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Abstract

The purpose of this thesis is to develop an operational algorithm for designing a
system that aims to optimize the utilization of energy generated by photovoltaic
panels while ensuring system autonomy. Excess energy is used to produce a specific
guantity of hydrogen (water electrolysis) by the end of each year.

In the first chapter, the thesis emphasizes the need to move away from conventional
energy production methods relying on fossil fuels due to the serious issues they
cause, including limited energy resources and environmental pollution from
greenhouse gas emissions. Consequently, the thesis proposes hydrogen as an
alternative energy source to address these problems.

The second chapter presents the mathematical models of the subsystems used,
including the photovoltaic system, the Lead-Acid battery, the electrolysis unit, and
the hydrogen storage system.

The third chapter explains the energy management algorithm, which considers the
State Of Charge (SOC) of the battery as a control variable to determine the operating
conditions of all system components for optimal performance. To protect the
accumulator from frequent start-stop cycles, a hysteresis band is introduced into the
algorithm, making operational limits more flexible.

Finally, in the fourth chapter, the use of the Optimization Tool package in Matlab,
employing genetic algorithms, is explained. This optimization aims to determine the
optimal sizes of the subsystems (photovoltaic system, accumulator, and electrolysis
unit) that will lead to a predetermined H2 production by the end of each year. Based
on this algorithm and the meteorological data in the areas of Anogia and Tavronitis,
various scenarios are examined for meeting the energy needs of specific
communities (with one or without any house), while simultaneously achieving a
specific goal of hydrogen production. Some results were obtained in this regard:

e In the area of Anogia, the production of 2000000 liters of hydrogen is achieved
by using photovoltaic systems. For community 1, a photovoltaic system with a
capacity of 6.9 kW is employed, while for community 2, a photovoltaic system
with a capacity of 43.7 kW is utilized. To meet the energy requirements of
community 1, batteries with a capacity of 844.2 Ah are used, whereas for
community 2, batteries with a capacity of 30344.2 Ah are employed.
Additionally, an electrolysis unit with a size of 8.4 kW is used for community 1,
while for community 2, an electrolysis unit with a size of 8.5 kW is employed. In
order to offset the expenses of the above equipment over a 20-year period, with

the aim of achieving a net present value of zero, it was calculated that the
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produced hydrogen should be sold at 16.8€ for community 1 and 60.8€ for

community 2.

e In the area of Tavronitis, the production of 2000000 liters of hydrogen is
achieved by using photovoltaic systems. For community 1, a photovoltaic system
with a capacity of 8.8 kW is employed, while for community 2, a photovoltaic
system with a capacity of 55.1 kW is utilized. To meet the energy requirements
of community 1, batteries with a capacity of 1740.6 Ah are used, whereas for
community 2, batteries with a capacity of 25240.6 Ah are employed.
Additionally, an electrolysis unit with a size of 9.1 kW is used for community 1,
while for community 2, an electrolysis unit with a size of 9.2 kW is employed. In
order to offset the expenses of the above equipment over a 20-year period, with
the aim of achieving a net present value of zero, it was calculated that the
produced hydrogen should be sold at 20.3€ for community 1 and 81.4€ for

community 2.

e In the area of Anogia, the production of 20000000 liters of hydrogen is achieved
by using photovoltaic systems. For community 1, a photovoltaic system with a
capacity of 70.8 kW is employed, while for community 2, a photovoltaic system
with a capacity of 153.8 kW is utilized. To meet the energy requirements of
community 1, batteries with a capacity of 6865.5 Ah are used, whereas for
community 2, batteries with a capacity of 6865.5 Ah are employed. Additionally,
an electrolysis unit with a size of 51.9 kW is used for community 1, while for
community 2, an electrolysis unit with a size of 51.9 kW is employed. In order to
offset the expenses of the above equipment over a 20-year period, with the aim
of achieving a net present value of zero, it was calculated that the produced

hydrogen should be sold at 15.3€ for community 1 and 22.8€ for community 2.

e In the area of Tavronitis, the production of 20000000 liters of hydrogen is
achieved by using photovoltaic systems. For community 1, a photovoltaic system
with a capacity of 84.5 kW is employed, while for community 2, a photovoltaic
system with a capacity of 132.4 kW is utilized. To meet the energy requirements
of community 1, batteries with a capacity of 21487.1 Ah are used, whereas for
community 2, batteries with a capacity of 21487 Ah are employed. Additionally,

an electrolysis unit with a size of 129.8 kW is used for community 1, while for
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community 2, an electrolysis unit with a size of 129.8 kW is employed. In order
to offset the expenses of the above equipment over a 20-year period, with the
aim of achieving a net present value of zero, it was calculated that the produced
hydrogen should be sold at 21.6€ for community 1 and 27.8€ for community 2.

e In the area of Anogia, the production of 200000000 liters of hydrogen is
achieved by using photovoltaic systems. For community 1, a photovoltaic system
with a capacity of 638.8 kW is employed, while for community 2, a photovoltaic
system with a capacity of 698.8 kW is utilized. To meet the energy requirements
of community 1, batteries with a capacity of 119660.6 Ah are used, whereas for
community 2, batteries with a capacity of 119660.6 Ah are employed.
Additionally, an electrolysis unit with a size of 838.7 kW is used for community 1,
while for community 2, an electrolysis unit with a size of 838.7 kW is employed.
In order to offset the expenses of the above equipment over a 20-year period,
with the aim of achieving a net present value of zero, it was calculated that the
produced hydrogen should be sold at 15.9€ for community 1 and 16.7€ for

community 2.

e In the area of Tavronitis, the production of 200000000 liters of hydrogen is
achieved by using photovoltaic systems. For community 1, a photovoltaic system
with a capacity of 837.2 kW is employed, while for community 2, a photovoltaic
system with a capacity of 897.2 kW is utilized. To meet the energy requirements
of community 1, batteries with a capacity of 89208.1 Ah are used, whereas for
community 2, batteries with a capacity of 89208.1 Ah are employed.
Additionally, an electrolysis unit with a size of 586.5 kW is used for community 1,
while for community 2, an electrolysis unit with a size of 586.5 kW is employed.
In order to offset the expenses of the above equipment over a 20-year period,
with the aim of achieving a net present value of zero, it was calculated that the
produced hydrogen should be sold at 17.7€ for community 1 and 16.7€ for

community 2.

Key words: hydrogen, renewable energy sources (RES), solar energy, greenhouse
gases, energy problem, environmental problem, water electrolysis, energy
management algorithm.
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MepiAnyin

O okomog NG mapovoag OSUTAWMOTIKAG epyaciag sival n Snuoupyla €vog
oAyopiBuou Aettoupyilag yla To oxeSlAoUO €VOG CUCTAHUATOG TIOU OTOXEUEL OTNn
BéAtiotn aflomoinon tng mapayopevnG eVEPYELOG amo Ta GwToBOoATaikd TAVEA,
eaodalilovrag autovopia oto cuotnua. H mAeovalouoa evépyela XpnoLUOMoLE(TaL
yla TNV mopaywyn CUYKEKPLUEVNCG TTOoOTNTOG USPOoYyoOvou (Ue nAeKTpOAUCH vepPOU)
ylaL TNV EMITEVEN CUYKEKPLUEVOU OTOXOU OTO TEAOC KABE XpOVoU.

Ito mpwto kepdAato n  SutAwpatik epyacia Tovilel TNV ovaykalotnta
QTOUAKPUVONG amod TG cUMPBATIKEG HeBOSoUC tapaywyng evEpyeLog ou Baaoilovtal
OTO OPUKTA Kauola AOyw Twv coBapwv TPOoBANUATWY TOU TPOKAAOUV. Ita
npoBARuaTa autd TEepAapBAvVOVTOL OL TIEPLOPLOUEVOL EVEPYELAKOL TOpPOL Kal n
neplBallovTik) pUMAVON TIOU TIPOKOAELTOL QMO TI( EKMOMMEC QAEPLWV TOU
Bepuoknmiou. Etol, n SUMAWUATIKA £pyacia mpoteivel TNV uloBETnon Tou udpoyovou
WG EVAAAQKTLKNA TtNYI EVEPYELOG YLOL TNV AVTLUETWIILON AQUTWV TWV MPOLANUATWV.

Jto Oeltepo  Kepalalwo Tmapoucltalovtol  TA  HABNUATIKA  HMOVTEAQ  Twv
UTTOGUOTNUATWYV TIOU Xpnotuomnowtnkayv, dnAadrn tou ¢wrtoBoAtaikol cuotApOTOC,
ToU oucowpeut MoAUBSou-0&€og (umatapia), TG povadag nAeKTpOAUCNG KAl TOU
oUOTNUATOG amoBrikeuong Tou udpoyovou.

