCAKa
€/1eKTPoAHa NoYa € CBbp3aHa AMPEKTHO KbM 3axpaHBaAHETO M Ha ABETe M CTPaHM NpoTUYa
efQHa M Cblla peakums — MAM eBOMIOUMA Ha BOAOPOA, WAM Ha Kucnopog. ToBa WM3MCKBa
napanenHo CBbpP3BaHe Ha KAETKUTE, BOAELLO A0 BUCOK 06U, TOK, 3HaYUTENIHU OMUYHM 3arybu un
HeobXxoAMMOCT OT MacMBHM TOKOBOAELUM LWMHM — NOAXOAALLA € FNAaBHO 33 NO-MaJIkKn CUCTEMMU

[69].

1.5 CpaBerenHo unicnenBaHe Ha NOJs1ly4aBaHETO HA BOAOPOA Ype3 Pa3/ZIndYHU eNNeKTPOJIN3HN

cmctemum

AWE, PEM n SOEC ca yTBbpAEHM TEXHO/IOTMM 32 NPOU3BOACTBO Ha BOAOPOA YpE3 pa3siaraHe Ha
Boga [71]. AWE u PEM enekTponnsbopute paboTAT Npu CPaBHUTENHO HUCKU TeMMepaTypw,
KOeTo B/AMsie BbpXy HeobxoaumaTa eHeprus 3a npoLeca Ha pas3naraHe Ha BOAATA M BbpXy
obuwaTta edpeKTMBHOCT. KntouoB dakTop 3a eheKTUBHOCTTA € Bpb3KaTa MeXAy HanpeXKeHUeTo B
KNeTKaTa M NIbTHOCTTa Ha ToKa. PEM kneTkute, paboTelm npu NAbTHOCT Ha ToKa 2 A/cm?,
nocTuraT NnpounssoauTenHocT Ha H, oT okono 8.4 Nm?3 Ha/ m?, gokato npu AWE, paboTtewwm npu
0.45 A/cm?, ta e okonio 1.9 Nm3 Ha/m? . ToBa noka3Ba 3HauMTesIHaTa pas/vKa B KanauuteTta Ha
asete TexHonornn. Bovnpeku, ye PEM, npepnara no-emcoka npowussogutenHoct, AWE
TeXHo/IorMATa € No-yTBbpAEeHa U e NpuaaraHa B no-ronemun mawabm — go 6 MW, gokato PEM

BCE OLLLE € OrpaHMYEHa A0 NO-MaJIKn MolLHoCcTH [72].



Mmasa Ill. MaTtemaTnyeckm mMogenu Ha npouecuTe B
eJ1IeKTPOSIN3HU KINeTKU

l11.1 ENeKTpOXMMUUYHN MOAEeNIU HA eNEeKTPONN3HUN KNEeTKU

EnekTpoxMmmyHaTa peakums, NpoTUYallLa B €NeKTPOSIN3HUTE KNETKKU, Ce BAUSe OT HAKOJIKO
KNOYOBM NapamMeTbpa: HanpereHne Ha Knetkata (Veen), paBHoBeceH noTeHuuan (Veq),
AKTUBALUMOHHU npeHanpexKeHuUs (Vactvation) M Mad Ha HanpexeHue oT oMUYHM 3aryom (Vohmic).
O6UL0TO HaNperKeHMe Ha KNeTKaTa ce U3pasaBa KaTo CymMa OT paBHOBECHMA NOTEHUMan 1 naga

Ha HanperKeHue OT PasINYHUTE 3arybun, KaKToO e NoKa3aHo B ypasHeHue (3.1.1.):

Veeu = Veq + Vactivation ¥ Vonmic (3.1.1)

KONKOTO NO-HUCKM ca MpeHanpeXeHusaTa, TONKoBa No-61M30 e peasiHOTO HanpeXKeHwe Ha
knetkata (Viep) [0 TepmogmHamuuHus MUHUMYM (Veq), HeobxoAMM 3a CTapTMpaHe Ha
peakumsaTa. 3aBUCMMOCTTa MeXAYy HamnpexeHWeTo W rosemmHaTa Ha TOKa, npoTuyaly B
e/1eKTPOXMMMNYHATA KNeTKa, NpeacTaBasaBa NOAAPU3aLMOHHATA KPMBA, KOATO XapaKTepusunpa
epeKTUBHOCTTa Ha enekTponusbopa. CKOpocTTa Ha MPOM3BOACTBO Ha Bogopod (mol/s) ce

onpeaenn oT 3aKoHa Ha Papageit u Papageesa KoHcTaHTa (F):

=5 (3.1.4)

Kbaeto: I e ronemmHata Ha ToKa npes kneTkaTa (A), KOWUTO, OT CBOA CTpaHa, ce AeduHMpa Ypes:

I=jA, (3.1.5)

Kbaeto: j e nabTHOCTTa Ha Toka (A/m?), a A, e akTuBHaTa nsiow, Ha enektpoga (m?). OT
ypaBHeHue (3.1.4.) cTaBa ACHO, Ye NPOM3BOACTBOTO Ha BOAOPOA € B MpsAKa 3aBMCMMOCT OT
rofieMmHaTa Ha TOKa B cMCTemaTa, KOATO, OT CBOSl CTpaHa, 3aBUCKU OT epeKTMBHATA NOLL Ha

enekTpoauTe.



111.2 MaconpeHOoC B eN1eKTPOXMMUUYHU KNETKU

Mpwn enekTponusata ce obpasyBaT rasoBM MexypuyeTa (BOL4OPOA M KUCIOPOA), KOUTO
3HAYUTESIHO BAMAAT BbPXY MacoobmeHa U BbpXy ePeKTUBHOCTTa Ha eneKktpoaute [97]. 3a
ONMCaHMEe Ha MaCOMpeHOCa B EN1eKTPOXMMMUYHU KNEeTKM ce npwuaara moaen Ha AsydasHo
TeYyeHMe, M3BECTEH KaTo MoAen Ha TeyeHueTo ¢ mexypyeta (Bubbly Flow), KoliTo onucea

nosegeHMETo Ha rasosaTta d>a3a B Te€4HaTa cpeaa.

111.2.1 MaTtemaTuueckm moaen Ha ABY¢PasHO TeUEeHUE B €/IEKTPO/IU3HU KNETKU

MogenbT 3a ABYyda3HO TEYEHME C MEXYPYEeTa e ONpPOCTeH BapuaHT Ha ABYGAYMAHUA NOAXOA
Ownep - JlarpaH:K, Npy KOWTO ce Npocnennsa pasnpeneneHMeTo Ha AuchneprupaHa ra3osara
¢dasa B HenpekbCcHaTa TeYyHa cpeaa. [BUMKEHMETO Ha rasoBuTEe MexypuyeTa ce onpepens ot
rpagMeHTa Ha HansAraHe M BUCKO3HOTO CbNPOTUBNEHNE, MOPOAEHO OT CUANTE HA TPUEHE MeXKay
MexXy4eTo 1 TeyHocTTa [98]. PaBHOBECUTETO MEXKY Te3U CUAKN ONpeaens CKOPOCTTa M NOCOKaTa
Ha ABW)KEHWE Ha ra3oBUTe MexypyeTa. 3a BcAKa OT pasuTte ce AedUHMPa OTAENHO CKOPOCTHO

none, a AMHaMMKaTa UM Ce ONUCBa Ype3 YPAaBHEHNATA 3a 3aMa3BaHe Ha MmacaTta U UMmnyaca.

111.3 3akntoueHune

MaTemMaTM4YecKOTO OMNUCaHME Ha eNeKTPOXMMMYHMUTE NPOLECU MNOKA3Ba, Ye aKTMBHaTa
NOBbPXHOCT Ha efleKTpoanuTe e onpeaenaw, GakTop 3a HamanABaHe Ha AKTUBALMOHHUTE 3arybum
1 33 NOBMLUABAHE Ha NNBTHOCTTA HA TOKa M f06MBa Ha BOA0POA, NOPaAUN KOETO NOBMLLIABAHETO
Ha e(dEeKTUBHOCTTA Ha €e/IeKTPO/IM3HUTE KIETKM M3UCKBA LeNeHacoyeHa pas3paboTka Ha
€N1eKTPOAHM MaTepuann U ONTUMU3ALMA Ha eNeKTPOAHMA AM3aiH. B HacTtoAwaTta pabota e
n3bpaHa anKasHa eNeKkTponmn3a, Tbil KaTo KbM MOMEHTA TS OCTaBa Hal-yTBbpAEeHaTa U Hal-
LUIMPOKO M3N0A3BaHA TEXHOIOTUA U UMEHHO BbPXY ONTUMMU3NPAHETO HA eNEKTPOLAHUA AMU3ANH

Ha anKa/fieH eNneKkTPoan3bop e GOKYCMPAH HACTOALLMAT AUCEPTALNOHEH TPYA,



lnaea IV. MoagenHn wu3cnegBaHMA Ha BOAOPOAHU
eJ1IeKTPOSIN3HU KINeTKU

3a peannsnpaHeTo Ha MoZeNHUTe cumynaumm e nanonssaH mogynsT Fuel Cell & Electrolyzer
Ha COMSOL Multiphysics 6.2, KoiTo no3BO/ABa WMHTErpupaH Noaxoh 3a w3c/ienBaHe Ha
€/1eKTPOXMMMUYHM NPOLLeCH, TONNONPEHOC, ABUMXKeHWe Ha GNynau U CTPYKTYPHU napameTpu B
eauHHa cpepa. M3cneaBaHn ca KOHPUrypaumMm Ha eneKkTPpOXMMMUYHM KNEeTKM, NpuaaraHu 3a
€/1eKTPO/IN3a Ha BOAA, KNACUYECKUAT asIkaNeH eNeKTPOAM3bOop, €NeKTPOaN3bop C TBBLPA,
€NeKTPoINT U  aHMoHoOMeHHa mMmembpaHa (AEM), Kakto ¥ moauduumpaH ankaneH
enekTponmsbop. Ha dur. 1V.3 ca npeactaBeHM NOAAPU3ALMOHHUTE KPUBU Ha TPUTE U3C/eaBaHMU
€/1eKTPO/IN3boPa — KNACUYeCcKM ankaneH, AEM n moamnduumpaH ankaneH ¢ nepdopupaHm
enekTpogun. Mogenute ca CUMyAMPaHN NPU e4HAKBU TPAHUYHM YCAOBMA B PE3YNTAT HA KOETO,
AEM eneKkTponm3bopbT NOKa3Ba HaM-HUCKA NPOU3BOAUTENHOCT M NO-BMCOKM 3arybu Npu HUCKK
NABTHOCTM Ha TOKA, KOETO e MPAKO CBbP3aHO C OTCbCTBMETO Ha KaTtanuszatop. [lpu
pa3paboTeHna moaAnPUUMPAH aNKaneH eneKkTponausbop, ce ysenuyaBa pebenuHata Ha

enexkTpoaunTe AOeCeTtoKpaTtHO KOeTo, Cb3aaBa ONnNTumasHM ycnoBuAa 3a MNPOTUYAHE Ha
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MAbTHOCT Ha ToKa [A/cm?]

Qur. IV.3. MNonAapmsaumMoHHN KPUBU HA TPUTE N3CneaBaHN MOJeNa HA eNeKTPOIU3HU KNeTKU

€NEeKTPOXMMUYHUTE peakuun 6e3 nosBulaBaHe Ha aKTUMBALMOHHUTE UAN OMUYHUTE 3aryomu.
MocTtura ce CbLLOTO NPOU3BOACTBO Ha BOAOPOA, KaKTO MPU KNACUYECKUA enekTpoamsbop, npu
Hag 50 % no-manbK obem Ha KneTKaTa. [No-ronsamaTta gebenmHa Ha efleKTpoamTe No3B0/1ABA MNO-
paBHOMEPHO pasnpegeneHne U OTBeXAaHe Ha TONAMHaTa, NOAAbPXKAMKM MAKCMMaNHa

paboTHa TemnepaTtypa oT 21.3 °C npu NABTHOCT Ha ToKa ot 100 A/cm?.



Mlmaea. V. BanuaupaHe Ha 4ucrneHusas wmMopgen cC
eKCNnepuMeHTanHu AOaHHU UM u3rpaxagaHe Ha Moaenu Ha
nakeTu eneKTPOSIN3HU KIeTKU

3a BanguMpaHe Ha M3NoA3BaHMA YUCAEHNA MOAEN 32 MOAENNPAHE Ha alKa/leH e/IeKTPOIN3bopP
ca M3Mn0A3BaHM PabOTHU XapaKTEPUCTUKM Ha peasneH anKaleH enekTposiM3bop ¢ bunonspHa
KOHPUrypaumsa. EnekTponmsbopbT cbabpika 06uo 40 enekTpoaa, KaTo caMo KpaliHuTe ABa ca
aKTUBHMU U CBbP3aHN OUMPEKTHO KbM €/1eKTPUYECKO 3axpaHBaHe, a ocTaHaiuTe QyHKLMOHUPaAT
B 6BMnonApeH pexuMm. JuameTbpbT Ha BCEKM eneKkTpod e 325 mm, KaTo gebenuHata Ha
nacuBHUTE enekTpoau e 1 mm, a Ha aKTUBHUTE — 3 mm. ENEeKTpoNnUTLT e BoAeH pa3TBop Ha

Kanunesa ocHoBa (30 mol % KOH), a paboTHaTa TemnepaTypa e 80 °C.

V.1 BaamgupaHe Ha nsrpageHuma YACAeH MogeAn

EkcnepumeHTanHaTa U CMMYNALMOHHATA BONT-aMNEPHU XapaKTEPUCTUKM Ca NpeaCTaBeHu Ha
®ur. V.2. Halt-BucoKaTa M3amepeHa MOLLHOCT 3a peanHaTta cuctema e 25.47 kW npu Tok o1 321.2
A »n HanpexeHune 79.31 V, Kato npu cumynaumoHHua mogen npum 3321 A un CbwoTo
HanpeXXeHue, ce NOCTUra MoLLHOCT oT 26.34 kW, KoeTo npeacTaBniABa OTKIOHEHWNE B peanHuUTe

N cumynnpaHuTe gaHHu ot okono 0.87 kW unm ¢ 3.4 %.
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30 30

25 25.5 25

MouwHocT [KW]

20.8 =

20 i 20
15.9 5

15 8 15
E}

10 11.0 3 10
71 2

5 5

0 0

100 150 200 250 300 350 150 200 250 300 350
FronemuHa Ha Toka [A] FonemwuHa Ha Toka [A]
a) 6)

®ur. V.2 PaboTHM XapaKTEPUCTMKU HA: a) peaneH anKkaneH enekTpoansbop; 6) cumynaumoHeH
MOZEeN Ha peasiHa KoOHGUrypauma

V.2 U3caepBaHe Ha Bb3morkHocTuTe 3a cbBmectABaHe Ha eaekTpoAmMsbop ¢

¢doToBoOATaMYHa cucTemMa



MonApM3aLMOHHUTE XapaKTepUCTUKU onpeaenat edeKTUBHOCTTA Ha eneKkTpoamnsbopa npu
Pa3IMYHU PEXMMM Ha paboTa, KOETO e KpUTUYEH GaAKTOP NPU OLEHKATa Ha CbBMECTUMOCTTa My
c BEM [108]. U3cnepBaHO e cBbp3BaHETO CbC conapHu potoBonTanyHm cuctemu (PV), Tt KaTo
ConapHaTa eNneKTPOeHepPrma e YMUCT, YCTOMYMB U3TOYHMK 33 MPOU3BOACTBO Ha 3€/1eH BOAOPOA.
MpepM3BUKATENCTBO NPU AMPEKTHATA BPb3Ka Mexay GOTOBONTAULM U eNeKTPOAM3bopU ce
CbCTOM B HEMOCTOAHCTBOTO Ha eHepronpoussoacTsoto ot PV mHctanaummte. Tosa Boau A0
HEeCBHOTBETCTBUA MEXAY MOMEHTHATA MOLLHOCT Ha e/IeKTPOo/In3bopa U npomssegeHaTta ot PV
MOLLHOCT. 3a Cbr/1acyBaHe Ha HATOBAPBAHETO MEKAY ABETE CUCTEMU € HE0HXOAMMO NO3HABAHE
Ha NONAPM3aLMOHHATA KPWBA HA €NeKTPO/N3bopa, TbM KaTo TA OnNpeAenAT OnTMManHata
paboTHa To4Ka Ha ycTpoiicteoTo [109]. AnpeKTHO cBbpP3BaHe Ha PV-eneKkTpon3bop no3BonsBa
MaKcMmaneH obus Ha BOAOPOA, KaTO eQHOBPEMEHHO C TOBA Ce rapaHTMpa CTabunHocT B
paboTaTa Ha eNeKkTPosIn3HaTa CUCTEMA M Ce U3DATrBaT eHepruiiHm 3arybu, nopaan HenpaBuIHO
OopasmepsABaHe UM HeCTabuNHO NofaBaHe Ha eNleKTpoeHeprusa. KakTo eNeKkTpon3bopbT, Taka
n potosontanuHute (PV) moaynm pabotart B noctosHHOTOKoB pexkum (DC/DC), KoeTo npasu
AVNPEKTHOTO MM CBbp3BaHe MNO-ePeKTMBHO M MKOHOMWYECKM M3roAHO, TbM KaTo oTnaja
HeobxoAMMOCTTa OT M3MO0JI3BaHE Ha MHBEPTOPU, TPpaHchopmaTopu u usnpasutenn (dur. V.11)

[110]. UscnepBaHa e MaKCcMManHaTa MOLLHOCT, KOATO MOXKe ga b6bae reHepupaHa ot PV,

doToBONTAaNU4YHa cucTema EJ'IeKTpDJ'IMBbOp
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dur. V.11 Cxema Ha OMpPeKTHa Bpb3Ka MEXAY eNeKTPOoaM3bop M

coNlapHa cuctema
N3NON3BaNKM ANPEKTHO-CBbP3aHa cxema (direct-coupled system), npu KoAaTo paboTHaTa ToYKa
Ha PV cbBnaga c (I-V) xapakTepucTuKa Ha enekTponnsbopa. M3XoaHUAT TOK U HanpexXeHue ot
PV cuctemarta (Ipy, Vpy ) ca paBHM Ha BXOAHMA TOK M HanpexeHne Kbm enektponunsbopa (Ig;

Vi) [112].



NnaBa VI. BogopoaHu ropMBHU KNETKN

3a pasnurKa OoT eneKkTpon3aTa, NPM KOATO Ce BAara enekTpuyecka eHeprua 3a npegms3BuKBaHe
Ha eNeKTPOXMMMUYEH NPOLLEC, NPU TOPUBHUTE KNETKM Ce reHepupa eneKkTpuyecKa eHeprua or
XUMUYHUTE B3auUMOAENCTBMA. [OpPUBHUTE KNETKM ce KnacubuumpaT cnopes Buaa Ha
M3MN0/3BaHUA €/eKTPOAUT U TOPUBO, KOETO onpenena enekrpogHuTe peakuumm u Buaa Ha
TPaHCMOPTHUTE WMOHM, y4acTBalM B npoueca. EnekTpoxMmuyHata peakums nNpoTMYa Ha
NMOBBPXHOCTTA Ha €/IeKTPOAMTE, FTeHEePUpPaKKM HanpesKeHne, KOeTo ce npeaaBa 3a 3axpaHBaHe
Ha BbHLWeEH enekTpuyeckn TtoBap [120]. 3a pa3nuKa oT baTepuuTe, FOPUBHUTE E€/1IEMEHTU
onepupaT Npu HeNPEKbCHATO MacoOBO TEYEHUE HA peareHTUTe (PeayKTop 1 OKUCAUTEN), KOUTO
ce nojasaT KbM €NeKTpoauTe, KOEeTO NnOo3B0/ABA HEenpeKbCHATO reHepupaHe Ha
E€NEeKTPOXMMUYHA eHeprua, AoKaTo baTepunTe CbXpaHABAT XMMUYECKA eHeprua B 3aTBOPEHA
cuctemMa (3apaa-paspaaeH UMKbA Ha pyHKUMoHUpaHe) [121]. EHepruiHmnaT 6anaHc Ha ropuBHa
K/IETKa BK/OYBA CAe4HUTE KOMMOHEHTU: eHTaNNNA Ha peareHTUTe, Npou3sBeaeHa TonanMHa oT
€NeKTPOXMMUYHUTE npouecn KW 3arybu Ha Ton/AMHA OT KJAETKaTa B OKOJIHata cpeaa.
MaKcumanHaTa TOMJ/IMHA, KOATO MOMKe Aa ce OTAeNn Npu peakuuAaTa, e pasBHa Ha HHV Ha
BOAOPOAA, @ MaKCMMasiHaTa M3BbplueHa paboTta ce onpeaensa OT CTOMHOCTTa Ha AG, kato

TeopeTUYHaTa enekTpoasukella cuna E° npu aageHa temnepatypa T, LWe ce M3pasu KaTo:

o= 26 1y (6.2.3)
zZ.F

Mpwn onpeaenaHeTo Ha edeKTUBHOCTTA Ha TOPUBHM KAETKM Ce OT4YMTa OMno/30TBOpeHaTa
eHepruna nog ¢opma Ha pabota (cBoboaHaTa eHeprua Ha Tmbc AG), oTHeceHa Kbm 06LLOTO
KOZIMYECTBO XMMUYHA eHeprus, ocBoboaeHo npu peakumaTa (eHtannmata AH), kbaeto 6pon Ha
€N1eKTPOHUTE , NPEHaCsAHM B e/IeKTPOXMMYHaTa peakumsa ca (z), a F e KoHcTaHTaTa Ha Papagen,

KOETO AaBa UAeaHUAT KoedUUMEHT Ha ePEKTUBHOCT:

AG
nideal‘ﬁ (6.4.1)



PeanHoOTO HanpexeHWe Ha ropusHaTa Knetka (V,.;;) € BUHarM no-masnko ot TepMOHEYTPasIHOTO
HanpeXXeHue, Nopaaun Pas/NYHK eHepruimHn 3arybu B cuctemata. Tesum 3aryou dopmupar T.
Hap. NONAPM3aLMOHHA KPMBA Ha rOPMBHATA K/ETKa, KOATO OMMCBA 3aBUCMMOCTTa MeXay
paboTHOTO HanpeXeHne U NABbTHOCTTA Ha Toka [125]. MNonapusaumoHHUTe 3arybute BoaAaT Ao
pas3nMKa MmeXAay peasHoTo paboTHO HanpeXXeHne U NAeaNHOTO HanpeXeHne Ha KNeTKaTa, KaTo
BuHaru e BannaHo Vioip < Vigeqr - OCBEH TOBA, HE LANOTO KOIMHECTBO rOPMBO, NOAABAHO KbM
aHOZa Ha ropMBHaTa K/JEeTKa, Ce peayumpa Ha Katoaa, nopagm Koeto paboTHOTO HanpexeHue
TpAbBa ga 6bae KopurMpaHo ¢ KoeduUumeHT 3a epeKTUBHO M3MN0A3BaHe Ha ropmnBoTo [126]. To3u
KoedUUMEHT ce oTpasABa B ypaBHeHue (6.1.9) 3a HeTHaTa epeKTUBHOCT. MNonApu3auMoHHUTE

3ary6M, OTpPa3eHn BbpPXy NONAPU3aLMOHHATA KpUBa, Ce AENAT HAa TPU OCHOBHU 30HWN, MOKA3aHU
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MAbTHOCT Ha Toka (mA/cm?)

®ur. VI.2. NMonapusaunoHHa Kpuea Ha PEMHFC, oTpasaBalla 30HMTe Ha 3arybute npu
€NeKTPOXMMUYHUMA NpoLLec



Mnasa VII. lMonumepHa npoToHnpoBoaswa MeMOpaHHa
ropuBHa knetka (PEMFC)

PEMFC nmaT no-HucKa paboTHa TemnepaTypa M 6bp3 CTapT B CbNOCTaBKa C Apyrute BUA0BE
FTOPUBHU KNETKW, N BUCOKA NABTHOCT HA MOLLHOCTTA NPM KOMMAKTHU pa3mepu, KOETO r'v nNpasu
NnoAXoAALM 38 MOBUAHWN U cTauMoHapHK npunoxenns [138], [101], [139]. HegocTaTbymTe Mm
Ca CBbP3aHM C TAXHATA ePEKTUBHOCT MPU BUCOKU NABTHOCTM Ha TOKA, EKCMI0ATALMOHHUSA }KUBOT
Ha membpaHaTa, N3noa3BaHeTo Ha 61aropoAHN MeTanu B KOHCTPYKLMATA UM U yNPaBAEHNETO
Ha BogHua banaHc [140], [141]. MexaHMuyHaTa CTabUAHOCT Ha ropMBHATA KNEeTKa Ce OCUrypsaBa
OT ABYMOJIFOCHU NAIACTUHWU, KOUTO M3MBAHABAT U QYHUMATA HA KONEKTOPW, U OCbLLEeCcTBABAT
eNeKTpMyecKaTa Bpb3Ka C BbHLHATa Bepura. TexHUTe KaHanHO-OPOPMEHU MNOBBPXHOCTU
CNy)XKaT 3a NojaBaHe WM OTBEXAAHe Ha BOAOPOA, Kucnopoa M obpasyBanata ce BopAa.
MnacTMHUTE ce M3roTBAT OT rPaduT UAM NOAMMEPHU KOMMO3UTKU, KaTo opebpeHuAaTa Mm ca
meTanHu [105, 142]. Mo-ronemnte KNeTKM UMaT KaHa/HM OTBOPW 3a NoJaBaHe Ha oxaakaal,
areHT (HaM-yecto Boga) 3a OTHEMaHe Ha reHepupaHaTa TOM/MHA NO Bpeme Ha paborTa.
YctaHOBeHO €, Ye npu pabota Ha PEMFC npu BMCOKM NABTHOCTM Ha TOKA Ce YyCTaHOBABA
NoHM»XeHa epeKTUBHOCT, 0O6YCNOBEHO OT HATPYMNBaHETO Ha BOAA, FeHepUpaHa B pe3ynTaT Ha
€N1eKTPOXMMMNYHMA MPOLLEC, KOETO BOAM A0 HAaBOAHABaHEe Ha membpaHaTa M Bb3NPenATcTBa
edeKTMBHUSA TpaHCNOPT Ha peareHTuTe [147]. OTumTa ce cblo cnag B ePeKTUBHOCTTA NPU HUCKMK
NABTHOCTU HA TOKa M MPWU MpecyllaBaHe M HeAOCTaTbYHOTO OBNAXKHABAHE Ha MeMbpaHaTa,
KOeTO Bb3MPenATcTBa MOHHATa NPOBOAMMOCT M Hapylwasa paboTaTa Ha KneTkaTa [148].
CnepoBaTteniHO, NOCTUTAHETO Ha MaKcMMasiHa epeKTUBHOCT Npu paboTa Ha rOpMBHA KNETKa €
NPAKO CBbP3aHO C ONTUMA/IHOTO YNpaB/ieHMe Ha BOAHWMA 6anaHc, ¢ uen npeaoTBpaTABaHe
Bb3HMKBAHETO KAaKTO Ha 30HW Ha HaBOAHABAaHE, Taka M Ha MpecylaBaHe, KOUTO 3HAYUTENHO
HapylaBaT eNIeKTPOXMMMYHATA W TpaHCnopTHaTa eQpeKTMBHOCT Ha cucTemaTta [74].
KOHBEHUMOHANHNTE KaHaNHU CTPYKTYPU B FOPUBHUTE KAETKU OCUTYPABAT HEMPEKBCHATOCT Ha
TEYEHMEeTO OT BXOAA A0 M3X0A4a, KAaTO TEYEHUETO Ha peareHTUTe ce ABMXKM NapanenHo Cnpamo

NMOBbPXHOCTTA Ha eflekTpoaa [149].