210 tpito KePAAalo efnyeital o aAyoplOuog Slaxeiplong tng eVEPYELAG, O OMMOLOC
AapBavel umoyn tnv kataotaon ¢optiong (State Of Charge - SOC) tn¢ pnatapiog wg
petapAnti eAéyxou kal kabopilel TIc ouvOnkeg Aettoupyiag OAwV Twv e€apTNUATWY
TOU ouoTnuatog, wote va efaodaliletal n BEAtiotn anddoor tTouc. MNa autdv TO
Aoyo elodyetal otov alyoplbuo éva ddaopa votépnong (Hysteresis band) to onoio
OTOXeVEL 0TN dnUloupyia Lo eVEAKTWY oplwv AELToUpyLaG YLOL TOV CUCCWPEUTH, UE
OKOTIO TNV Tpootacia tou amd tn Slakomtopevn xprion mou dpa apvnTkA otn
Stapketa Lwng Tou.

TéNog, oto TETAPTO KePAAAlo TapoucldleTal O TPOMOC XPNONG TOU TIAKETOU
BeAtwotonoinong, Optimization Tool, oto Matlab, xpnowomnowwvtag yevetikolg
oAyopiBuouc. H BeAtiotomoinon autrhy oTtoXeUEL 0TOV MPOCGSLOPLOUO TWV BEATIOTWY
HEYEOBWV Twv umocuotnUATwY (PwToBOATAIKO cUCTNUA, Umatapio kal povada
NAgKTPOAuong) mou odnyolv og pia tpokaBoplopévn apaywyn H2 oto télog kabe
£€Tou¢. Me Bacn tov alyoplOpo auTO Kol To HETEWPOAOYIKA SeSopéva yla tnv
nmepLoxn Twv Avwyeilwv kal v mepoxn tou Taupwvitn efetalovtal diadopa
oevapLa yla TV KAAUPN TwV EVEPYELOKWY AVOYKWY CUYKEKPLUEVWV KOLWVOTATWVY (UE
€va 1 Kavéva OTIiTl), VW TAUTOXPOVA ETUTUYXAVETAL KOL CUYKEKPLUEVOC OTOXOG
napaywyng H2. Ta anoteAéopata eival ta €€NG:
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e Jtnv Tmeploxn Twv Avwyeiwv, n mapaywyny 2000000 Aitpwv udpoydvou
ETUTUYXAVETAL HE Xprion ¢wtoPfoAtaikwv cuotnuatwy. MNa tv kowotnta 1,
Xpnollomoleital éva pwtoBoAtaikd clotnua He xwpntikotnta 6.9 kW, evw yla
NV Kowotnta 2 xpnolponoleital éva pwTtoBoATaikd cUCTNUA HE XWPNTIKOTNTA
43.7 kW. Ta va kaAudpBoUv oL €eVEPYELOKEG OVAYKEG TNG Kowotntag 1,
XPNOLLOTIOLOUVTOL UIATOPLEG UE XwPNTKOTNTA 844.2 Ah, evw yla TNV KOLWVOTNTA
2 xpnowiomolouvtol pmatapieg pe xwpntikoétnta 30344.2 Ah. EmutAéov,
xpnotgoroleital povada nAektpoAuong e péyebog 8.4 kW yia tnv kowotnta 1,
EVW YLOL TNV KOOTNTA 2 Xpnolpomnoleital povada nAektpoAuong pe péyebog 8.5
kW. Ma va pnopéoouv va pndeviotouv ta £€o0da amo Tnv ayopd ToU Tapomavw
e€omAlopol oe Sdaotnua 20 xpovwy, dnAadn n kabaprn mapovoa afia va sivatl
UNGEVIKN, UTOAOYLOTNKE TWG TO TOpPAyoueEvVO ubpoyovo Ba TpeEmeL otnv
nepimtwon t¢ kowotntag¢ 1 va mouAnBel 16.8€ kol otnv MepMTwon NG

Kowvotntag 2 va mouAnOei 60.8€.

e JTnv meploxn tou Taupwvitn, n mopaywyy 2000000 Aitpwv udpoydvou
ETITUYXAVETOL PE Xprion ¢wTtofoAtaikwyv cuotnuatwv. Mo tnv kowotnta 1,
Xpnollomoleital éva pwtoBoAtaikd cuotnua pe xwpntikotnta 8.8 kW, evw yla
NV Kowotnta 2 xpnolpomnoleital éva dwtoBoATaiko cUOTNUA HE XWPNTLKOTNTA
55.1 kW. lNa va koaAudpBoUv oL eVepPYELAKEG QAVAYKEG TNG Kowotntag 1,
Xpnotdomololvtal pmotopie¢ pe yxwpntikotnta 1740.6 Ah, evw ywa tnv
Kowotnta 2 Ypnolomolouvial Hnatapleg He Ywpntkotnta 25240.6 Ah.
ErutAéov, xpnotuormoleital povada nAektpoAuong pe péyebog 9.1 kW yia tnv
Kowotnta 1, EVw yla TNV KOWoTNnTa 2 XpNoLUOToLE(Tal povada nAEKTPOAUONG UE
pEyeBog 9.2 kW. lMNa va pmopécouv va undeviotouv ta £€oda armod tnv ayopd Tou
napanavw EomAlopol o Stdotnua 20 xpovwy, dnladn n kabopn mapouoa
afla va sivat pndevikr, UTIOAOYLOTNKE TIWCE TO TTAPAYOUEVO USpoyoOvo Ba mpémel
otnv mepimtwon tng kowotntag 1 va mouAnBet 20.3€ kal otnv nepimtwon g

kowotntag 2 va mouAnBel 81.4€.

e JTNV TeEPLOXN Twv Avwyeiwv, n mopaywyrp 20000000 Aitpwv udpoyodvou
ETLTUYXAVETOL PE Xpron ¢wTtoPoAtaikwyv cuotnuatwyv. Mo tnv kowotnta 1,
Xpnotuoroleital éva ¢wtoBoAtaiko cuotnua pe xwpntwkotnta 70.8 kW, evw yla
NV Kowotnta 2 xpnolpomnoleital éva dwtoBoAtaikd cUOTNUA HE XWPNTLKOTNTA
153.8 kW. T va koaAudpBoUv oL eVvepYELOKEG QVAYKEG TNC Kowotntag 1,

XPNOLUOTIOOUVTOL HUIMOTOPIEG HE XWPNTIKOTNTA 6865.5 Ah, svw yla TtV
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Kowotnta 2 XPNOLUOTOLOUVTOL MMATOPIE HME XwpnTkOTNTa 6865.5 Ah.
ErutAéov, xpnolpomnoleitatl povada nAektpoluong pe péyebog 51.9 kW yia tnv
KowoTtnta 1, EVW yla TNV KOWOTNTa 2 XpNOLUOToLE(TaL ovada NAEKTPOAUONG UE
péyebog 51.9 kW. MNa va pmopécouv va undeviotouv Ta £€oda amod tnv ayopad
Tou mapandvw eEomAlopol og Stdotnua 20 xpovwy, dnAadn n kabapn mapovoa
afla va eival pndevikn, UTIOAOYLOTNKE TIWE TO TTAPAYOLEVO USpoydvo Ba mpémel
oTnNV MepmTwon ¢ kowotntag 1 va mouAnBel 15.3€ kal otnv MepimIwon g

Kowvotntag 2 va mouAnBei 22.8€.

e Jtnv meploxy tou Taupwvitn, n mapaywyr 20000000 Aitpwv udpoydvou
EMITUYXAVETOL PE Xpnon ¢wtoPfoAtaikwyv cuotnuatwyv. Mo tnv kowotnta 1,
Xpnotuoroleital éva ¢wtoBoATaiko cuoTnua pe xwpntikotnta 84.5 kW, evw yla
TNV Kowotnta 2 xpnolpomnoleital éva ¢wTtoBoAtaikd cUoTNUA UE XWPNTIKOTNTA
132.4 kW. Ta va koAudpBoUv oL eVepPYELAKEG QVAYKEG TNG Kowotntag 1,
XPNOLUOTIOOUVTAL MMaTaple He ywpntikotnta 21487.1 Ah, svw yw tnv
KOWvOTNTA 2 XPNOLLOTIOLOUVTOL UIATAPLEC LE YwpnTikoTnTa 21487 Ah. EmuunmAéoy,
Xpnollomnoleitatl povada nAektpoAuong pe péyebog 129.8 kW yia tnv Kowvotnta
1, eVw yla TNV Kowotnta 2 XpnolUomoLleital povada nAektpoAuong pe peyebog
129.8 kW. lNa va pmopécouv va pndeviotouv ta €€oda amd tnv ayopd TOu
napanavw EomAlopol o Stdotnua 20 xpovwy, dniadn n kabapr mapouoa
aéla va eival undevikn, UTTOAOYLOTNKE WG TO TTAPAYOLEVO USpoyodvo Ba mpémel
oTnV MepimTwon tng kowotntag 1 va mouAnBet 21.6€ kal otnv Mepimtwon Tng

Kowotntag 2 va touAnBel 27.8€.

e JTnv mepoxn Twv Avwyeiwv, n mapaywyry 200000000 Aitpwv udpoydvou
ETTUyxavetal pe xpnon ¢wrtofoAtaikwyv cuotnuatwyv. MNa tnv kowotnta 1,
xpnotuoroleital éva ¢wtoBoAtaikod ocvotnua pe xwpntikotnta 638.8 kW, svw
yla TNV Kowotnta 2 Xpnoldomoleital éva  ¢wrtoBoAtaikd ocuoTtnua UE
xwpntikotnta 698.8 kW. lNa va kalupBoUv oL €eVEPYELAKEG QVAYKEG TNG
Kowotntag 1, XpNOoLULOTOLoUVTOL Umatapieg pe xwpntikotnta 119660.6 Ah, evw
yla TNV KOWOTNTA 2 XPNOLUOTOLOUVTAL UIatapieg pe xwpntwkotnta 119660.6 Ah.
ErutAéov, xpnowpomnoleital povada nAektpoAuong pe péyebog 838.7 kW yia tnv
KowoTtnTa 1, VW yla TNV KOWOTNnTa 2 XpnoLdomoLeital povada nAeKTpoAuong Ue
péyeBocg 838.7 kW. MNa va pmop£oouv va pndeviotouyv ta €€oda amo tv ayopa
ToU mapanavw eéomAlopou ot Staotnua 20 xpovwy, dnAadn n kabapr mapovoa

atla va eival undevikn, UTIOAOYLOTNKE WG TO TTAPAYOLEVO USpoyodvo Ba mpémel
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oTnV Tepimtwon tng Kkowotntag 1 va mouAnBet 15.9€ kal otnv nepimtwon g

Kowvotntag 2 va mouAnbel 16.7€.

e Jtnv meploxn tou Taupwvitn, n mapaywyrn 200000000 Aitpwv udpoydvou
ETUTUYXAVETOL PE TN XpNon PwTtofoAtaikwyv cuotnuatwy. MNa tnv kowotnta 1,
Xpnollomnoleital éva ¢wTofoAtaikod cuoTnua pe xwpntkotnta 837.2 kW, evw
yla tnv Kkowotnta 2 xpnolgomoleitat éva PwrtoBoAtaikd oloTnpa HE
xwpntikétnta 897.2 kW. MNa va koAudpBoUv oL €VEPYELOKEG QVAYKEG TNG
Kowotntag 1, XpnolUomoloUvTal Unatapleg pe xwpntkotnta 89208.1 Ah, evw
yla TNV Kowotnta 2, XpNOoLLOToLoUVTaL UImaTapleg Le xwpnTikotnTta 89208.1 Ah.
ErutAéov, xpnopomoleital povada nAsktpoAuong pe péyebog 586.5 kW yia tnv
Kowotnta 1, evw yla tnv Kowotnta 2, Xpnolomnoleital povada nAektpoAuong e
péyeboc 586.5 kW. lMNa va pnopgcouy va pndeviotouv ta £€oda amod tnv ayopad
Tou mapandvw e¢omAlopol og Stdotnua 20 xpovwy, dnAadn n kabapn mapovca
afla va eival pndevikn, UTIOAOYLOTNKE WG TO TTAPAYOLEVO USpOoyOvo Ba mpémel
otnV MepimTwon tng Kkowotntag 1 va mouAnBet 17.7€ kal otnv nepimtwon g

Kowvotntag 2 va mouAnOel 16.7€.

NE€erg KAeWOLA: USPOYOVO, OVAVEWOLUEG TINYEG evépyelag (AME), nAlakr evépyela,
aépla Tou Beppoknmiou, evepyelako TPOPANUa, NAektpoAuon vepoul, alyoplOuog
Slaxeiplong evépyelag
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Chapter 1: Energy and environmental
concerns

1.1 Increased energy consumption and
environmental impact

Technological developments in recent years have led to a continuous increase in
energy needs and demands. The global demand and production of energy are
steadily increasing due to the large augmentation of the population combined with
the industrial expansion in many countries and the uncontrolled use of energy. In
1990 the worldwide annual electricity consumption was approximately 110000TWh,
while in 2022 the energy consumption reached almost 170000TWh, as illustrated in
the following figure.

" renewables
160,000 TWh % — Modern biofuels
l Solar
Wind
140,000 TWh Hydropower
— Nuclear
Natural gas
120,000 TWh
100,000 TWh
80,000 TWh oil
60,000 TWh
40,000 TWh
Coal
20,000 TWh
__ Traditional
0 TWh! biomass

1990 1995 2000 2005 2010 2015 2022

Figure 1.1 Global energy consumption from 1990 until 2022. Source: [1]

The available energy resources in our environment are divided into three main
categories: fossil fuels (such as oil, gas, and coal), nuclear energy, and renewable
energy sources. Most of the produced energy comes from fossil fuels, each with its
own unique characteristics and origin.

The process of extracting fossil fuels has proven to be highly damaging. The
combustion of hydrocarbons and coal-based fuels, which are used for electricity
generation, releases significant amounts of CO, and other harmful substances into
the atmosphere. This has led to irreversible damage to our environment and poses a
significant risk of climate change due to the emissions of carbon dioxide (CO;) from
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fossil fuels. This threat is considered the main concern for both the environment and
human health. Fossil fuels are not a viable option for the future as they are non-
renewable energy sources. Their extensive use has caused irreparable harm to our
planet. However, it is crucial to strike a balance between limiting their use with
meeting human needs. The total global CO, emissions from 1990 to 2021 are shown
below.

World
35 billion t

30 billion t
25 billion t
20 billion t
15 billion t
10 billion t

5 billion t

0t
1990 1995 2000 2005 2010 2015 2021

Figure 1.2 Total global CO2 emissions from 1990 until 2021. Source: [1]

1.2 Hydrogen: The environmentally friendly energy
carrier for a sustainable energy future

Renewable energy sources, such as solar, wind, hydro, geothermal, biomass, ocean
currents, tides, and waves, have gradually become part of our energy production.
These sources can be used for both electricity and fuel generation. Consequently,
there is a growing need for the further integration of alternative energy sources that
can serve not only as fuels, but also for electricity generation.

The solution to this challenge includes synthetic petrol, synthetic natural gas
(methane), methanol, ethanol, and hydrogen. Among these alternatives, hydrogen
has been chosen as a replacement for fossil fuels.

Hydrogen is considered an “eco-friendly” energy carrier because it does not release
carbon byproducts when used in fuel cells or internal combustion engines. It is also
highly suitable for transportation, easily convertible into other forms of energy, and
exhibits high energy efficiency. Moreover, hydrogen is economically viable, safe to
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use, and environmentally compatible. It can be employed as a substitute for fossil
fuels in industrial processes, contributing to ammonia production and innovative
forms of methanol production. Moreover, hydrogen serves as an efficient means to
transport renewable energy over long distances and enables the storage of large
amounts of energy. Additionally, it finds utility as a vehicle fuel, particularly for long-
distance transportation and heavy-duty vehicles such as trucks, ships, and airplanes,
due to its higher energy density compared to batteries.

1.3 Hydrogen production through solar energy

In solar energy technologies, sunlight is used to produce heat and electricity. Direct
solar energy, also known as solar photovoltaic power, refers to a system that
converts solar radiation into electrical energy through photovoltaic cells. Solar
power, and particularly photovoltaic systems, can offer a viable alternative solution.
Compared to other renewable energy sources, it provides the most stable and
predictable energy supply while offering cost-effective installation units.

Hydrogen can be produced from renewable energy sources through the process of
water electrolysis without emitting carbon dioxide and without using fossil fuels. This
method uses electricity to separate hydrogen from oxygen in water. In a typical
hydrogen photovoltaic system, a photovoltaic generator supplies electricity to a
water-electrolyzer.

The system is illustrated in Figure 1.3. To store large quantities, hydrogen can be
stored either underground or in aquifers and subsequently transported through
pipelines to energy consumption centers.

_3:1_
v

Pk"ﬁadu e

DC/DC converter Electrolyser Hydrogen production
(MPPT)

Figure 1.3 A typical photovoltaic hydrogen system. Source: [2]
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Chapter 2: Mathematical modelling of the
RES-H; system

The material used in chapter 2 and 3 is sourced from the thesis of Ipsakis Dimitris,
titled “Design of optimal operation of energy systems using renewable and
alternative sources”, completed in 2011 as a PhD thesis at Aristotle University of
Thessaloniki.

This chapter presents the theoretical background for the operation of each
subsystem. It will describe the main aspects of the mathematical equations used in
the Matlab environment for the simulation of the system. These equations aim to
model the fundamental characteristics of the subsystems employed.

The subsystems used and analyzed below are:

Photovoltaic system (PV Arrays)

Lead-Acid Accumulator

Electrolysis unit

Hydrogen storage system

2.1 Photovoltaic system (PV System)

A photovoltaic system consists of the photovoltaic panels, the supporting installation
of these panels, and the auxiliary equipment, mainly comprises of electrical parts.
The core component of the panel is the silicon solar cell, where several elements are
connected in series in order to increase both the delivered voltage and the power
output.

Photovoltaic panels are composed of two types of semiconductors, a positive "p" (p-
type) and a negative "n" (n-type). At room temperature, n-type semiconductors
contain numerous freely moving electrons, while p-type semiconductors contain
many freely moving positive charges, known as electron holes. The interface

between the two semiconductors forms a p-n junction, which functions as a diode.