3a pa3nnKa OT KOHBEHLMOHAHAaTa IMHEWHa KaHanHa CTPYKTYpa, TPUU3MEPHUTE KOMMIEKCHU
noneta c NoBTapsAlWM ce nperpaau, T.Hap. "nperpageH" AusaiiH, npeacTaBasBa nperpaau c
dopma Ha ob6bpHaT Tpaney, B KaHa/sHaTa CTPYKTypa, MOKa3aHW B cMHbO Ha dur. VII.3. Te
Cb3AaBaT MUKPOMaLLAbHO TeyeHMe mexay rasogmdysmoHHMA CAOM U KaHaNHUTE MOJeTa,
reHepupamkn MHTEH3UBHO KUCNIOPOAHO TeYeHWe, KOeTo OTCTpaHABa M3/MWHATa BOAad OT
rasoandysMoHHna cnoit U nopobpasa edeKkTMBHOCTTA Ha FOpMBHATa KneTKa. braute Ha
nperpagute (Tpaneua) MMaT CbLLECTBEHO 3HAYEHWE, KaTo ONpeaensaT brbaa, noh KOUTO
Bb34YyXbT NPOHWMKBA B ra3o0andy3MOHHMA CNOM. YCTAaHOBEHO €, Ye bIb/l Ha KaTeTuTe C OCHOBaTa
ot 45° paBa Han oobpwu NokasaTenun n yesesmyasa ¢ 18.8 % NAbTHOCTTa Ha MOLLHOCTTA, KaTo Npu
30° 1 60° cbLo OKa3Ba NoAobpeHNs, HO B NO-HUCKA cTeneH [161].

HamanaBaHeTo Ha XMApPaBANYHOTO CbMNPOTMBAEHUE Nognomara Ed)EKTVIBHOTO NPOHUKBAHE Ha

3oHu ¢ nodobpen npeHoc Ha Peuyupkonayus Ha nomoka,
Kucnopod u omeexdaHe Ha 8O0HU cmecsaHe u suxpoomdensHe
Kanuuuu scnedcmeue Ha acnedcmeue Ha UHEPUUOHHU
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®ur. VII.3 YnpasneHune Ha BogHWA banaHCc Ha KaToAHaTa CTpaHa Npu nperpageH An3anH

peareHTUTe Npe3 MopecTua CAOM M NO-MbJIHOTO M3MON3BAHE HA AKTMBHATA NOBBPXHOCT Ha
enektpogmuTe. 3a nopobpABaHe Ha XOMOFeHHOTO NPOTUYAHE Ha eNEeKTPOXMMUYHATA PeaKkuus
BbPXYy UfANATa eNeKTPoAHa MOBBbPXHOCT, Ce Mpuaara MOZEN 3a CTPYKTYpHA ONTMMM3AuUs,
BABXHOBEH OT BUONOTMYHN CUCTEMM U OCHOBAH Ha aNropuTMu, paspaboteHn ot AnbH TropuHT

[165, 166].



Mnaea Vill. MogenHu onucaHna Ha rOPUBHMU KINETKU

HannyHute B HayyHaTa /AMTepaTypa MOAENHW OMUCAaHWA OBMKHOBEHO Ce OrpaHW4YaBaT Ao
egHodasHM cMMynaumm UamM onpocteHn aAgydasHM Noaxonm, KOUTO He OTPA3ABAT aAeKBATHO
CNOXKHOCTTA Ha AByda3HUTE TEYEHWUA B reOMEeTpUATa Ha KaHanHaTa CTpykTypa [178]. B To3m
KOHTEKCT, MHTEerpMpaHeTo Ha ABydasHUA mogen Ha Popxaiimep, € OT CbLLECTBEHO 3Ha4YEeHMe 3a
peannucTMyHoOTO CUMynMpaHe Ha nosBeAeHWeTO Ha TeyHocTuTe B 3D nosneta Ha TeuyeHueTo.
NHCTannpaHeTo Ha Nperpagm B KAHANTE Ha TOPMUBHU KNETKU C NPOTOHOOOMEHHA membpaHa e
TEXHONOrMA 3a Cb3gaBaHe Ha 3D MUKpopeLeTKM, KOMTO cnocobCTBaAT 3a peunpKynauLmaTa Ha
TEYEHMEeTO, pPasWMPABAHETO, CBMBAHETO W (GOPMMPAHETO HA BUXPM, W3BECTHU KaTo
NHepumMoHHK edeKkTn (edpeKT Ha Popxalimep), NnpeactaBeHn Ha dur. VIL.3 . EneKTpOXMMUYHUAT

noTeHumMan Ha ropusHata knetka Vo B ypaBHeHue (8.1.3) e GpyHKLMA OT MIBTHOCTTA Ha TOKa

(1) 1 Beye cnomeHaTUTe OCHOBHM BMA0Be 3arybu, KouTto ce nopaxaat [183]:

Veett = Viernst =Norm —Nact = Nair = f() (8.1.3)

B pPamMKNUTE Ha TOBa U3cnenBaHe, N1bTHOCTTA HA TOKA Ce CpaBHABA NMPUN 3a4a4E€HO HanpexXeHne

ot 0.7 V 3a BCMYKM mogenu. Tbi KaTo ypaBHEHWETO Ha HepHCT AaBa pPaBHOBECHOTO
NOTEHUMANHO HaNpPeXeHne, KOETo e TEOPETUYHOTO HaMnpeXKeHue Npu OTBOpeHa Bepura Vocp,

ypaBHeHueTo (8.1.3) MmoxKe Aa 6bae M3pa3eHOo Mo CNeAHUA HAUUH:

Veenn= Vernst - rlohm(‘l) - rlact(‘[) - Naif (i) (8.1.4)

AN A AN
Kbaeto Vyernse € noTeHumanst Ha HepHcT, @ Nopm (1) - Ngee (D) - Ngip (1) npeactasnasar
CbOTBETHO OMWYHU, AKTUBALMOHHM 1 ANdY3NOHHM 3arybu. OMuuHUTe 3arybu ce onuceaT Ypes

YpaBHEHMWETO:

€

Nohrm (i) = Rinternar L [VI (8.1.5)



OMUYHUTe 3arybu ca NMHENHU U Rijternar € CYMa OT CbNPOTUMBNEHMATA HA aHOAa, KaToda U
eNeKTPOINTa, YMHOXEHN Mo ToKoBaTa NabTHOcT (1) A/cm?. AKTMBaUMOHHWTE 3arybu ce

n3pasnBaT ypes ypasHeHue (8.1.6):

RT i

Y
Nace (D) =
KbaeTo: R e yHMBepcanHaTa rasosa KoHcTaHTa (8.314 J/mol.K); T e paboTHaTa Temnepatypa, a
e KoepuUMEeHTbT Ha NpeHoC Ha 3apAaa; F e KoHctaHTata Ha ®apageit (96 485 C/mol); L e
paboTHaTa NALTHOCT Ha TOKAa; 10 e 0bMeHHaTa NABLTHOCT Ha ToKa. Audy3nmoHHMTe 3arybu ca

AedbuHUpaHm ypes ypasHeHue (8.1.7):
Nair (D = BIn(1 — =) V] (8.1.7)

Kbaeto: ndif e andysmoHHua cepbxnoteHuman [V]; B e koHcraHTata 3a AndY3MOHHO

HanpexeHue [V]; L — nabTHOCT Ha Toka [A/cm?]; Uim — NABTHOCT Ha orpaHuyasaty, Tok [A/cm?].
Te3n 3arybu Bb3HMKBAT NPM BUCOKM MABTHOCTM HA TOKa, KOraTo Ce OrpaHuM4yaBa MacoBUAT
NMpPeHoc M ce u3yepnsaT peareHTUTe B 6AM30CT A0 enekTpoda B, koTto e emnupuyeH
KoedULUMEHT, CBbP3aH CbC CBOIMCTBAaTa Ha MacomnpeHoca, a llim e AMmuTupallaTta NAbTHOCT Ha

TOKa. JIumuTnpawaTa NAbTHOCT HA TOKA Ce U3YNCIABA Ypes:

2FDCyz0
L

ilim = (8.1.8)

Kbaoeto (F) e KoHctaHTata Ha ®apageit, C/mol; D e koebuument Ha audysma, m?/s; L e
AebennHaTta Ha rasoamdysHma cnon (m); Cypp - 06eMHa KOHUEHTpaUMATA Ha peareHTa
[mol/m?3] [185]. MabTHOCTTa Ha 06MeHHMA TOK (ip), cnOMeHaTa B ypaBHeHMe (8.1.4.), e Kno4yoB
napameTbp NPM MOAENMPAHETO HAa TOPMBHU KNETKU. B pamKnUTe Ha HaCTOALLOTO U3cneaBaHe ca
n3non3saHun ctonmHoctn ot 1073 A/cm? 3a NABTHOCT Ha TOKa Ha aHoda 1 107% A/cm? Ha KaTtoaga,

6asnpaHu Ha AnTepaTypHU aaHHK [186].



Nnaea IX. MogenHun uscneaBaHns Ha KaHarnHa CTPYKTypa B
PEM ropuBHa kneTtka

B o6xBaTa Ha HacTOAWMA AUCEPTALUMOHEH Tpyh Ca pasriefaHn YeTUpU  PasIvyHK
KOHOUIypauum Ha NoTodHM KaHanu B8 PEMHFC. Mpu BCUMYKM BapMaHTM u3cneaBaHMATa ca
npoBeAeHn BbpXy MembpaHHO-enekTpoaHW naketu (MEA) c WAEHTUYHM pasmepu W
maTtepuann. PasmepuTe Ha KneTKaTa ca WupuHa 12 mm u gbaxkumHa 20 mm, Kato membpaHaTa
e NPOTOHHOOOMEeHHA ¢ BWCOKa MOHHA nposogumoct Nafion, nogxogawa 3a pabota npu
Temnepatypu nog 100 °C. Ma3opasnpenenmtTenHmaT cnom e ¢ nopbosHocT 80 % n aebennHa 500
MM, a KaTa/IM3aTOPHUAT CNAON CbAbP)KA NNATUHEHM MUKPOYACTUUM C guMameTbp 1 um.
MogenHute nscnenBaHma ca GoKycMpaHu BbpXy KaTogHaTa CTpaHa, KbAETO ce NoAaBa Bb34yX
M NPOTMYA peaKkLMAaTa Ha peayKumsa Ha KMcnopoaa. To3m eneKkTpoxmmmyeH npouec e ¢ 6aBHa
KMHETUKA U e CKopocToonpeaensly, nopagn KoeTo e 06eKT Ha M3cne[BaHe 3a NOBULLABAHE Ha
edeKTMBHOCTTa M NPOU3BOAUTE/IHOCTTA HAa BOAOPOAHW rOPUBHU KneTkn [190].