If the diode is exposed to photons of solar radiation with energy levels higher than
the band gap (egap) of the semiconductor, then the number of free electrons in the
"p" semiconductor and the number of positive charges in the "n" semiconductor
increase and an electric field is created. Consequently, the electrons at the p-pole
move and reach the diode region, where they are attracted by the positive field of
this region. By connecting the semiconductors in an external circuit, we have the

creation of an electric current.
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Photons
+
n pole
— = = = 7| p-nconnection
p pole

L -,

Figure 2.1 Operating principle of a solar cell. Source: [7]

Photons with energy above a specific threshold have the ability to initiate this effect.
The magnitude of the generated current depends on the element's surface area and
the concentration of active photons in solar radiation. During the night, the
photovoltaic panel is considered inactive device, producing neither current nor
voltage. However, if it remains connected to an external source, the diode Ip current
(or dark current) is generated.

The positioning of the panels in relation to the sun depends on the geographical
location of the installation area (altitude, hemisphere, etc.), and typically, the
optimal installation angle is provided by information from space exploration
agencies, such as NASA.

The mathematical analysis of photovoltaic system operation is based on the
characteristic current-voltage (I-V) curve, which depends on the intensity of solar
radiation and the air temperature at the surface of the photovoltaic cell. The
equivalent circuit that can describe the proposed model is presented below and
serves as the foundation for the development of various mathematical models of
photovoltaic systems found in established literature.

|ﬁ|
t l Ip llsh — "y
® [ |Ra v

[ 1

i| Rload

Figure 2.2 Equivalent electrical operating circuit of a photovoltaic cell. Source: [7]

According to Kirchoff's current law applies to the above circuit:

[=1-Ip— L (2.1)
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where:

I: the operating current, A

I.: the photodiode current, A
Ip: the diode current, A

Ish: the deflection current, A

From the semi-empirical analysis of the currents in relation (2.1), the relation
power—> incident radiation + temperature is exhibiting a strongly non-linear
behavior. This relationship gives the connection between the intensity I (A) and the
operating voltage Vpy (Volt) for the above circuit:

Vo, +1,, R, Vo, +1,, R,
L=1, =1 —lp—lg=1_—15-[exp( )-]-——

—_ 2.2
pv o R, (2.2)

where:

Rs: the resistance in series, V

Rsh: the shunt resistance, V

o: the correlation parameter for curve fitting, V

Ip: the reverse diode saturation current, A

Vpv: the operating voltage of the element, V

Considering high the difference between the two resistances, Rsh >> Rs, the above
equation is further simplified by removing the last term as follows:

Vo, + 1, R,

Ipv =IL_IO'[exp( = )_1] (2.3)

In order to solve (2.3), equations that take into account extreme operating
conditions. Such conditions are required. Such conditions involve the current and
voltage values under short-circuit, open-circuit, and maximum power conditions, as

described below.

At short circuit conditions with zero Vyy, the current I, flowing through the diode is

equal to the short circuit current. It can be expressed as:
IL,ref= IPV,sc,ref =Ipy= Isc,ref (24)
The term ref indicates the reference conditions:

e Solar radiation Gyef = 1000 W/m?

e Air temperature Trer = 25 °C
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At open circuit conditions with zero current I,y = 0, the unit is dropped from
equation (2.3) because it is a very small term compared to the exponential term, so
equation (2.3) is transformed to:

-V
= IL,ref 'exp( e ) (25)

ref

Io,oc,ref
If the values of intensity I,y and voltage Vp are substituted at maximum power
conditions, i.e. Ipv=Imp,ref and Vpy=Vmp ref and substituting (2.4) and (2.5) into (2.3), the
relationship for the series resistance can be derived as:

|
At In(l_ el ) _Vmp,ref +Voc,ref
R _ L, ref (26)

s, ref
|

mp, ref

In addition, the effect of solar radiation and temperature on the term a, I, and I

mentioned in the basic equation (2.3) is introduced as follows:

T
A=y — (27)
c,ref
GT
IL = G ’ [I L, ref + Hys (Tc _Tc,ref )] (28)
T,ref
T €gap Ns Tc re
Io = Ioref (_C)3_exp[( = )(1_ : f)] (29)
’ Tc,ref aref Tc
T 2
€, =1.17-4.73.10% == (2.10)
T. +636
where:

Tc: the temperature of the element, K

Gr: solar radiation, W/m?

Ns: the number of solar cells in the photovoltaic panel

egap: the dead bandwidth of the construction material, eV

Teref: the reference temperature, 25 °C

Gr ref: reference solar radiation, 1000 W/m?

By modifying relation (2.5) in terms of temperature and using relations (2.5), (2.7),
and (2.9) can be obtained the determination of the parameter aef, which is required

to complete the mathematical description of the photovoltaic system:

15



Optimal design and energy management in RES-H; hybrid systems, Loukidou Elissavet

My 'Tc,ref _Voc,ref T €. N (211)

ref
Hi s 'Tc,ref

-3

IL,ref

Relations (2.3) - (2.11) essentially form the set of equations describing the operation
of a photovoltaic panel. The power dissipated by the PV array is given as:

P, =V, -1, -n,-N

pv panel

(2.12)

where:

e Py the power produced by the photovoltaic system, W
® Npanel: the number of photovoltaic panels

® npy: the efficiency of the system

The system efficiency, ngy, includes all electrical losses during power generation and

usually corresponds to a value close to ~90%.

2.2 Lead-Acid Accumulator

An autonomous power generation system, designed to account the fluctuating
nature of solar energy, requires the installation of short-term energy storage. This
storage system not only temporarily stores excess energy from renewable sources
but also serves as a means to supply immediate power to meet part of the demand
load during energy shortage periods. However, the primary focus of the system's
operating algorithm is to protect the storage device, known as the accumulator,

from potential overcharging and complete discharge, aiming to prolong its lifespan.

Accumulators, commonly known as batteries, are widely used for energy storage and
conversion. They convert stored chemical energy into electrical energy (and reverse)
through a series of electrochemical reactions. The basic functional unit of
accumulators is the electrochemical cell, which is connected in series and parallel to
increase voltage and capacity, respectively. During discharge, oxidation occurs at the
anode (negative electrode), releasing electrons into an external circuit, while
reduction takes place at the cathode (positive electrode), utilizing the generated
electrons. Lead-acid batteries, specifically, employ chemical reactions involving lead
dioxide (PbO;) as the cathode electrode, lead (Pb) as the anode electrode, and
sulfuric acid (H.SO4) as the electrolyte, facilitating the flow of electric current

between the anode and the cathode through ions. The separator, a porous
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membrane, allows the movement of ions between the electrodes. The chemical

processes occurring in a lead-acid "cell" are described by the following reactions:

Cathode (positive electrode)

~ ___ Discharge >
PbO; + 3H* + HSO, + 2e ~ PbSO4 +2H:0 (2.13)

Charge
Anode (negative electrode)

___ Discharge >
Pb + HSO4 - __PbSO4+ H* + 2e (2.14)

Charge
Total Reaction {doubie sulfate reaction)

___ Discharge >
PbO, + Pb + 2H,S04 2PbS0O4 + 2H,0 (2.15)

Charge o

During discharge, both lead dioxide and lead undergo a conversion process and are
transformed into lead sulfate (PbSOa).

The accumulator, functioning as an electrical system, is regarded as a voltage source
that is connected in series with a resistor, as illustrated below:

V,.=E,.—-1.R, (2.16)
Pac :Vac : Iac (217)
where:

E.c: the internal voltage, V

Ro: the internal resistance, Q

Vac: the operating voltage, V

I.c: the operating current, A

Pac: the power (charging and discharging), W

Figure 2.3 simulates the basic operation of the accumulator using a comparable
configuration of two communicating containers connected through a valve
(conductivity) permitting the flow of liquid between the two containers. Container
Al (the same symbol also indicates its volume) represents the load that is directly
available for use, while container A2 symbolizes the load stored chemically in the
accumulator.
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— P11 — — Py «——
A1 k1 AE
Iac [ zvs {:}
Ro

Figure 2.3 Lead-acid accumulator kinetic simulation model. Source: [7]

The conductivity ki (proportional to the difference between P1 and P3), corresponds
to the rate constant of a first-order chemical reaction that expresses the process
where the bound charge becomes available. Each of the two containers is

characterized by an amplitude determined by the term P; where, according to the
literature [3], applies:

e P1>Py
e Py=1-P1=1-c.
The sum of the volumes of containers A; and A, essentially correspond to the

maximum possible utilization of the nominal capacity of the accumulator (gmax) in
Ah.

The dynamic equations in Figure 2.3, which relate the charges (in Ah) g1 (available)
and gz (bound) to the heights, hi, of containers A; and A; are given as follows:

%:-lm —k,-(h, —h,) (2.18)
d
;2 —k, -(h, —h,) (2.19)
y,
=" =% (2.20)
1
y
h=22= 1 (2.21)
P, 1l-c
where:

e ki: conductivity, S
e c: the width of each tank, m
e qi1: the available charge (available charge), Ah

e (2: the bound charge, Ah
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e [,c: the intensity of the charging or discharging current, A
e hy, hy: the height of containers 1 and 2 respectively, m

e t: the operating time, h

In the above set of equations, if relations (2.20) and (2.21) are substituted into (2.18)
and (2.19), it follows that the loads q1 and g2 are given as:

¢, (@ kec—l)-@—e™) I,-c-(k-t-1+e™)

=07 2.22
0. =0Qy0-€ K K ( )
Kkt
q2 — qZ,O .e*k"f +q0 (1_C)(1_e*kt)_ IaC .(l_c)'(llz't_l_'_e ) (223)
kl
“eloo (2.24)

where:

® Q1,0, 02,0: theinitial available and committed load respectively, Ah
e qo: the sum of the loads qi1,0and 92,0, go = q1,0+ 92,0, Ah

e k, c: parameters calculated for each accumulator from manufacturing data

The maximum discharge and charge currents can be determined by setting the left-
hand side of equation (2.22) equal to (q1=0) and (gi=c-gmax) after a certain time t.
These currents are given by the following equations:

kg e+, -k-c-(1-e™)

I = 2.25
d.max 1-e ' +c-(k-t—1+e™") (2.25)
—K-C- Gy +K-0 e+, k-C-(L—e
| max = e ,ktq“’ % — ( ) (2.26)
' l-e“ +c-(k-t—-1+e™)
where:

® [4max: the maximum discharge current for time t, A

o [.max: the maximum charging current for time t, A

As shown in relation (2.16), the voltage of the accumulator is a linear function of
resistance, internal voltage, and current. The operating temperature is assumed to
be constant.

The value of the internal voltage, Ea, is obtained from the following relations for the
case of discharge and charge:
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Discharge

E,=E,, +(E,,~E 7 (2.27)

ac mimn

min)'

Charge

~E, )—1_ (2.28)

1,max

Eac = Eo,c + (E

max

where:

Emin: the minimum required internal discharge voltage, V

Eo,d : the maximum acceptable internal discharge voltage, V

Emax: the maximum required internal charging voltage, V

Eo,c: the minimum acceptable internal charging voltage, V

The above values of internal voltages are provided from manufacturing data, which
are widely accessible and refer to the extreme operating conditions of the battery
during full discharge and charge.

The main variable of the operation of the batteries and, more generally, of the
integrated renewable energy sources (RES) utilization module, is the state of charge
(SOCQ). It is the control variable that indicates the capacity of the accumulator in
percentage terms and is related to the charge/discharge current and the available
stored charge at any given time. Although the state of charge (SOC) cannot be
directly measured, it can be obtained through other measurements, such as voltage,
or through mainly empirical methods that require highly complex techniques.
Essentially, SOC represents the ratio of the available load at time t to the nominal
capacity of the accumulator and is given, according to the existing literature, [6], as:

SOC(t+1) = SOC(t)‘(l—aac)JrI“Q'?]ac-(At) (2.29)

o]
where:

® nac: the performance of the accumulator ~95%
e 0, the self-discharge rate of the accumulator ~2.5%

e At: the difference of the time moments (t+1)-t, h

2.3 Electrolysis unit

The electrolysis system consists of tanks that generate pure hydrogen and oxygen.
This process utilizes electrical energy to decompose water into hydrogen and
oxygen. Similar to accumulators, electrolysis tanks consist of electrochemical cells
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with anode and cathode electrodes, as well as an electrolyte that aids in the
transportation of ions. At the cathode, protons are reduced to form hydrogen, while
at the anode, water undergoes oxidation to produce oxygen and protons, releasing
two electrons in the process. As a result, hydrogen accumulates at the cathode,
while oxygen concentrates at the anode. In summary, the overall reaction can be
described as follows:

H,0 + Electricity - Ha + % 03 (2.30)

The simulation employs a PEM (Polymer Electrolyte Membrane) type electrolysis
tank, which ensures high-purity H, and exhibits excellent performance at high
current density levels. In PEM electrolysis tanks, a combination of materials such as
iridium, ruthenium, platinum, and graphite is used for the anode, while platinum or
platinum-graphite is utilized for the cathode. The PEM electrolysis, illustrated in
Figure 2.4, is characterized by the use of a polymeric fluorocarbon ionomer
membrane, specifically of the Nafion® type, which selectively permits only the
passage of protons. These protons are hydrogen ions (H+), which are separated from
water and oxygen when they pass through the membrane, forming hydrogen
molecules (Hz). The advantages of this setup include the elimination of a liquid
electrolyte that requires continuous recirculation and its high potential for
integration into renewable energy recovery systems with intermittent energy
production. Consequently, the PEM electrolysis device offers significant benefits and
is appropriately proposed for implementation in the integrated plant under
investigation.

W MEMBRANE[
ANODE CATHODE

Figure 2.4 Operation of an electrochemical cell during the electrolysis process using
polymeric membrane. Source: [7]

The electrochemical reactions of the electrolysis device are presented below
followed by a description of their operation for each case.
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Anode

HZO—>%-O2 +2H" +2e” (2.31)
Cathode

2H" +2e” > H, (2.32)

The fundamental equation describing how the electrolysis device corresponds to the
voltage-current (V-I) relationship. This relationship takes into account the losses
resulting from electrostatic interactions and resistances during the transfer of
electrons and ions.

The V-I relationship for an electrochemical cell and the necessary electrical power
are given as follows:

I:)elec :Velec ' Ielec Nejec (2.33)
: t+t /T, +t, /T
Vo o=v o it T +(5,+5, Ty +8,-TZ) log(-—2—2 2 = .1 ) (2.34)
elec rev,elec elec 1 2 elec 3 elec
&Iec A\elec
where:

o Veec: the operating voltage of the cell, V

o [.ec: the operating current of the electrolysis device, A

® Pqec: the consumed power of the electrolysis device, W

® nelec : NUMber of cells of the electrolysis device

e r; and r: parameters related to electrolyte resistance, Q-m? and Q-m?/°C
corresponding

e 53, 52 and s3: parameters related to the losses in the electrodes, V, V/°C and V/°C?
corresponding

e t; t, KaL t3 : parameters related to the losses in the electrodes, V-m?/A,
V:m?-°C/A and V-m?-°C2/A corresponding

e Aciec : the surface of the electrodes, m?

e Telec : the operating temperature of the electrolysis device, °C

The rate at which hydrogen is produced in an electrolysis tank, comprising multiple
cells connected in series, is directly related to the electrical input and is given by

Faraday's law:

n, =ng ¢ elec (2.35)
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nu2: the rate of hydrogen production, mol/s

nc: the number of cells of the electrolysis apparatus in series

nr: the Faraday efficiency
F: Faraday constant, 96485 As mol™*

e n: number of electrons per water molecule

The Faraday efficiency is defined as the ratio between the actual and theoretical
maximum hydrogen production and is mainly given by manufacturing companies at
values of 80-100%.

2.4 Hydrogen storage system

Hydrogen storage can be accomplished either in liquid or gaseous form, utilizing a
two-stage process. Initially, the hydrogen produced by the electrolyzer is stored in a
small temporary storage tank until a predetermined pressure (Ppuffer,max) is reached.
This tank is called a buffer. When the buffer is full, the hydrogen is transferred to the
compressor, where it undergoes simultaneous pressure increase and is transferred
to the final storage tanks. In these tanks, the hydrogen is first compressed and then
transferred to the central tank for storage. The transfer and compression of the
hydrogen last until the pressure in the buffer reaches the value of Pyuuffermin. This
approach primarily ensures optimal operation of the compressor by protecting it
from continuous use and effectively smoothes out the intermittent hydrogen
production, which occurs with different flows each time.

The operational storage scheme proposed for an integrated RES utilization unit is
presented in Figure 2.5 and is distinguished by the implementation of short-term

storage units.

H2 FROM ( \

ELECTROLYSIS H2 TO FUEL
DEVICE BUFFER HYDROGEN CELL
TANKS STORAGE

TANKS
A NE—

Figure 2.5 Functional principle of hydrogen storage in an integrated RES utilization unit /
Schematic illustration of H, storage connectivity. Source: [7]
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The fundamental mathematical model describing the pressure in both the buffer and
the central tank involves the Van der Waals law equation for real gases. This model
relates the storage pressure, the volume of the containers, the storage temperature

(which remains practically constant), and the hydrogen inflow:

n-R-T n2
TV b VE (2:36)

T T

2 2
R 27
cr
b g';cr (2.38)
where:

Pr: the storage pressure, bar

n: the number of linear molecules of stored hydrogen, mol

R: the global gas constant, bar-m3/mol-K

Tstor: the storage temperature of hydrogen, K

Vr: the volume of the storage tank, m3

Ter kL Per: the critical temperature and pressure of hydrogen respectively, K and
bar

a: the term to describe the intermolecular actions, bar-m®/mol?

B: the term describing the volume occupied by the gas molecules of a mole,

m3/mol.