3a BCUYKM M3CneaBaHuM Mogenu e 3ajajeHa eaHaKkBa MacoBa CKOPOCT HAa BXOAALLOTO TeyeHue,
C LUen CpaBHEHUE Ha pasnpeaeneHneTo Ha MOIHATa KOHUEHTPaLMA Ha KUCI0POAa B aKTMBHATA
30HA Ha KNeTKaTa, BAA*KHOCTTA B KaHanute M membpaHaTa, 3arybute Ha HanAraHe 3a BCAKA
KOHOUIypaumnsa n nonsapusalMoHHUTE KpuBK. MNapanenHo-cepneHTUHHUAT AM3aNH HA NOTOYHM
KaHanu npeactaBnasa xvbpuaHa KoHUrypauua, KoeTo CbyeTaBa MpeauMMCTBaTa  Ha
CKOPOCTHOTO MoOJIe Ha TeYeHWEeTO NpPU MapaseneH U ceprneHTMHeH Au3anH. To3u Au3anH
BKNOYBA MHOXECTBO CEprneHTUHHM KaHanu, noapeneHu napanenHo, KOeTto no3sossasa No-
paBHOMEPHO pa3npeaenieHne Ha peareHTUTe U NnoaobpeHo ynpasaeHme Ha BOAaTa B ropuBHaTa
KneTka. MapanenHo-cepneHTUHHUAT AM3aiH MOXKe Aa nofobpu nNpousBOAMTENHOCTTA Ha
PEMFC [194]. YcTaHOBEHO, 4Ye TO3M AU3aiH oOcurypsABa NO-A406po pasnpeneneHue Ha
peareHTUTE U No-ePpeKTUBHO OTCTPaHABAHE HA BOAATa B CPaBHEHME C TPaAAULMOHHUTE
KoHurypauum [195]. MogmduKaumm Ha napanenHo-ceprneHTUHHUA AN3alH, KaTo BKAOYBAHE
Ha nperpaau WA NPOMEHU B FTEOMETPUATA Ha KaHaNWUTe, MoraT A4a AonpuHecaT 3a no-go6po
yrnpas/ieHWe Ha BoAaTa M noBullieHa epeKTUBHOCT Ha FOpPMBHATa KaeTKa [196]. B HacTtoawma
AMCEPTALMOHEH TPYyA € MoAenunpaHa KOHoUrypauma Ha TeyeHMe B CeprneHTMHA C ABa

napanenHu KaHana, npeacrtaseHa Ha dur. IX.1.
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®ur. 1X.1 MapanenHo-cepneHTMHEH AM3alH Ha MOTOYHM KaHanu: a) usrneq otrope; 6)

TPUU3MeEpeH An3aiiH
Ha ®wur. I1X.2,a e npeacTaBeHa KnacuMyecka napanenHa KoHdurypauma, Npu KoaTo rasosute
KaHa/M ca OpMEHTMPAHU B NPaBa IMHMA U NOAPeAEeHN NapanesHo eauH CipAMO Apyr. To3u Tmn
reoMeTpus Ce XapaKTepusnpa ¢ HUCKO XMAPABANYHO CbMPOTUBNEHNE U MUHUMANHW 3arybu Ha
HansraHe, HO MMa CbLLECTBEHM HEAO0CTaTbLM MO OTHOLEHWE Ha YNpaBJeHMETO Ha BOAaATa,
ocobeHO B KpalHaTa 4YacT Ha KaHana. B cboTBeTcTBME C ypaBHeHMETO Ha bepHyau,
NMOHW}KaBaHETO Ha HaNAraHeTo KbM M3Xo4a BOAW A0 3aTPyAHEHO M3HACAHEe Ha BoAaTa, KOeTo
MOXKE [a NMPUYMHWN IOKAJIHO HaBOAHSBAHe M HepaBHOMEpPHa paboTa Ha Knetkata [199]. 3a
npeogonasaHe Ha To3u Npobsiem e NnpeacTaBeHa moanduLmpaHaTa KOHPUrypaLma C BrpageHu
nperpaan (baffles), pasnonoskeHn No AbAKMHATA Ha Napasie/IHUTe KaHau, NpeacTaBeHa Ha

dur. 1X.2,6.

6)

®ur. I1X.2 Cxema Ha KaHa/HA CTPYKTYpa: a) NapanenHo-noTo4YHa KaHaaHa CTpyKTypa ¢ 10
KaHana, pa3nonoXKeHW NapanenHo, C BrpaZeHun nperpaan; 6) Bu3yanmsaums Ha Te4EeHMETO B
HanpeyHo ceyeHune Ha KaHasHaTa CTPYKTypa
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TpeTvMaT uscnegBaH mogen npeactaBnABa HETPASMUMOHHA KOHUrypauma Ha ¢aymgHute
KaHanu, basmpaHa Ha TIOPUHT AM3aliH, BObXHOBEH OT 6MON0rMUYHM CTPYKTYpU. Mpn TO3n An3anH
Ce Cb3A4aBaT C/IOKHW, HO CTPYKTYpMUPaHM KaHanu, Hanopobasawm pasnpeneneHneto Ha
€CTeCTBEHW KaHa/K, KaTo Te3M B IMCTA UM Ha KPbBOHOCHA cucTema. Llenta Ha To3m nogxopn e
[a Cce TMOCTUrHe paBHOMEPHO pasnpegeneHNe Ha peareHTMTe M ga ce nogobpwm
€N1eKTPOXMMMNYHATA aKTUBHOCT B aKTMBHATA 30Ha Ha ropmBHaTa KneTka [202]. TIopUHT An3aiiHbT
6anaHcupa HanaraHeTo OT BXOAa A0 M3X0A4a Ha KaHana, ocuUrypsaBanKkmM ageKkBaTHa CKOPOCT Ha
TEYEeHMEeTO, KaTo CbLEBPEMEHHO MUHUMMN3NPA CbNPOTUBAEHNETO B KaHanute. To3n banaHc e
OT CblUECTBEHO 3HayeHue 3a ePEeKTUBHOTO YMNpaB/IEHWE HA BOAATa W NMpeaoTBpaTABaHE Ha
/IOKANIHO HaBOAHABAHE, KOETO MOXE Aa BAOWW NPOM3BOAUTENHOCTTA HAa FOpPMBHATA KNETKa
[203]. BusyanusaumsaTta Ha TO3M Moges, npeacrtaBeHa Ha Pur. IX.3, BKAOUYBA KaKToO u3rnen
OTrope, Taka W TPUM3MEPHA NEPCneKTMBa, NO3BONABAMKM AeTaNeH nperneq Ha

KOHGUrypaumaTa Ha KaHanuTe.

10

®ur. IX.3 TIOPUHT AM3aliH Ha NO/IeTO Ha TeYeHMeTo: AByMepeH (a) n TpumsamepeH mnsrnes, (6) Ha
pasnpeaeneHneTo Ha TeYEHUETO B CEYEHMETO Ha KaHana.

Bbnpekn ye TOPUHT AM3aNHBT nNpegiara NpeguMmMcTBa Mo OTHOLIEHWE Ha PaBHOMEPHOTO
pasnpegeneHve Ha TeYeHMEeTO W noBuleHaTa edeKTUBHOCT, TOM BCe ole cpela
npeau3BMKATENCTBA, CBbP3aHWM C yMNpaBJeHMeTO Ha BoAaTa. 3a [a ce Npeosoneatr Tesu

orpaHuyeHusn, e paspaboTeH MHOBATUBEH NOAXOA NpeacTaBeH Ha dur.IX.4., KOUTO UHTerpmpa
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KOHd)MpraLI,VIﬂ C nperpagun, n3seCtHa CbC CBOATA ed)eKTMBHOCT B ynpaBnaeHNETO Ha BOAATAa, C

npeguMmcTBaTa B pasnpeaesneHne Ha TedeHUeTo Ha TIPUHT AM3aliHa.

10

6)

our.IX.4 XubpugeH AuM3aH C nperpagu: a) ABYMEpPHO u306pakeHuMe Ha MNoneto Ha
TeyeHneTo; 6) TpumamepHo M306parkeHMe Ha NONEeTO Ha TeYEHMETO M Ha NperpaauTe

N3cnepBaHo e pa3snpenesieHMETO Ha MOJIHATa KOHUEHTpauua Ha Kucaopoda npu vyetupute
pas3nnMYHU Kopurypaumm Ha daynmgHute KaHanum Ha PEMHFC — cepneHTWHeH, ¢ nperpaau,

TopuHr 1 xnbpunaeH — dur.IX.5

— B r———rd
20 20.1 20.2 20.3 20.4 20.5 12 14 16 is

19 T19.5 20 20.5

r)

®ur.IX.5. PasnpegeneHune Ha mosiHaTa ¢ppakuma Ha Kucnopog (mol.% O;) npu: a) napanenHo-
CepneHTMH An3aliH (BXo4 OT oTA0NYy Harope); 6) An3aiH c nperpaau (Bxond oTAACHO HaNABO);
B) THOPUHT AU3aiH (BXO4, OTAACHO HANABO); I) XMbpuAeH AM3aiH (BXo4 OT/IABO HAAACHO).



BbnpeKku Yye NoBMILABAHETO HA MOJIHUA AAN Ha KUCI0POAa B KaTOAHMA KaHa/ € OT CbLIEeCTBEHO
3HauyeHwue, To caMo no cebe cu He NpeacTaBABa HAAEKAEH MHAMKATOP 33 ONTUMaHaTa paboTta
Ha ropMBHaTa K/JeTKa. 3a no-npeumsHa oLeHKa Ha peasHaTta eGeKTMBHOCT Ha MaconpeHoca U
peakUMOHHATa aKTUMBHOCT, cnefBa fAa Ce pasriegaT He CcamMo  pasnpefeseHvMeTo Ha
KOHUEHTPaLUMOHHUTE MOoJIeTa, HO M KOJMYECTBOTO KUCAOPOA, KOMTO peanHo A0oCTMra Ao
eAMHMLA NAoUL Ha aKTMBHaTa 30Ha 3a eAuMHMUA Bpeme. KMCNopoAHOTO MacoBO TeyeHwue,
HOPMaZM3MPaHO MO aKTUBHATa [JIOW, KOETO € HaAesKAeH MoKas3aTesl 3a OLeHKa Ha
3axpaHBaHETO C peareHT 1 NoTeHLMaNa 3a reHepupaHe Ha TOK, e npeactaseHo Ha dur. 1X.6.

Ha ®ur. IX.10 ca npeactaBeHW NONAPU3ALMOHHUTE KPUBU HA YeTupuTe KoHdurypaumm —

: S o= B ————r
S 10 15 20 25 30 0.02 0.04 0.06 0.08 0.1 0.12 0.14

dur. IX.6 PasnpeaeneHne Ha macoBua AebBUT Ha Kucnopoaa no naouw, B KaHanute (kg/s) 3a
CNeAHUTE KOHCTPYKLUMK: a) NapasieIHO-CEPNEHTUHEH AM3aMH (BXoa oTrope Hagony); 6) aMsaiH
c nperpagu (Bxog oTAACHO HansaBo); B) THOPUHI AU3aliH (BXOA4 OTASCHO HanABo); r) XmbpuaeH
mMmozen (Bxon oTASACHO HANABO)

napanenHo-cepneHTUHHa, nperpagHa, TIOPUHT U XMbpuaHa Npu efHaKbB MAcoB AebuT Ha

TeyeHueTo Ha Bxog 0T 2.53 x 1077 kg/s. YcTaHOBABAT Ce 3HAUMTEIHM PA3/IMKU MEXAY OTAeNHuTe



MoZAenn B NABbTHOCTTA HAa TOKA M CTeneHTa Ha ONon30TBOpABaHe Ha peareHTUTe. CpaBHUTENHUAT
aHaNM3 No OTHOLIEHME Ha NPOM3BOAMUTENHOCTTA € HanpaBeH B TUMUYHMA paboTeH AManas3oH 3a
PEMHFC ot 0.6 po 0.8 V, B KOWTO OBWMKHOBEHO ce NOCTUra Ham-BMCOKa edeKTUBHOCT.
Pesyntatute 3a TIOPUHT N XMOPUAHUA AM3AAH MOKA3BaT MUHMMANHO HanpexkeHue ot 0.9 V,
KOeTo MoKa3Ba CNocobHOCTTa MM Aa NOAAbBPXKAT BMCOKA MABTHOCT HAa TOKA B YyC/N0BMA Ha
NOBULLIEHO HaTOBapBaHe.

Cpen wvscneaBaHuTe KoHoUrypaumu, XmbpuaHUAT AM3aiH MOKasBa Hal-BMCOKa o6ua
NPOM3BOAMTENHOCT, AOCTUraMKM NABTHOCT Ha ToKa oT 1.2 A/cm? npu HanpeskeHne ot 0.9V, ¢
N3XoaALLL MacoB AebuT Bb3ayx ot 1.26 x 1077 kg/s 1 cTeneH Ha onon3oTBopABaHe Ha KNUCI0poaa
oT 50.20 %. Te3n CTOMHOCTM MOKa3BaT edeKTMBeH b6anaHC MeXay KWHETMKaTa Ha

€NEeKTPOXMMUYHUTE PeakuMm U PaBHOMEPHOTO pasnpeaesieHne Ha peareHTuTe. THPWUHT
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B) r)

dur. I1X.10 MonAapusaumMOHHM KpuBM HanpexeHue (V)-nabTHOCT Ha Toka (A/m?) 3a: a)
napanenHo-ceprneHTUHeH ; 6) c nperpaau; 8) TIOPUHT ; A) XMbpuaeH An3aiH.