However, in the present thesis, the buffer storage will not be used, but is presented

here for completeness.
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Chapter 3: Energy control strategy

This chapter will present the energy control strategy, which uses the energy
produced by the photovoltaic to meet the demand load. In case of excess energy, it
can either charge the accumulator or be converted into hydrogen through water
electrolysis and stored. In situations of energy deficit, the load is supported by
supplying power from the accumulator. The steps used in this strategy include:

e Simulation of a photovoltaic system

¢ |dentification of two cases based on the net power's sign

e Utilization of a control variable, the state of charge (SOC) of the accumulator,
which determines hydrogen production and the interruption point

e Implementation of a hysteresis band to reduce strain on the subsystem

3.1 Description of energy control strategies

The fundamental principle guiding the simultaneous design and energy control
strategy for the studied unit is to optimize the utilization of the energy generated by
the photovoltaic panels to produce a defined quantity of H; by the end of the year,
such as X kg/yr or Nm3/yr. However, to achieve this objective, optimal utilization of
the connected subsystems is also necessary (e.g., accumulator SOC,
charging/discharging cycles). The system's power at any given time is determined by
the difference between the power generated by the PV panels, Pres (W), and the

constant demand Pioad (W), which can refer to one or more houses.
P=Pres— Pioad (239)

Consequently, the resulting power determines whether we have a deficit (P<0) or
excess power (P>0), depending on its sign. Depending on whether the net power is
positive or negative, we can identify two cases that enable the initiation of specific

unit functions
If the net power is positive (P>0):

e Battery charging/ discharging
e Operation of the electrolysis device

e Power rejection
If the net power is negative (P<0):

e Battery discharging
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However, in addition to the value of the net power, the operation of each subsystem
also depends on the value of a control variable. The strategy developed for
managing the generated power is based on the idea that the accumulator is
responsible for smoothing out the energy fluctuations resulting from the
photovoltaic panels, as its dynamics are much faster compared to the electrolyzer.
Thus, the primary variable chosen to determine the operating conditions of the
integrated photovoltaic panel utilization unit is the state of charge, SOC, of the
accumulator. Decisions regarding specific operations will be made based on
predefined limits for the accumulator's operation. In particular, the upper limit of
the accumulator's operation, SOCmax, is proposed to determine hydrogen
production, while the lower limit, SOCmin, is set to stop hydrogen production. At the
same time, several technical specifications are presented to ensure the safe
operation of the unit. One of the main objectives in the development of the control
strategy is to consider all factors that impact the integrated unit’s operation.
Neglecting these details can lead to system malfunctions and consequently to

extremely unfavorable costs.

The necessary steps for control strategy development before implementation in a

RES process include:

e Compliance with the manufacturing operating limits for the accumulator and the
electrolysis device.

e Determining the electrolysis device starting point by the excess net power and
the maximum operating limit of the accumulator.

e Setting minimum power limits for the electrolysis device, as well as a hysteresis
band at the extreme operating limits of the accumulator, in order to ensure that
the intermittent operation of the accumulator is reduced.

e Applying an optimal operation control strategy using a mathematical simulation
model and its feasibility in a real-world process.

e Adapting the proposed optimal methodology to the mathematical model
requirements so that it can be applied and implemented without the
requirement for modification of the mathematical model.

e Ensuring compatibility of the proposed methodology with common embedded
systems commonly used in existing units, enabling its implementation in such

systems.

To address the increased strain on the subsystems caused by frequent start-ups and
shutdowns, a proposal has been made to employ a hysteresis band at the extreme

limits of the state of charge. As has been found, this hysteresis band protects the
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accumulator from a high number of charge/discharge cycles, while ensuring a
reduction of continuous start/stops of the fuel cell and the electrolyzer. As a result, it
helps to decrease the operation and maintenance costs.

The hysteresis band is defined as follows:

HBgec = SOCmac,charge - SOCmax} (3.1)

HBegjee = SOCpax — SOCeiec

Table 3.1 Explanation of the limits of the state of charge (SOC).

Limits SOC Explanation of the limits SOC

Minimum permissible operating limit for

SOCelec

the electrolyzer

Maximum permissible operating limit of
5O0Crmax the electrolyzer
SOCmax,charge Maximum acceptable load limit (with

the hysteresis band)

Table 3.2 Explanation of the power limits of the electrolysis device.

Limits of the electrolysis device Explanation of the power limits

Pelec Power consumption of the electrolyzer
Maximum  power limit of the

Prmax.etec electrolyzer

Pmin,elec Minimum power limit of the electrolyzer

Energy Control strategy

When P >0 and

e SOC2 Socmax,charge
If the available power falls within the operating limits of the electrolyzer (Pmin,elec

< P < Pmaxelec), it will be fully utilized by the electrolyzer. In case the available
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power exceeds Pmaxelec, the electrolyzer will utilize the maximum available power
and the surplus power (P-Pmaxelec )Will be rejected. Similarly, if the available
power is lower than the minimum limit Pminelec, the accumulator will discharge
power equivalent to Pminelec - P in order to operate the electrolysis device at its
minimum power limit.

® SOCmax < SOC < SOCmax,charge KO P < Ppin,elec
To ensure the operation of the electrolysis device at its minimum limit, the
accumulator discharges power equivalent to Pminelec— P.

® SOCmax < SOC < SOCmax,charge KOUL P > Pmayelec
The electrolyzer consumes power equal to Pmaxelec and any excess power is
directed towards charging the accumulator. Charging continues until the upper
limit SOCmax,charge is reached, beyond which, no further charging is allowed and
any excess charge is discharged.

® SOCmax < SOC < SOCmax,charge KOUL Pmin,elec £ P < Pmaxelec
Full coverage of hydrogen production from photovoltaics.

® SOCelec < SOC < SOCmax
The operation of the electrolyzer depends on the previous time step of the
simulation. If in the previous step (t-1), it was running and there is still excess
power (P), it will continue to operate until the SOC reaches the SOCelec limit.
Once the SOC falls below this limit the accumulator cannot be discharged further
and the operation of the electrolyzer will be terminated. If the electrolysis device
is not operating, then the available power will be used entirely for charging the
accumulator.

e SOC < SOCelec
The accumulator is charged by the RES.

When P <0

Full coverage of the necessary energy is obtained from the battery until it is
discharged.
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Chapter 4: Application and results of the
energy control strategy

The primary goal of the operational algorithm and the adopted strategy is to
maximize the efficient utilization of the generated energy. To achieve this, the
following steps were taken:

e Selection of two regions for photovoltaic panel installation

Collection of meteorological data (air temperature and solar radiation)

Establishment of communities in each studied region

Creation of energy profiles for the specific communities

Definition of a specific hydrogen production target

Optimization of the objective function using the optimtool

Determining the selling price of hydrogen using Net Present Value (NPV)

The system was simulated using the Simulink environment in Matlab, and
simulations used meteorological data from two regions in Crete, namely Anogia and
Tavronitis. The meteorological data required for this thesis include air temperature
and solar radiation values for each hour of the day, for a period of one year, in both
regions.

For each studied region, two scenarios were examined regarding the energy needs of
a community, which differed based on the presence or absence of a house.
Community 1 consisted of hydrogen production only, while Community 2 included
one house and hydrogen production. Subsequently, for each scenario, three
successive optimization scenarios were studied for a specific hydrogen production
target, progressively increasing as follows (at the end of the year):

Scenario 1: Hydrogen production target of 20000001t
Scenario 2: Hydrogen production target of 20000000It

Scenario 3: Hydrogen production target of 2000000001t

To better understand the employed scenarios, a short diagram is presented below:
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COMMUNITY
COMMUNIT; 1 COMMUNITY 2
ANOGIA TAVRONITIS ANOGIA TAVRONITIS
SCENARIO 2 SCENARIO 2
SCENARIO 1 SCENARIO 3 SCENARIO 2 SCENARIO 1 SCENARIO 3 SCENARIO 2
SCENARIO 1 SCENARIO 3 SCENARIO 1 SCENARIO 3
Diagram 4.1 Explanation of the employed scenarios.
Below, in tables 4.1 and 4.2, the average values of temperature and solar radiation
for the areas of Anogia and Tavronitis, respectively, are presented, calculated using
Excel.
Table 4.1 Average values of radiation and air temperature for one year in Anogia.
Jan | Feb | Mar | Apr | May | Jun Jul Aug | Sep Oct | Nov | Dec
Air Temperature
[C°] 3.4 5.4 3.4 141 | 16.3 [ 199 | 21 209 | 188 | 13.6 | 109 | 94
Solar Radiation
[W/m?] 86.5|124.1 | 134.7 | 270.4 | 301.1 | 320 | 336.5 | 280.1 | 232.1 | 144.9 | 123.7 | 98.4
Table 4.2 Average values of radiation and air temperature for one year in Tavroniti.
Jan | Feb | Mar | Apr | May | Jun Jul Aug | Sep Oct | Nov | Dec
Air Temperature
[C°] 9.1 9.9 9.1 159 | 195 | 245 | 25.6 | 25,5 | 22.7 | 185 16 |[14.3
Solar Radiation
[W/m?] 68.7 | 105.7 | 111.5 | 215.8 | 242.4 | 275.1 | 266.8 | 226.1 | 193.3 | 115.1 | 101.8 | 75.8
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Before presenting the optimization results, figures 4.1 and 4.2 for Anogia and 4.3
and 4.4 for Tavroniti, derived from the study system and MATLAB software, are
presented. These figures refer to the meteorological data upon which all calculations
for the following scenarios were based.
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Figure 4.1 Solar radiation in Anogia Figure 4.2 Air temperature in Anogia
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Figure 4.3 Solar radiation in Tavroniti Figure 4.4 Air temperature in Tavroniti
throughout the year. throughout the year.