KOHdUrypaumaTa NoKassa NIbTHOCT Ha ToKa oT 1.0 A/cm?, macos aebut ot 1.23 x 1078 kg/s u



BMCOKa CTENEH Ha OMNon30TBOPABAHE Ha Kucnopoga — 95.14%, KoeTo o3HayaBa ePeKTUBHO
N3MNoa3BaHe Ha peareHTUTe, BbNpPeKn No-HUCKMA TOK. [AIN3aliHBbT C Nperpagm nokassa no-HUCKa
NABTHOCT Ha Toka oT 0.4 A/cm? un macos aebut ot 2.26 x 1078 kg/s, KaTto cbwo goctura
edeKTMBHOCT Ha M3non3BaHe Ha Kucaopoaa ot 91.05 %. Tosa npegnonara 4o6bp KOHTPOS Ha
B/laraTa, HO OrpaHW4YeHa eNIeKTPOXMMMYHA AKTMBHOCT. 33 pa3/inKa OT TAX, CePNeHTUHHATA
KOHPUrypauma 3anoyBa Aa reHepmpa TOK NPU NO-HUCKO HanpexeHue ot okonao 0.6 V, KoeTo
UHAMKMPA 3HAYMTENHW aKTUBaLMOHHKM 3arybu. Mpu Hea ce pocturat egsa 0.5 A/cm? npwu
HanpexeHue ot 0.35 V n nsxogeH aebut ot 3.64 x 1078 kg/s, KakTo 1 ononsorsopasBaHe Ha
Kucnopoaa — 85.61 %. Bbnpeku ye THOPUHT KOHPUTrypaumaTa NoKa3Ba Hal-BMCOKa CTEMEH Ha
0OMoA30TBOPABAHE HA KUCA0OPOAaA, TOBA HE BOAW aBTOMATUYHO A0 NO-A406pa eNeKkTpoXMMUYHa
e(dEeKTUBHOCT NPU BUCOKM MOLLHOCTU. B cnyyas Ha xmbpuaHua gmsaiiH, npubausmtenHo 50 %
OT KMcnopoga ce M3nonasBa ePeKkTMBHO, KOETO BOAWM A0 HAaM-BMCOKA MABTHOCT Ha TOKa npu
efHaKBa aKTMBHA NAOLL. ToBa MOKa3Ba 3Ha4YeHWETO Ha ePeKTUBHOTO ynpaB/ieHWe KAKTO Ha
KMHETUYHMTE NPOLLECK, TaKa M Ha pa3npeseneHneTo Ha peareHTuTe. XmbpuaHmaT amsaiH ce
oTAnYaBa c nNo-gobpu NokasaTenu NoO OTHOLWEHME HA eNeKTPOXMMUYHATA edeKTUBHOCT U
ynpaB/ieHWETO Ha peareHTUTe, KaTo NoKa3Ba Hali-406pKn eKcnaoaTauMOHHN XapaKTEPUCTUKM OT
nscnegBaHuTe BapuaHtu. KoHdurypauumte Ha nosnetata Ha TeYEHUETO C OMOAOINMYHO
BABXHOBEHU TEOMETPUU OCUTYpPABAT PAaBHOMEPHO pasnpesesieHMe Ha rasoBuTe MNOTouM, C
KOeTO Ce HaManABa Naja Ha HanAraHe, HO OCTaBa PUCKA OT M3CyLaBaHe UAM HAaBOAHABAHE Ha
membpaHara.

BKkntouBaHeTO Ha nperpagHa CTPYyKTypa B TO3W AM3aliH OONPUMHAcA 3a 3HA4YUTENHO 3a
nogobpaBaHe Ha ynpaB/JeHWETO Ha BAaraTa M NOBMULLABaHe Ha o0bw,ata epeKTUBHOCT. THOPUHT U
nperpagHutTe KoHbUrypaumm npeanarat ctabuiHa, HO He MaKCMManHa NPOU3BOAUTENHOCT,
OOKaTO NapaNieIHO-CEPNEHTUHHUAT AM3aMH  M30CTaBa 3HAUUTENHO, LEMOHCTPUPANKK

Ba*XHOCTTa Ha NOJIETO Ha Te4eHNe B ONTUMU3ALLUATA HA TOPUBHUTE KNETKN.

IX.1. UsuncautenHa mpexka 1 sepupuKaLua Ha YACIEHUTE MOAENN

MpouechbT Ha AUCKPETU3aLMA BKAKOYBA MOCAeA0BaTE/NHOCT OT onepauuu, KOUMTO onpeaenar
pasmepuTe, pasnpedeneHUeTo U CTeneHTa Ha AeTal/HOCT Ha eNemMeHTUTE B LANOCTEH U

JNIoKaneH mauab. [Jokato obwmnTe HaCTPOMKM HA Moesia BAUAAT BbpXy UANaTa U3YNMCAUTENHA



06.1acT, NOKaNHUTE NO3BO/IABAT MNO-NPELMN3EH KOHTPOAN B onpeaeneHun 30HuU. MNpeasaputenHo
AedbHUpPaHUTE MPEXKOBM PasMepu Bapupar oT ,HopmasneH” go ,usknountenHo ¢uH“, Kato
n360pBbT MeXAyY TAX € CbobpaseH c reomeTpuyHaTa U GMU3MYECKaTa CNOKHOCT Ha KOHKpPETHaTa
KOHOUrypauma. B pamKkuTe Ha HacCTOAWOTO M3c/nenBaHe, 3a NperpagHutTe mMoaenn U 3a
napanenHo-ceprneHTMHHA reoOMeTpUs e M3NoA3BaHa HOPMa/IHA NO AUCKTEPU3ALLMA MpPesKa, Tbit
KaTo TA ocurypsea A06bp 6anaHc mexay W3YUC/IMTENIHA HATOBAPEHOCT M TOYHOCT Ha
pesyntatute. Ha ®ur. IX.11 e npencraBeHa usuncanTenHata MpexoBaTa CTPYKTypa 3a moesna
C nperpaam, KaTo ca cbnoctaBeHn HopmasHa (Pur. IX.11a) n dunHa (dur. IX.116) nsuncautenHa

MpeXKa C uen oueHKa Ha BIMAHUETO Ha MNCTOTaTa Ha MpeXKaTa.
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HOpManHa u pMHa Mpexa.



MABA X. UsBoau
Bb3 ocHoOBa Ha pe3yntatute OoT npoBegeHUTe niciegBaHna B ANCeEPTaULNOHHNA TPyA MOraT ga

6bAaT HanpaBeHW cieAHUTE U3BOAMU:

Ypes matemaTMyecko mogenvpaHe e u3cnedBaHa enekTpodHa KOHMrypauua Ha anKkaneH
eN1eKTPoIn3bop ¢ NnepdpopupaHa CTPYKTypa U yBennyeHa gebennHa, ypes KosTo ce NoCTUra Hag,
50 % HamansaBaHe Ha obema Ha eneKTPoaM3bopa NPW 3anasBaHe Ha NPOU3BOAMTE/IHOCTTA Ha
BO40POA. B cbnoctaBKa C Knacuyeckua enektpoimsbop ot 110 cm3, neppopupaHmnat mogen e
CbC CbLLATA aKTUBHA MOBBLPXHOCT Ha enekTpoaute (365 cm?), HO C MOYTU ABOWMHO MO-MasTbK
obem (52.5 cm®) cbc cbM3mMepuMmo MpomssBoacTBO Ha Bogopos — 1.32 |/min npu 2.1 V.

Pe3yJ'ITaTMTe nokKasseaTt Hag 52 % nosuLLaBaHe Ha nponsBoaAMUTENHOCTTA 3a €4nHNUA O6eM;

BanuaunpaHa e n3uncantenHa mpeka Ha cneumanmsmpaH copryep, Upes KOATO € n3cneaBaHo
B/IMAHNETO Ha efIeKTpoAHaTa reoMmeTpmua Ha asika/IHW eNeKTPOIN3bopU BbPXY CKOPOCTTa Ha
dbopmmpaHe Ha razoBu mexypyeTa C LLe HamMmanAaBaHe Ha OMUYHUTE 3arybu Ha eNeKkTpom3HaTa
Knetka. CodTyepHO wM3uYMCNeHaTa MAKCMMaZHa MOLLHOCT Ha afKaNeH eneKkTpoan3bop ¢
nepdopupaH enektpog e 102 kW npum 1298 A, KOeTo CbOTBETCTBA Ha TEXHOJIOTMYHO
PEannUCTUYHM CTOMHOCTM, KaTO 3HAYMTENHO MNOBWLIABAHE HA MNABTHOCTTAa Ha TOKa M

ed)eKTMBHOCTTa npu CbllaTa aKTUBHA NOLL,.

M3cnepBaHa e Bb3MOXKHOCTTA 32 AMPEKTHO CBbP3BaHE Ha e/1eKTPoIM3bopa KbM PV cucTema
M3TOYHUK C MPOMEH/AMBA MOLLHOCT, KaTO CUMMYNALMOHHOTO M3C/neABaHe MNOTBbPXKAABA
Bb3MOMXHOCT 3@ CMHXPOHWU3MpPAHE HA pPabOTHUTE XapPaKTEPUCTMKM Ha cucTemuTe 3a
ocuUrypsABaHe Ha YCTOMYMBOCT HA NPOM3BOAUTENHOCTTA Ha €1EKTPO/IM3bopa NpU AMHAMMUKA B
MOLLHOCTTa Ha ¢oToBO/NTaMYHATa cucTeMa. ToBa [0Ka3Ba Bb3MOMKHOCTTA 33 e(deKTUBHO
NPOM3BOACTBO HA BOAOPOA Ype3 e/IeKTPO/In3a Ha BoAa NPW 3axpaHBaHe C Bb30OHOBAEMM

eHepI’VIVIHM NU3TOYHULN.

MpoBegeHN ca CUMYNAUMOHHW WM3CNEABaHWA Ha Pas/IMYHU KOHPUIypauum Ha KaHalHM
CTPYKTYpU B NPOTOHOOBMEHHW MEMOPaHHW B FOPUMBHU KNETKU: KNACMYECKU CEPNEHTUHEH,

H6romHcnnpupaH TIOPUHT AN3aH, KOHPUTYpaLMATa C Nperpaau n e NpeanoXKeH HoB XnbpuaeH



An3alH, obeaunHABalw, npegMmcTBata Ha THOPWUHT M NperpagHuaT AusaikiH. lMposBeaeHuTe
CpaBHUTENHU M3CNeABaHMA MOKA3BaT, Ye NPeasiOKeHMAT XMbpuaeH AM3aliH MoKasBa Hau-
fo6pa edpeKTMBHOCT, € NABTHOCT ToKa 1.2 A/cm? u 50.2 % edpeKTUBHOCT Ha M3MNo0/3BaHe Ha
KMC/I0POA, B CbNOCTaBKa C KNAaCUYECKUAT AN3aiH C NABTHOCT Ha TOKa NpU CblUUTe NapameTpu

ot 0.3 A/cm?2.

Cb3pageHn ca M ca BaNAMPaAHU U3YUCIUTENIHU MOLESIN 3@ OMUCAHUE Ha eNeKkTpoaHuTe
KOHPUIrypauum Ha ankaiHU eNeKTPON3boPU U Ha KaHANHUTE CTPYKTYPU Ha FTOPUBHU KNETKY,
KaTO NpoOBeAEeHOTO M3C/aeABaHE MOKa3Ba, Ye YMCNEHOTO mogenmpaHe B cpega Ha COMSOL
npeaocTaBa HageXAeH MHCTPYMEHT 3a copTyepHO-6a3MpaHo NPoeKTUpPaHe N ONTUMKU3ALUMA Ha

€/1eKTPOJZIU3HN N Ha TOPUBHU KNETKMN.

CbnocTaBKaTa C peanHu AaHHM U Ba/MAMPAHETO Ha pe3ynTaTUTe MOoKasBaT, Ye copTyepHO
NPOEKTUPAHM KOHOUIypaLMM Ha afikafeH eNekTpoan3bop ¢ nepdopupaHn enexkTpogmn M Ha
NPOTOHOOBMEHHa ropmBHa KNeTKa C XxMbpuaeH AM3alH Ha MOJIeTO Ha TeYeHue ca C peaneH

noTeHuMan 3a NpuUioKeHune.

AHanM3bT MNoOKa3Ba HEOOXOAMMOCT OT TEXHONOTMYHU KOMMPOMMUCU MpPU aNTepHaTUBHUTE
KOHUrypauum, Kato obuy, aHoa u obuy KaTtoa, KOUTo ocurypasaT no-gobpo oxnaxaaHe, no-
HUCKN ENeKTPUUYHM 3arybu n OpraHM3MpaHoO oTAeNsHe Ha rasoBeTe, HO AaBaT 3HAUYUTENHMU

OTK/IOHEHUA B peasiHaTa OT NPOEKTHATAa MOLHOCT.

HAYYHO-MPUNOXXHU N NPUNOXHU NPUHOCHU

HayuHO - NpuN0XKHU NpUHOCHU

MpeanoxKeHa e u e n3cneaBaHa HoBa eNeKTpoaHa KoHdurypauus ¢ neppopmpaHm oTBOpPU U e
[l0Ka3aH NoTeHUMan 3a MMHUATIOPU3aLMA Ha CUCTEMMU 33 a/IKa/IHa €/1eKTPOIN3a C NOCTUraHe Ha
no-ronaima edpeKkTMBHATA aKTMBHA MOBBPXHOCT M NO-BMCOKA CKOPOCT Ha €/IeKTPOXMMMUYHATA
peakums.

M3rpageHa e n e BaangmpaHa M34YUCAUTENHA NPOLEeAypa Ha eNeKTPOAHM MOBBLPXHOCTU U
PEaKUMOHHM 30HW Ha anKalHW eNeKTPO/IM3bOPU KaTo OCHOBA 3a CMMYyNAUMOHHO-6a3MpaHo

NpoeKTMpaHe 1 MmawabupaHe Ha eNeKTPOAU3HU CUCTEMMU.