The equations used in the optimization objective function are presented below:

e Equipment cost equation (capital expenses, CAPEX)

Cequipment = (Number of PV * 18000) + (Number of ELEC * 4000) +
(Number of BAT * 500) + (Number of TANK * 200) (4.1)

Table 4.3 Unit costs of the subsystems.

Unit Costs
PV 18000€ | 10kW
ELECTROLYZER 4000€ | 6.9kW
BATTERY 500€ | 500Ah
TANK 200€ 500It
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e Equation for operational expenses

Cpy = Number of PV * 100
CgLec = Number of ELEC * 500
Cgat = Number of BAT * 10
Ctank = Number of TANK * 10

Table 4.4 Operational costs of the subsystems.

Operational Costs
PV 100€ 10kW
ELECTROLYZER 500€ 6.9kW
BATTERY 10€ 500Ah
TANK 10€ 500It

e Equation for profit through the sale of hydrogen and energy

Cserring = ( Profit through the sale of hydrogen * Total hydrogen production) +
(Profit through the sale of surplus energy * Total surplus energy) (4.2)

e Equation for Net Present Value (NPV) for a repayment period of 20 years

NPV(i) = NPV(i — 1) + (CPV+CELEC+CB(AlT+‘:S’iI‘ANK_CSELLING) (4.3)

Where:
i: Refers to successive years during the repayment period.

The calculation of NPV starts from the second year (i =2), as for the first year it is
valied that NPV (i =1) =Cequipment-

h: Interest rate set to 0.06.

e Objective minimisation/optimization function

S; = ((Total Hydrogen Production — Target Hydrogen Production)?)
S, = (Cequipment - 10000)2
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S5 = (Total excess energy — 1000)?
S= 51 + Sz + 53

Therefore, the objective function involves:

1. Achieving specific targets for hydrogen production at the end of each year (term
S4)-

2. Minimizing equipment costs (term S,).

3. Achieving zero energy loss (term S3). In case of energy loss, i.e., surplus energy,
this quantity can be sold.

4.1 Scenarios for covering the energy needs of
Community 1

As mentioned at the beginning of this chapter, Community 1 consisted of hydrogen
production only. Next, three optimization scenarios were examined successively,
each with an increasing hydrogen production target. Specifically:

Scenario 1: Hydrogen production target of 2000000t
Scenario 2: Hydrogen production target of 20000000It

Scenario 3: Hydrogen production target of 2000000001t

For the optimization section, the genetic algorithm optimization method was
employed using Matlab to determine the optimal sizes of the subsystems. The
Optimization Tool (optimtool) was utilized to obtain the final optimal values for
photovoltaics, batteries and electrolysis unit. This ensures that the system can meet
the energy needs of Community 1 while simultaneously achieving the predefined
hydrogen (H2) production target by the end of each year. The input values provided
to the Optimization Tool are the same for both regions and define the boundaries
within which the optimal values should fall. These boundaries vary depending on the
hydrogen production target scenario. In all scenarios, the Genetic Algorithm is
designated as the solver, and the PMS2_no_comp_load_Opt_v1 function is specified
for optimization. Finally, the number of variables resulting from the Optimization
Tool is set to 5. The first three are represented as opt = [a, b, c], while the remaining
two constraints define the lower and upper bounds of the battery's state of charge.
These constraints, however, are not included in the objective function and they are
defined simply for the optimal operation of the optimization process. Specifically:

e a: Optimal size of photovoltaics
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e b: Optimal size of batteries

e c: Optimal size of electrolyzer

For Scenario 1, with a hydrogen production target of 2000000 liters, the following
steps were taken:

é Optimization Tool
File Help

Problem Setup and Results

Solver: | ga - Genetic Algorithm 2
Problem

Fitness function: @PMS2_no_comp_load_Opt_v1

MNumber of variables: |5

Constraints:

Linear inequalities: A b:
Linear equalities: Aeq: beq:
Bounds: Lower: |[0.2 0.5 0.1 80 55] Upper: |[100 20 2 100 65]|

Monlinear constraint function:

Integer variable indices:

Figure 4.5 Finding optimal values for the first scenario for hydrogen production target.

After obtaining the optimal values using the optimization tool, which relate to the
previously mentioned parameters, the mathematical code is implemented using the
target variables specific to Scenario 1 of hydrogen production. This includes the
required hydrogen storage, the required hydrogen production, and the resulting
hydrogen selling price from the optimization.

Moving forward we repeated the same steps for Scenario 2, where the hydrogen
production target was set at 20000000 liters, and for Scenario 3, with a hydrogen
production target of 200000000 liters. In these scenarios, we increased the upper
limits of the variables a, b, and c, while keeping the variables that define the lower
and upper bounds of the battery's state of charge unchanged.

4.2 Scenarios for covering the energy needs of
Community 2

As previously mentioned in this chapter, Community 2 included one house and
hydrogen production. Then, three optimization scenarios were examined
successively, each with an increasing hydrogen production target. These scenarios
were as follows:

Scenario 1: Hydrogen production target of 2000000lt

Scenario 2: Hydrogen production target of 20000000It
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Scenario 3: Hydrogen production target of 200000000It

Subsequently, the Optimization Tool (optimtool) is used in order to determine the
final optimal values for photovoltaics, batteries and electrolysis unit. These values
were selected to meet the energy demands of Community 2 while simultaneously
achieving the predefined hydrogen (H2) production target by the end of each year.

For Scenario 1, which had a hydrogen production target of 2000000It the following
steps were taken:

4 Optimization Tool

File Help

Problem Setup and Results

Saolver: | ga - Genetic Algorithm N
Problem

Fitness function: @PMS2_no_comp_load_Opt_v1

MNumber of variables: |5

Constraints:

Linear inequalities: A b
Linear equalities: Aeq: beq;
Bounds: Lower: |[0.2 0.5 0.1 80 55] Upper: [200 200 200 100 65]

Figure 4.6 Finding optimal values for the first scenario for hydrogen production target.

After obtaining the optimal values through optimization tool, which are related to
the parameters mentioned earlier, the mathematical code is implemented using the
target variables specific to Scenario 1 for hydrogen production. This includes the
required hydrogen storage, the necessary hydrogen production, and the resulting
hydrogen selling price aw optimized.

Subsequently, the same steps were followed for Scenario 2, which had a hydrogen
production target of 20000000 liters, and for Scenario 3, with a hydrogen production
target of 200000000 liters. This involved increasing the upper limits of the variables
a, b, and c while keeping the variables that define the lower and upper bounds of the
battery’s state of charge unchanged.

4.3 Recording of results for the energy needs
coverage scenarios of community 1

As mentioned at the beginning of this chapter, Community 1 consists of hydrogen
production only.
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4.3.1 Use of data from the area of Anogia

The table below presents the results obtained during the implementation of the
scenario for meeting the energy needs of community 1, regarding the characteristics
of the respective hydrogen production target scenarios. Specifically:

e Number (or size) of PV, Number (or size) of BAT, Number (or size) of ELEC,
Number (or size) of TANK: refers to the size of the photovoltaic panels,
batteries, electrolyzer, and tanks that emerged as the optimal solution for
achieving each target scenario, multiplied by the corresponding nominal size as
indicated for each scenario.

e Hydrogen production: refers to the total hydrogen production obtained by the
end of the year, aiming to achieve each mentioned scenario target (2000000
liters, 20000000 liters, and 200000000 liters).

¢ Hydrogen selling price: refers to the break-even price, which is the selling price
of hydrogen required to offset the expenses incurred for equipment purchase,
so that the net present value (NPV) at the end of the 20-year period becomes
zero. After this point, the project will generate profit. In the calculation equation
of the net present value, the values we don't know are the Csgiinvg and the
NPV(i) for each year. For each scenario, various tests are conducted in the code
by adjusting the profit through the sale of hydrogen (changing Csgrrivg) to
achieve a NPV break-even point zeroing after 20 years. The equations explaining

these concepts are (4.2) and (4.3).

Table 4.5 Results concerning the system simulated in Anogia.

Scenario 1 Scenario 2 Scenario 3
Size of PV, kW 6.9 70.8 638.8
Size of BAT, Ah 844.2 6865.5 119660.6
Size of ELEC, kW 8.4 51.9 838.7
Size of TANK, m?3 20 200 2000
Hydrogen 2000000 20003000 199980000
production, It
Hydrogen selling 16.8 15.3 15.9
price, €

Next, Figure 4.7 is presented, which depicts the hydrogen selling prices (in €) per
production target scenario.
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H, break even price, €
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Figure 4.7 Hydrogen sales prices (€) per production target scenarios.

Then, Figures 4.(8-10) are presented sequentially, corresponding to scenarios 1 to 3.
The figures refer to the quantity of hydrogen achieving the respective target of
scenarios 1 to 3.

Quantity of hydrogen achieving the respective target:
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Figure 4.8 Scenario 1
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Figure 4.9 Scenario 2
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Figure 4.10 Scenario 3

As shown above, the target is achieved in all hydrogen production scenarios. We
observe that in all production scenarios, the required quantities are achieved with a
continuous increase. In both the first and second scenarios, production seems to be
achieved with greater stability in the rate, while in the third scenario, there is a
greater decrease in hydrogen production stability.