MpepnoxeHa 1 n3cnegBaHa e HoBa xMbpuaHa reomeTpus oT TMNA TIOPUHT AU3aNH C Nperpaau
33 MNoBWLIABaHe Ha eHepruiiHata e(deKTUBHOCT Ha TOPUBHU KJETKM C MNPOTOHOOOMEHHMU
membpaHu. Ypes MmMoaenHW Wu3CNeABaHMA € [0Ka3aHO 3HayeHWeTo Ha XubpuaHata
KOHPUrypaumsa 3a MMHUMM3PaHE Ha OMUYHUTE 3arybu ypes pasnpeneeHNeTo Ha peareHTHUTe
notoum n edeKTMBHOTO OTBEXAAHE HA BoAaTa KaTo pPeaKUMOHEH NPOAYKT 3a YCTOMYMBOTO
bYHKLUMOHMPAHe Ha ropmMBHaTa KaeTKa.

M3rpageHa e n e BaiMgmpaHa U34YMCAUTENIHA Npoueaypa Ha NPOTOHHOMEMOpPaHHN TOPUBHM
KNETKN, KOMTO MO3BONABA CUMYNALMOHHO-DA3MpaHO MPOEKTUPAHEe Ha  pPasnyHuU

KOHOUIypaLUnmn n oNTUMMU3MpPaAHE Ha PEXXUMHM NapaMeTpu.

MpunoXXHu npuHocuU

MNpepnoxeH e noaxod 3a AUPEKTHO MWHTErpupaHe Ha aJikaneH enekTpoamsbop C
$OTOBONTANYHA CUCTEMA MPU CUHXPOHU3UPAHE Ha PabOTHUTE MM XapPaKTEPUCTUKKU U ypes
KoHOUrypupaHe Ha 6poAa Ha MapaneHoO M CepuUMHO CBbP3aHUTE KAETKM 3a MOCTUraHe Ha

MaKCMMaTHO EdDEKTMBHO npomn3soAacTBO Ha 3eJ1eH BOAOpPOA.

CNUCbK HA NYBIUNKAUUUTE NO ANCEPTALUUOHHUA TPY[
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SUMMARY

This doctoral thesis develops and validates advanced mathematical and CFD models to optimize
electrode structures in electrolyzers and flow field designs in PEM fuel cells, targeting reduced
losses and enhanced electrochemical performance. The results demonstrate that optimized
geometries significantly improve efficiency, compactness, and reactant utilization.
Furthermore, the study confirms the technical feasibility and energy benefits of directly
coupling photovoltaic systems with electrolyzers for efficient and sustainable green hydrogen
production. The proposed designs show strong potential for practical implementation in
modern hydrogen energy systems. In addition, the validated modeling approach provides a
reliable framework for future design, scaling, and optimization of integrated hydrogen
technologies. The findings contribute to the development of cost-effective and energy-efficient
solutions aligned with the goals of decarbonization and renewable energy integration.
Moreover, the research supports the advancement of hydrogen as a key energy carrier in next-

generation sustainable energy systems.
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|. GENERAL CHARACTERISTICS OF THE PHD THESIS

Actuality of the problem

In the context of the energy transition and decarbonization, hydrogen is seen as a key energy
carrier with the potential to integrate its production through electrolysis of water with
renewable energy sources. A major problem in the production and use of green hydrogen
remains low efficiency and high energy losses in electrolysis and fuel cells. This requires the
development of optimized designs of the main components of these devices to improve their

performance.

Purpose of the PhD thesis, main tasks and research methods

The aim of the PhD thesis is to create opportunities to increase the efficiency of hydrogen
production by improving the electrode structure of electrolysis cells and increasing the
efficiency of using hydrogen in fuel cells by improving their channel configuration, as well as
reducing energy losses in the integration of photovoltaic and electrolysis systems for the
production of "green" hydrogen. The objectives defined in the PhD thesis are focused on the
following areas:

Task 1: Development and validation of mathematical models of alkaline electrolysers in
different configurations (existing system, classical configuration, common cathode
configuration, common anode and perforated electrode configuration) to evaluate the
performance, efficiency and feasibility of individual design options.

Task 2: Investigate the possibility of directly connecting an electrolyser to a photovoltaic system
(PV—ELY) by comparing the output and input electrical characteristics and calculating the power
match factor (CF_direct_coupled).

Task 3: Assessment of the influence of geometric parameters (thickness and perforation of
electrodes) on the compactness, pressure and electrochemical performance of the electrolysis
system.

Task 4: Model investigation and comparative analysis of volt-ampere characteristics of all
studied electrolyser configurations in order to determine the optimal engineering solution
according to efficiency criteria and convergence to data from real measurements (validation of

a numerical model with a deviation of less than 20%).



Task 5: CFD modeling of PEM fuel cells (PEMFC) with different configurations of channel
structures: coils, with baffles in channels, Turing design and combined channel structure in
order to obtain data on current density, humidity control and mass transfer efficiency in
channels.

Task 6: Study of interconnections and derivation of mathematical relationships between the
electrochemical and the thermodynamic parameters describing the processes in both
electrolysers and fuel cells.

Task 7: Formulation of scientific and applied conclusions for the development and optimal
design of integrated systems photovoltaic module - electrolyser - fuel cell based on the results

of simulation studies.

Scientific novelty
A new electrode configuration with a perforated structure for alkaline electrolysers has been
proposed, and a new hybrid channel design has been developed for PEM fuel cells, which

improve performance and reduce energy loss of the devices studied.

Practical applicability

The practical applicability of the PhD thesis is expressed in the development of engineering
solutions to increase the efficiency of real systems for the production and utilization of
hydrogen. The results obtained can be directly used in the design and optimization of alkaline
electrolyzers by implementing perforated electrode structures with an increased active area.
The proposed configuration allows for a reduction in the volume of electrolysis systems while
maintaining or increasing productivity. Research on the direct connection of photovoltaic
systems with electrolysers can be applied in the construction of autonomous systems for the
production of "green" hydrogen. This creates prerequisites for reducing investment costs by
eliminating additional electronic converters. The proposed hybrid design of channel structures
in PEM fuel cells can be used to increase the efficiency and reliability of fuel cell energy systems.
The results of CFD modeling support the optimization of mass transfer and water balance
management in real devices. In summary, the developments have the potential to be
implemented in integrated energy systems, including renewable energy sources, electrolysers

and fuel cells.



Approbation

The results were tested by numerical simulations and compared with experimental data from
a real electrolyser. Some of the research has been presented at international scientific
conferences. Publications in refereed journals confirm the scientific validity of the

development.

Publications
The main achievements and results of the PhD thesis have been published in 5 scientific articles,
of which 2 in journals with impact factor and impact rank (Q1) and 3 in refereed editions of

conferences with impact rank.

Structure and volume of the PhD thesis

The PhD thesis is 167 pages long, including an introduction, 11 chapters on solving the main
problems, a list of main contributions, a list of publications on the PhD thesis and references. A
total of 210 literary sources are cited, 205 of which are in Latin and 5 in Cyrillic. The work
includes a total of 42 figures and 11 tables. The numbers of the figures and tables in the abstract

correspond to those in the PhD thesis.

Il. CONTENT OF THE PHD THESIS
CHAPTER Il. Hydrogen as an Energy Carrier

In the context of the global energy transition and the growing need for decarbonization,
hydrogen is establishing itself as an energy carrier, fuel and energy storage facility, with the
potential to integrate different sectors of the energy system, such as RES and combustion
plants[12],[13],[14]. Hydrogen has the highest gravimetric energy density among known fuels,
which allows the storage of significant amounts of energy in a relatively low weight [15]. It is
the most abundant element in the bound state and can be obtained from a variety of sources,
including water and biomass, ensuring long-term resource availability. When used as an energy

carrier in electrochemical systems, the product of its oxidation is water, which represents a



significant advantage over the fossil fuels, which combustion generates CO2, NOx, SOx, dust,
persistent organic pollutants and heavy metals. It should be noted that the overall
environmental effect of the use of hydrogen depends on how it is produced [16]. Hydrogen is
an environmentally friendly energy carrier that is constantly developing technologically and
reducing the cost of obtaining it, has the potential to play an increasingly important role in the
global energy mix, contributing to the achievement of climate goals and energy security.
Although steam reforming of natural gas is the main method of hydrogen production, due to
its lower costs and established infrastructure, water electrolysis has significant environmental
advantages. It allows integration with RES and eliminates CO2 emissions, making it a key tool in

the transition to low-carbon energy.

1.2 Classification of hydrogen according to the carbon footprint

The classification of hydrogen according to the source of production is based on the raw
materials and energy resources used in its production, and each method is characterised by a
different impact on the environment. This classification is essential to assess the contribution
of different types of hydrogen to climate goals, the decarbonization of the economy and the
achievement of sustainable development. The systematization of hydrogen production
technologies by environmental indicators allows for an appropriate choice of strategies in the

energy transition and in industry [22].

1.4 Hydrogen production technologies

The dissociation of the water molecule into hydrogen and oxygen is a reaction that takes place
through charge carriers [38]. Hydrogen production technologies are divided into:
Thermochemical (thermolysis) — use thermal energy, and direct thermolysis of water molecules
is not applicable for practical purposes, as it is realized at temperatures above 2000 °C.
Electrochemical (electrolysis) — use electrical energy to decompose water molecules (the
process is the subject of research in this PhD thesis).

Photochemical (photolysis) — decomposition of the water molecule under the action of light

and in the presence of semiconductor photocatalysts.



Photoelectrochemical — the dissociation of water molecules occurs through an electrochemical

process.

1.5 Conclusion

Hydrogen is an environmentally friendly energy carrier that, with continued technological
development and reducing the cost of obtaining it, has the potential to play an increasingly
important role in the global energy mix, contributing to the achievement of climate goals and
energy security. Although steam reforming of natural gas is the main method of hydrogen
production, due to its lower costs and established infrastructure, water electrolysis has
significant environmental advantages. It allows integration with RES and eliminates CO2
emissions, making it a key tool in the transition to low-carbon energy. Due to the prospects for
the development of water electrolysis as a leading technology for sustainable hydrogen
production, increasing the efficiency of electrolysis systems is the subject of research in this

PhD thesis.



Chapter Il. Hydrogen Production by Water Electrolysis

The degradation of the water molecule is a thermodynamically non-spontaneous endothermic
process that occurs with energy absorption and positive enthalpy . Chemical transformation
involves both reduction and oxidation, both of which are interrelated. The type of charge
carriers involved in the electrochemical reaction depends on the pH of the medium. In acidic
conditions, these are hydrogen cationes (H*), in alkaline environments — hydroxide anions
(OH7), while in solid oxide electrolysis, a solid electrolyte conducting oxygen anions (0%7) is

used.[52][53]

1.1 Alkaline electrolysis (AWE)

Alkaline electrolysis is the most established technology for the production of green hydrogen
by electrolysis of water. It uses a highly alkaline electrolyte, usually potassium (KOH) or sodium
(NaOH) hydroxide with a concentration of about 30% and pH=13-14, which provides a high
concentration of hydroxide ions — the main charge carriers. In the system, porous diaphragms
or anion-exchange membranes (AEM) are used as separators, and in the classical design there
is a distance between the electrodes (finite gap), and in improved designs - the electrodes are

tightly adhered to the membrane, the so-called "infinity small distance" or Zero-gap [54], [55].

11.2 Proton Exchange Membrane (PEM) electrolysers

PEM uses a proton exchange polymer membrane based on acid-dominated (most often with
H3P0O4) polybenzomidazole (PBI) as an electrolyte. The cells are compact (5-7 mm). On the
anode side, water dissociates from the applied voltage, which generates oxygen gas, hydrogen

ions and electrons. [64] [65][39]
11.3 Solid oxide cell electrolysers (SOEC)
AWE and PEM operate at relatively low temperatures (<180 °C), resulting in process

inefficiencies, taking into account the thermodynamics of electrolysis. According to

thermodynamic principles, at higher temperatures, some of the energy needed to decompose



water molecules can be supplied as heat, which reduces the overall electrical consumption of
the system. Thermodynamic analyses of the dissociation of the water molecule show that the
Gibbs free energy (AG) of the reaction decreases with an increase in thetemperature of the

electrolysis cell.[10][39]

1.4 Main configurations of electrolysers

There are three main configurations in electrolyzers: monopolar, bipolar and bipolar with a
central electrode. In the monopolar configuration, each electrode plate is connected directly to
the power supply and the same reaction takes place on both sides — either the evolution of
hydrogen or oxygen. This requires parallel cell connection, resulting in high total current,
significant ohmic losses and the need for massive live busbars — mainly suitable for smaller

systems. [68] [69]

1.5 Comparative study of hydrogen production by different electrolysis systems

AWE, PEM and SOEC are established technologies for the production of hydrogen by
decomposition of water. AWE and PEM electrolysers operate at relatively low temperatures,
which affects the energy required for the water decomposition process and the overall
efficiency. A key factor in efficiency is the relationship between the voltage in the cell and the
current density. PEM cells operating at a current density of 2 A/cm? achieve a performance of
H [71] of about 8.4 Nm3 H2/m?, while in AWE operating at 0.45 A/cm?, it is about 1.9 Nm3
H2/m?2. This shows the significant difference in the capacity of the two technologies. Although
PEM offers higher performance, AWE technology is more established and has been applied on

a larger scale — up to 6 MW, while PEM is still limited to smaller capacities [72].



Chapter lll. Mathematical Models of Processes in Electrolysis
Cells

lIl.1 Electrochemical models of electrolysis cells

The electrochemical reaction taking place in electrolysis cells is influenced by several key
parameters: cell voltage (Vcell), equilibrium potential (Veq), activation surges (Vactivation) and
voltage drop from ohmic losses (Vohmic). The total voltage of the cell is expressed as the sum
of the equilibrium potential and the voltage drop from the various losses, as shown in equation

(3.1.1.):

Vcell = Veq + Vactivation + Vohmic (3-1°1)

The lower the surges, the closer the actual cell voltage (V) is to the thermodynamic
minimum (Veq) required to start the reaction. The relationship between the voltage and the

magnitude of the current flowing in the electrochemical cell is the polarization curve that
characterizes the efficiency of the electrolyzer. The rate of production of hydrogen (mol/s) is

determined by Faraday's law and the Faraday constant (F):
Ny = — (3.1.4)
Where: is the magnitude of the current through the cell (A), which, in turn, is defined by: |
I=jA, (3.1.5)
Where: j is the current density (A/m?) and Ae is the active area of the electrode (m?). Equation

(3.1.4.) shows that hydrogen production is directly dependent on the magnitude of the current

in the system, which in turn depends on the effective area of the electrodes (Ae).



111.2 Mass transfer in electrochemical cells

In electrolysis, gas bubbles (hydrogen and oxygen) are formed, which significantly affect the
mass transfer and the efficiency of the electrodes. To describe mass transfer in electrochemical
cells, a two-phase flow model known as the Bubbly Flow model is applied, which describes the

behavior of the gas phase in a liquid medium. [97]

111.2.1 Mathematical model of two-phase flow in electrolysis cells

The two-phase bubble flow model is a simplified version of the two-fluid Euler-Lagrange
approach, which tracks the distribution of the dispersed gas phase in a continuous liquid
medium. The movement of gas bubbles is determined by the pressure gradient and the viscous
resistance generated by the friction forces between the bubble and the liquid. The equilibrium
between these forces determines the speed and direction of movement of the gas bubbles. For
each of the phases, a separate velocity field is defined, and their dynamics are described by the

equations for conservation of mass and momentum. [98]

111.3 Conclusion

The mathematical description of electrochemical processes shows that the active surface of the
electrodes is a determining factor in reducing activation losses and increasing the current
density and hydrogen vyield, therefore increasing the efficiency of electrolysis cells requires
targeted development of electrode materials and optimization of electrode design. In the
present work, alkaline electrolysis is selected as the focus due to its status as the most mature
and widely implemented technology to date. Accordingly, this PhD thesis concentrates on

optimizing the electrode design of an alkaline electrolyzer.



Chapter IV. Model studies of hydrogen electrolysis cells

For the implementation of the model simulations, the Fuel Cell & Electrolyzer module of
COMSOL Multiphysics 6.2 was used, which allows an integrated approach to study
electrochemical processes, heat transfer, fluid flow and structural parameters in a single
environment. Configurations of electrochemical cells applied for water electrolysis, the classic
alkaline electrolyzer, solid electrolyte and anion exchange membrane (AEM) electrolyzer, as
well as a modified alkaline electrolyzer were studied. On Fig. IV.3 The polarization curves of the
three studied electrolyzers are presented — classical alkaline, AEM and modified alkaline with
perforated electrodes. The models are simulated under the same boundary conditions, as a
result of which, the AEM electrolyzer exhibits the lowest performance and higher losses at low
current densities, which is directly related to the absence of a catalyst. With the developed
modified alkaline electrolyzer, the thickness of the electrodes is increased tenfold, which
creates optimal conditions for electrochemical reactions without increasing the activation or

ohmic losses. The same hydrogen production is achieved as with a classic electrolyser, with
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Fig. IV.3 Polarization curves of the three studied electrolysis cell models

more than 50% less cell volume. The greater thickness of the electrodes allows for more
uniform distribution and dissipation of heat, maintaining a maximum operating temperature of

21.3 °C at a current density of 100 A/cm?.



Chapter. V. Validation of the numerical model with
experimental data and construction of models of electrolysis
cell packets

To validate the numerical model used for modeling an alkaline electrolyzer, the performance
characteristics of a real alkaline electrolyzer with a bipolar configuration were used. The
electrolyzer contains a total of 40 electrodes, with only the final two being active and connected
directly to an electrical supply, and the rest functioning in bipolar mode. The diameter of each
electrode is 325 mm, with the passive electrodes being 1 mm thick and the active electrodes
being 3 mm. The electrolyte is a potassium-based aqueous solution (30 mol % KOH) and the

operating temperature is 80 °C.

V.1 Validation of the constructed numerical model

The experimental and simulation volt-ampere characteristics are presented at the Fig. V.2 The
highest measured power for the real system is 25.47 kW at a current of 321.2 A and a voltage
of 79.31V, while in the simulation model at 332.1 A and the same voltage, a power of 26.34 kW

is achieved, which represents a deviation in the real and simulated data of about 0.87 kW or by

3.4 %.
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Fig. V.2 Performance characteristics of: (a) a real alkaline electrolyzer; (b) real-world configuration
simulation model



V.2 Exploring the possibilities of combining an electrolyser with a photovoltaic

system

The polarization characteristics determine the efficiency of the electrolyser under different
operating modes, which is a critical factor in assessing its compatibility with RES. The connection
to solar photovoltaic (PV) systems has been investigated, as solar electricity is a clean,
sustainable source for green hydrogen production. A challenge in the direct connection
between photovoltaics and electrolysers lies in the inconsistency of energy production from PV
installations. This leads to discrepancies between the instantaneous power of the electrolyser
and the power produced by PV. To match the load between the two systems, it is necessary to
know the polarization curve of the electrolyzer, as it determines the optimal operating point of
the device. Direct connection of a PV-electrolyser allows maximum hydrogen production, while
ensuring stability in the operation of the electrolysis system and avoiding energy losses due to
incorrect sizing or unstable power supply. Both the electrolyser and the photovoltaic (PV)
modules operate in direct current (DC/DC) mode, which makes their direct connection more
efficient and cost-effective, as there is no need to use inverters, transformers and rectifiers (
[108] [109]Fig. V.11) . The maximum power that can be generated by the PV using a direct-
coupled system is investigated, in which the operating point of the PV coincides with the (I-V)
characteristic of the electrolyser. The output current and voltage of the PV system

[110](Fig.V.11) (Ipy, Vpy) are equal to the input current and voltage to the electrolyser (I ,

Fig. V.11 Diagram of a direct connection between an electrolyser and
a solar system

Vg )[112].



Chapter VI. Hydrogen fuel cells

Unlike electrolysis, in which electrical energy is used to induce an electrochemical process, fuel
cells generate electrical energy from chemical interactions. Fuel cells are classified according to
the type of electrolyte and fuel used, which determines the electrode reactions and the type of
transport ions involved in the process. The electrochemical reaction takes place on the surface
of the electrodes, generating a voltage that is transmitted to power an external electrical load.
Unlike batteries, fuel cells operate in a continuous mass flow of reagents (reducer and oxidizer)
that are fed to the electrodes, which allows continuous generation of electrochemical energy,
while batteries store chemical energy in a closed system (charge-discharge cycle of operation).
The energy balance of a fuel cell includes the following components: enthalpy of the reactants,
heat produced by electrochemical processes, and heat losses from the cell to the environment.
The maximum heat that can be released in the reaction is equal to the HHV of hydrogen, and
the maximum work performed is determined by the value of the AG [120][121], as the

theoretical electromotive force E° at a given temperature T, will be expressed as:

ge. AG(D

V] (6.2.3)

When determining the efficiency of fuel cells, the energy recovered in the form of work (Gibbs
free energy AG) relative to the total amount of chemical energy released in the reaction
(enthalpy AH) is taken into account, where the number of electrons carried in the
electrochemical reaction is (z) and F is the Faraday constant, which gives the ideal efficiency

factor:

AG
nideal‘ﬁ (6.4.1)

The real voltage of the fuel cell (V,;;) is always a little bit lower of the thermoneutral voltage,

due to various energy losses in the system. These losses form the so-called fuel cell polarization



curve that describes the relationship between operating voltage and current density [125].
Polarization losses result in a difference between the actual operating voltage and the ideal cell
voltage, and itis always valid V,.;; < Vigeq;- In addition, not the entire amount of fuel, supplied
to the anode of the fuel cell, is reduced to the cathode, therefore the operating voltage must
be corrected with a fuel efficiency factor [126]. This coefficient is reflected in equation (6.1.9)
for the net efficiency. The polarization losses reflected on the polarization curve are divided into

three main zones, Shown on Fig. VI.2.
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Fig. VI.2. PEMHFC polarization curve reflecting electrochemical process loss zones



Chapter VII. Polymeric Proton-Conducting Membrane Fuel
Cell (PEMFC)

PEMFCs have a lower operating temperature and fast start compared to other types of fuel
cells, and a high power density in compact sizes, making them suitable for mobile and stationary
applications,[101]. Their disadvantages are related to their efficiency at high current densities,
the service life of the membrane, the use of precious metals in their construction and the
management of the water balance. The mechanical stability of the fuel cell is ensured by bipolar
plates, which also perform the function of collectors and carry out the electrical connection
with the external circuit. Their channel-shaped surfaces serve to supply and remove hydrogen,
oxygen and the formed water. The plates are made of graphite or polymer composites, and
their fins are metallic [105, 142].

Larger cells have duct holes to supply coolant (most often water) to take away the heat
generated during operation. It has been found that when PEMFC operates at high current
densities, a reduced efficiency is found due to the accumulation of water generated as a result
of the electrochemical process, which leads to flooding of the membrane and hinders the
efficient transport of reagents. There is also a decrease in efficiency at low current densities and
in case of drying and insufficient moisture of the membrane, which hinders ionic conductivity
and disrupts the operation of the cell. Therefore, achieving maximum efficiency in fuel cell
operation is directly related to the optimal management of the water balance, in order to
prevent the occurrence of both flood and drainage zones, which significantly impair the
electrochemical and transport efficiency of the system. Conventional channel structures in fuel
cells ensure continuity of flow from inlet to outlet, with the flow of reactants running parallel

to the surface of the electrode [138][139] [140] [141] [147] [148] [74] [149].



In contrast to the conventional linear channel structure, three-dimensional complex fields with
repeating baffles, the so-called "partition" design, is an inverted trapezoidal partition in the
channel structure, shown in blue on Fig. VII.3 They create a microscale flow between the gas
diffusion layer and the channel fields, generating an intense oxygen flow that removes excess
water from the gas diffusion layer and improves the efficiency of the fuel cell. The angles of the
partitions (trapezoid) are essential by determining the angle at which air penetrates the gas
diffusion layer. It was found that the angle of the legs with the base of 45° gives the best
performance and increases the power density by 18.8%, with 30° and 60° also has

improvements, but to a lesser extent. [161]

The reduction of hydraulic resistance supports the effective penetration of the reactants
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Fig. VII.3 Control of the water balance of the cathode side in a partition design

through the porous layer and the fuller use of the active surface of the electrodes. To improve
the homogeneous course of the electrochemical reaction over the entire electrode surface, a
structural optimization model inspired by biological systems and based on algorithms

developed by Alan Turing is applied [165, 166].



Chapter VIII. Fuel cell model descriptions

Model descriptions available in the scientific literature are usually limited to single-phase
simulations or simplified two-phase approaches that do not adequately reflect the complexity
of two-phase flows in the geometry of the channel structure. In this context, the integration of
the two-phase Forheimer model is essential for realistically simulating the behavior of liquids
in 3D flows. The installation of partitions in the channels of fuel cells with a proton exchange
membrane is a technology for creating 3D microarrays that facilitate the recirculation of the
flow, expansion, contraction and formation of vortices known as inertial effects (Forheimer

effect), represented on the Fig. VII.3 [178]. The electrochemical potential of a fuel cell in
equation (8.1.3) is a function of the current density (V,.;; = f (1)) and the already mentioned

main types of losses that arise:[183]

Veett = Viernst =Norm —Nact = Nair = f(i) (8.1.3)

Within this study, the current density is compared at a set voltage of 0.7 V for all models. Since

the Nernst equation gives the equilibrium potential stress, which is the theoretical open-circuit

stress, equation (8.1.3) can be expressed as foIIows:VOCp

Vcellzvocp - rlohm(t) “Nact (‘L) - rldif (‘l) (8.1.4)

Where Vyernse is the Nernst potential, and Nopm (1) Ngce (D, Ngip (D) represent ohmic,

activation, and diffusion losses, respectively. Ohmic losses are described by the equation:

rlohm(i) = Rinternal-(l (V] (8.1.5)

Ohmic losses are linear and are the sum of the resistances of the anode, cathode and electrolyte
(Rinternal) multiplied by the current density i, A/cm?. Activation losses are expressed by

equation (8.1.6):



Nace (D) = % ll’l(i) (V] (8.1.6)

Where: R is the universal gas constant (8.314 J/mol. K); T is the operating temperature, a is the
charge transfer coefficient; F is Faraday's constant (96,485 C/mol); L is the working density of
the current; L, is the exchange density of the current. Diffusion losses are defined by equation

(8.1.7)

Nais(D = Bln(1l-— ﬁ)[vl (8.1.7)

Where: ndif is the diffusion superpotential [V]; B is the diffusion voltage constant [V]; L —

current density [A/cm?]; uim — limiting current density [A/cm?]. These losses occur at high
current densities, when mass transfer is limited and reactants near electrode are depleted, B is
an empirical coefficient related to the properties of mass transfer, and uUim is the limiting

current density. The limiting current density is calculated by:

_ 2FDCpz0

- (8.1.8)

Where (F) is the Faraday constant, C/mol; D is the diffusion coefficient, m2/s; L is the thickness
of the gaseous diffusion layer (m); Cy,0 - volumetric concentration of the reagent [mol/m3].
[185] The density of the exchange current (ip), mentioned in equation (8.1.4.), is a key
parameter in fuel cell modelling. Within the framework of the present study, values of 1073
A/cm? for anode current density and 10°® A/cm? for cathode, based on literature data, were

used.[186]



Chapter IX. Model Studies of Channel Structure in PEM Fuel
Cell

The scope of this PhD thesis examines four different configurations of streaming channels in
PEMHFC. In all embodiments, the tests were carried out on membrane-electrode packages
(MEA) of identical dimensions and materials. The dimensions of the cell are 12 mm wide and
20 mm long, and the membrane is proton-exchange with high ionic conductivity Nafion,
suitable for operation at temperatures below 100 °C. The gas distribution layer has a porosity
of 80% and a thickness of 500 um, and the catalyst layer contains platinum microparticles with
a diameter of 1 um. This electrochemical process has slow kinetics and is speed-determining,
which is why it is the subject of research to increase the efficiency and productivity of hydrogen

fuel cells. [190]

For all the studied models, the same mass velocity of the inlet flow was given in order to
compare the distribution of molar oxygen concentration in the cell core, humidity in the
channels and membrane, pressure losses for each configuration and polarization curves. The
parallel-serpentine design of the flow channels is a hybrid configuration that combines the
advantages of the velocity field of the flow in parallel and serpentine designs. This design
features multiple serpentine channels arranged in parallel, allowing for more even distribution
of reagents and improved water management in the fuel cell. The parallel-serpentine design
can improve the performance of PEMFC. This design has been found to provide better
distribution of reagents and more efficient water removal compared to traditional
configurations. Modifications to the parallel-serpentine design, such as the inclusion of baffles
or changes to the geometry of the channels, can contribute to better water management and
increased fuel cell efficiency. In this PhD thesis, a configuration of a current in a coil with two

parallel channels is modeled, presented on the Fig. IX.1 [194][195] [196].
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Fig. IX.1 Parallel-serpentine design of flow channels: a) top-view; b) three-dimensional
design

On Fig. a classic parallel configuration is presented, in which the gas channels are oriented in a

straight line and arranged parallel to each other. This type of geometry is characterized by low

hydraulic resistance and minimal pressure losses, but it has significant drawbacks in terms of
water management, especially at the end of the channel. In accordance with Bernoulli's
equation, lowering the pressure towards the outlet leads to difficult water removal, which can
cause local flooding and uneven operation of the cell. To overcome this problem, the modified
configuration with built-in baffles located along the parallel channels is presented on the Fig.

1X.2,b [199].

The third model studied is an unconventional fluid channel configuration based on a Turing

(b)

Fig.IX.2. Scheme of channel structure: (a) parallel-flow channel structure with 10 channels
arranged in parallel, with built-in partitions; (b) visualization of the cross-sectional flow of
the channel structure

design inspired by biological structures. In this design, complex but structured channels are

22



created, resembling the distribution of natural channels, such as those in the leaf or of the
circulatory system. The goal of this approach is to achieve an even distribution of reactants and
improve electrochemical activity in the fuel cell core. The Turing design balances the pressure
from the inlet to the outlet of the channel, ensuring adequate flow speed while minimizing
resistance in the channels. This balance is essential for effective water management and
prevention of local flooding, which can impair fuel cell performance. The visualization of this
model, presented at the Fig. IX.3 [202][203], includes both a top-down view and a three-

dimensional perspective, allowing for a detailed overview of the channel configuration.

Fig. IX.3 Turing Current Field Design: Two-dimensional (a) and three-dimensional view (b) of
the flow distribution in the channel section.

Although the Turing design offers advantages in terms of even flow distribution and increased
efficiency, it still faces challenges related to water management. In order to overcome these
limitations, an innovative approach has been developed presented at the Fig. IX.4., which
integrates a partition configuration known for its efficiency in water management, with the

advantages in flow distribution of the Turing design.
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Fig. IX.4 Hybrid design with partitions: (a) two-dimensional representation of the current field;
(b) Three-dimensional representation of the current field and channel bulkheads.

The distribution of the molar oxygen concentration in the four different configurations of the

PEMHFC fluid channels — serpentine, baffled, Turing and hybrid — has been investigated. Fig.
IX.5.

(b)

19 19.5 20 20.5

(d)

Fig.IX.5. Mole fraction distribution of oxygen (mol.% 0O2) in a) parallel-serpentine design
(bottom-up inlet); b) partition design (entrance from right to left); c) Turing design (entrance
from right to left); d) hybrid design (left-to-right entrance).



Although increasing the molar fraction of oxygen in the cathode channel is essential, it does not
in itself constitute a reliable indicator of the optimal performance of the fuel cell. For a more
precise assessment of the actual efficiency of mass transfer and reaction activity, it is necessary
to consider not only the pattern of the concentration fields, but also the amount of oxygen that
actually reaches a unit area of the core per unit of time. Oxygen mass flow normalized over the
active area, which is a reliable indicator for assessing the reagent supply and current generation
potential, is presented at the Fig.IX.6

On Fig IX.10 the polarization curves of the four configurations — parallel-serpentine, baffle,

Turing and Hybrid with the same mass flow rate of the input flow of 2.53 x 1077 kg/s are

Fig. IX.6 Distribution of oxygen mass flow by channel area (kg/s) for the following designs: (a)
parallel-coil design (top-down inlet); b) partition design (entrance from right to left); c) Turing
design (entrance from right to left); d) Hybrid model (right-left entry)

presented. The benchmarking in terms of performance is done in the typical operating range

for PEMHFC from 0.6 to 0.8 V, in which the highest efficiency is usually achieved. The results for



Turing and hybrid design show a minimum voltage of 0.9 V, indicating their ability to maintain
high current density under increased load conditions.

Among the configurations examined, the hybrid design showed the highest overall
performance, reaching a current density of 1.2 A/cm? at a voltage of 0.9 V, with an output mass
air flow rate of 1.26 x 1077 kg/s and an oxygen recovery rate of 50.20 %. These values show an
effective balance between the kinetics of electrochemical reactions and the uniform

distribution of reactants. The Turing configuration shows a current density of 1.0 A/cm?, a mass
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Fig. 1X.10 Polarization voltage (V)-current density curves (A/m2) for: a) parallel-coil; b) with
partitions; c) Turing ; e) hybrid design.

flow rate of 1.23 x 1078 kg/s, and a high rate of oxygen utilization of 95.14%, which means
efficient use of the reactants, despite the lower current. The baffle design shows a lower current
density of 0.4 A/cm? and a mass flow rate of 2.26 x 108 kg/s, also achieving an oxygen utilization
efficiency of 91.05 %. This implies good moisture control, but limited electrochemical activity.

In contrast, the coil configuration begins to generate current at a lower voltage of about 0.6 V,



which indicates significant activation losses. It achieves only 0.5 A/cm? at a voltage of 0.35 V
and an output flow rate of 3.64 x 1078 kg/s, as well as oxygen recovery — 85.61%. Although the
Turing configuration shows the highest degree of oxygen recovery, this does not automatically
lead to better electrochemical efficiency at high powers. In the case of the hybrid design,
approximately 50% of the oxygen is used efficiently, resulting in the highest current density at
the same active area. This shows the importance of effectively managing both kinetic processes
and the distribution of reactants. The hybrid design is distinguished by better performance in
terms of electrochemical efficiency and reagent management, showing the best performance
of the studied variants. Current field configurations with biologically inspired geometries ensure
an even distribution of gas flows, thereby reducing pressure drop, but remaining the risk of
drying out or flooding the membrane.

The inclusion of a partition structure in this design contributes significantly to improving
moisture management and increasing overall efficiency. Turing and baffle configurations offer
stable but not maximum performance, while the parallel-coil design lags far behind,

demonstrating the importance of the current field in fuel cell optimization.

IX.1. Computing domain and verification of numerical models

The sampling process involves a sequence of operations that determine the dimensions,
distribution, and degree of detail of the elements on a comprehensive and local scale. While
general model settings affect the entire computational area, local ones allow for more precise
control in certain areas. Predefined mesh dimensions range from "normal" to "extremely fine",
and the choice between them is tailored to the geometric and physical complexity of the
particular configuration. Within the framework of the present study, a normal discterization
grid was used for the partition models and for parallel-serpentine geometry, as it provides a
good balance between computational load and accuracy of the results. On Fig IX.11 The
computational grid structure for the partitioned model is presented, and the normal (Fig.

IX.11a) and fine (Fig. IX.11b) a computing grid to assess the impact of grid density.
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Fig. IX.11 Partition design computing domain: (a) normal; b) fine; (c) a polarisation curve for a
fine mesh; (d) comparison of polarization curves for normal and fine mesh.



CHAPTER X. Conclusions
Based on the results of the research carried out in the PhD thesis, the following conclusions can

be drawn:

Through mathematical modeling, an electrode configuration of an alkaline electrolyzer with a
perforated structure and increased thickness was studied, through which a more than 50%
reduction in the volume of the electrolyzer was achieved while maintaining hydrogen
performance. Compared to the classic 110 cm? electrolyzer, the perforated model has the same
active electrode surface (365 cm?), but with almost half the volume (52.5 cm3) with a
commensurate hydrogen production of 1.32 I/min at 2.1 V. Results show over 52 % increase in

productivity per unit volume;

A computational grid of specialized software has been validated, through which the influence
of the electrode geometry of alkaline electrolysers on the rate of formation of gas bubbles has
been investigated in order to reduce the ohmic losses of the electrolysis cell. The software-
calculated maximum power of an alkaline electrolyzer with a perforated electrode is 102 kW at
1298 A, which corresponds to technologically realistic values, such as a significant increase in

current density and efficiency at the same active area.

The possibility of direct connection of the electrolyzer to a PV source system with variable
power has been investigated, and the simulation study confirms the possibility of synchronizing
the operating characteristics of the systems to ensure the stability of the performance of the
electrolyzer under dynamics in the power of the photovoltaic system. This proves the possibility
of efficient hydrogen production by electrolysis of water when powered by renewable energy

sources.

Simulation studies of various configurations of channel structures in proton exchange
membranes in fuel cells have been carried out: classic serpentine, bioinspired Turing design,
the baffle configuration, and a new hybrid design has been proposed, combining the advantages
of Turing and the baffle design. The comparative studies carried out show that the proposed

hybrid design shows the best efficiency, with a current density of 1.2 A/cm? and 50.2 %



efficiency of oxygen use, compared to the classic design with a current density of the same

parameters of 0.3 A/cm?.

Computational models have been created and validated to describe the electrode
configurations of alkaline electrolysers and fuel cell channel structures, and the research
conducted shows that numerical modeling in a COMSOL environment provides a reliable tool

for software-based design and optimization of electrolysis and fuel cells.

Comparison with real data and validation of the results show that software-designed
configurations of an alkaline electrolyzer with perforated electrodes and a proton exchange fuel

cell with a hybrid draft field design have real application potential.

The analysis shows the need for technological compromises in alternative configurations, such
as a common anode and a common cathode, which provide better cooling, lower electrical
losses and organized gas separation, but give significant deviations in real power from the

design power.

SCIENTIFIC, SCIENTIFIC-APPLIED AND APPLIED CONTRIBUTIONS

Scientific and scientific-applied contributions

A new electrode configuration with perforated holes has been proposed and investigated and
the potential for miniaturization of alkaline electrolysis systems has been proven, achieving a
greater effective active surface area and a higher rate of electrochemical reaction.

A computational procedure of electrode surfaces and reaction zones of alkaline electrolysers
has been built and validated as a basis for simulation-based design and scaling of electrolysis
systems.

A new hybrid geometry of the Turing design type with partitions to increase the energy
efficiency of fuel cells with proton exchange membranes has been proposed and researched.
Through model studies, the importance of the hybrid configuration in minimizing ohmic losses
through the distribution of reagent flows and the efficient removal of water as a reaction

product for the sustainable functioning of the fuel cell has been proven.



A computational procedure for proton-membrane fuel cells has been developed and validated,
which allows simulation-based design of various configurations and optimization of mode

parameters.

Applied contributions

An approach is proposed for the direct integration of an alkaline electrolyser with a photovoltaic
system in synchronization of their performance characteristics and by configuring the number
of paralyte and series connected cells to achieve the most efficient production of green

hydrogen.
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SUMMARY

This doctoral thesis develops and validates advanced mathematical and CFD models to optimize
electrode structures in electrolyzers and flow field designs in PEM fuel cells, targeting reduced
losses and enhanced electrochemical performance. The results demonstrate that optimized
geometries significantly improve efficiency, compactness, and reactant utilization.
Furthermore, the study confirms the technical feasibility and energy benefits of directly
coupling photovoltaic systems with electrolyzers for efficient and sustainable green hydrogen
production. The proposed designs show strong potential for practical implementation in
modern hydrogen energy systems. In addition, the validated modeling approach provides a
reliable framework for future design, scaling, and optimization of integrated hydrogen
technologies. The findings contribute to the development of cost-effective and energy-efficient
solutions aligned with the goals of decarbonization and renewable energy integration.
Moreover, the research supports the advancement of hydrogen as a key energy carrier in next-

generation sustainable energy systems.
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