The table below shows the results obtained during the implementation of the
scenario for covering the energy needs of community 1, regarding the operation of
the battery and the electrolzer, respectively, for each hydrogen production target
scenario. In more detail:

e Battery charging time: refers to the percentage of time the battery was
charging.

e Battery discharging time: refers to the percentage of time the battery was
discharging.

o Electrolyzer operating time: refers to the percentage of time the electrolyzer

was operating.

Table 4.6 Capturing results regarding the operation of the battery and electrolyzer of the
simulated system in Anogia.

Scenario 1 Scenario 2 Scenario 3
Battery charging 19.5 27 24.8
time, %
Battery discharging 19.5 40.7 36.8
time, %
Electrolyzer 37.4 60.4 49.1
operating time,%
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Next, Figures 4.(11-13) are presented sequentially, corresponding to scenarios 1 to 3.
These figures depict the battery charge status as presented in hydrogen production
target scenarios 1 to 3.

Battery charge status:
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Figure 4.13 Scenario 3

The charging and discharging rates of the battery are higher in the second hydrogen
production scenario, while they are lower in the first scenario. It is also observed
that the battery charging cycles decrease as the required quantity of hydrogen
production increases, which is why more charging cycles of the battery are achieved
in the first scenario.

The figure below presents the results obtained during the implementation of the
scenario for covering the energy needs of community 1, regarding the final energy
amounts for each hydrogen production target scenario. In more detail:

e Energy provided by the battery to the electrolyzer: refers to the total energy
provided by the battery for the operation of the electrolyzer until the end of the

year.
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e Energy provided by renewable energy sources (RES) to the battery: refers to
the total energy provided by the photovoltaic panels for charging the battery
until the end of the year.

e Energy provided by renewable energy sources (RES) to the electrolyzer: refers
to the total energy provided by the photovoltaic panels for the operation of the
electrolyzer until the end of the year.

e Lost energy: refers to the total surplus energy that is not utilized and is lost from
the system until the end of the year (0% in all scenarios).

0%

0% . .
Scenario 1 Scenario 2

e

0%

45%

-

scenario 3 § Energy provided by the battery to the electrolyzer, kwh

= Energy provided by RES to the battery kWh
Energy provided by RES to the electrolyzer, kWh
= Lost energy, kWh

Figure 4.14 Representation of results regarding the final energy amounts in Anogia.

4.3.2 Use of data from the area of Tavroniti

The table below presents the results obtained during the implementation of the
scenario for covering the energy needs of community 1, regarding the characteristics
of the respective hydrogen production target scenarios. More specifically:

e Number (or size) of PV, Number (or size) of BAT, Number (or size) of ELEC,
Number (or size) of TANK: refers to the size of the photovoltaic panels,
batteries, electrolyzer, and tanks that emerged as the optimal solution for
achieving each target scenario, multiplied by the corresponding nominal size as

indicated for each scenario.
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e Hydrogen production: refers to the total hydrogen production obtained by the
end of the year, aiming to achieve each mentioned scenario target (2000000
liters, 20000000 liters, and 200000000 liters).

¢ Hydrogen selling price: refers to the break-even price, which is the selling price
of hydrogen required to offset the expenses incurred for equipment purchase,
so that the net present value (NPV) at the end of the 20-year period becomes

zero. After this point, the project will generate profit.

Table 4.7 Results concerning the system simulated in Tavroniti.

Scenario 1 Scenario 2 Scenario 3
Size of PV, kW 8.8 84.5 837.2
Size of BAT, Ah 1740.6 21487.1 89208.1
Size of ELEC, kW 9.1 129.8 586.5
Size of TANK, m?3 20 200 2000
Hydrogen 2000000 20000000 200000000
production, It
Hydrogen selling 20.3 21.6 17.7
price, €

Next, Figure 4.15 is presented, which depicts the hydrogen selling prices (in €) per
production target scenario.

Hydrogen selling price, €
25
20
15

10

€]

Scenario 1 Scenario 2 Scenario 3

Figure 4.15 Hydrogen sales prices (€) per production target scenario.
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Then, Figures 4.(15-17) are presented sequentially, corresponding to scenarios 1 to
3. The figures refer to the quantity of hydrogen achieving the respective target of
scenarios 1 to 3.

Quantity of hydrogen achieving the respective target:
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Figure 4.17 Scenario 3

As shown above, in all hydrogen production scenarios, the target is achieved. We
observe that the production reaches the initial goal of 2000000 liters with a
continuous increase. However, as the required production quantity increases, there
is a gradual decrease in the stability of hydrogen production, as seen in the last two
scenarios where production is interrupted for some hours during the year.

The table below shows the results obtained during the implementation of the
scenario for covering the energy needs of community 1, regarding the operation of
the battery and the electrolzer, respectively, for each hydrogen production target
scenario. In more detail:
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e Battery charging time: refers to the percentage of time the battery was
charging.

e Battery discharging time: refers to the percentage of time the battery was
discharging.

o Electrolyzer operating time: refers to the percentage of time the electrolyzer
was operating.

Table 4.8 Capturing results regarding the operation of the battery and electrolyzer of the
simulated system in Tavroniti.

Scenario 1 Scenario 2 Scenario 3
Battery charging 31.7 31.2 23.1
time, %
Battery discharging 36.7 28.1 40.1
time, %
Electrolyzer 46.7 35.9 57.9
operating time, %

Next, Figures 4.(18-20) are presented sequentially, corresponding to scenarios 1 to 3.
These figures depict the battery charge status as presented in hydrogen production
target scenarios 1 to 3.

Battery charge status:
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The charging and discharging rates of the battery are very frequent in the first

hydrogen production scenario, achieving the most charging cycles during a year. It is

also observed that the battery charging cycles decrease as the required quantity of

H; production increases.

The figure below presents the results obtained during the implementation of the
scenario for covering the energy needs of community 1, regarding the final energy

amounts for each hydrogen production target scenario. In more detail:

e Energy provided by the battery to the electrolyzer: refers to the total energy

provided by the battery for the operation of the electrolyzer until the end of the

year.

e Energy provided by renewable energy sources (RES) to the battery: refers to

the total energy provided by the photovoltaic panels for charging the battery

until the end of the year.

e Energy provided by renewable energy sources (RES) to the electrolyzer: refers

to the total energy provided by the photovoltaic panels for the operation of the

electrolyzer until the end of the year.

o Lost energy: refers to the total surplus energy that is not utilized and is lost from

the system until the end of the year. (0% in all scenarios)
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Figure 4.21 Representation of results regarding the final energy amounts in Tavroniti.

4.4 Recording of results for the energy needs
coverage scenario of community 2

As mentioned at the beginning of this chapter, Community 2 includes houses and
hydrogen production. The average energy load required for community 2 is 7.3 Kw
and the energy load is shown below.
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Figure 4.22 Energy load of Community 2.
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4.4.1 Use of data from the area of Anogia

The table below presents the results obtained during the implementation of the
scenario for covering the energy needs of community 2, concerning the
characteristics of the respective hydrogen production target scenario. More
specifically:

e Number (or size) of PV, Number (or size) of BAT, Number (or size) of ELEC,
Number (or size) of TANK: refers to the size of the photovoltaic panels,
batteries, electrolyzer, and tanks that emerged as the optimal solution for
achieving each target scenario, multiplied by the corresponding nominal size as
indicated for each scenario.

e Hydrogen production: refers to the total hydrogen production obtained by the
end of the year, aiming to achieve each mentioned scenario target (2000000
liters, 20000000 liters, and 200000000 liters).

e Hydrogen selling price: refers to the break-even price, which is the selling price
of hydrogen required to offset the expenses incurred for equipment purchase,
so that the net present value (NPV) at the end of the 20-year period becomes

zero. After this point, the project will generate profit.

Table 4.9 Results concerning the system simulated in Anogia.

Scenario 1 Scenario 2 Scenario 3
Size of PV, kW 43.7 153.8 698.8
Size of BAT, Ah 30344.2 6865.5 119660.6
Size of ELEC, kW 8.5 51.9 838.7
Size of TANK, m?3 20 200 2000
Hydrogen 2000000 20000000 200000000
production, It
Hydrogen selling 60.8 22.8 16.7
price, €

Next, Figure 4.22 is presented, which depicts the hydrogen selling prices (in €) per
production target scenario.
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Figure 4.23 Hydrogen sales prices (€) per production target scenario.

Then, Figures 4.(24-26) are presented sequentially, corresponding to scenarios 1 to

3. The figures refer to the quantity of hydrogen achieving the respective target of
scenarios 1 to 3.
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As demonstrated above, in all hydrogen production scenarios, the predicted target
are achieved. It is observed that in all production scenarios, the required quantities
are achieved with a continuous increase. In the second and third scenarios,
production seems to be achieved with greater stability in the rate, while in the first

scenario, there is a greater reduction in the stability of hydrogen production.

The table below displays the results obtained during the implementation of the
scenario for meeting the energy needs of community 2, concerning the operation of
the battery and the electrolyzer, respectively, for each hydrogen production target

scenario. In more detail:

e Battery charging time: refers to the percentage of time the battery was

charging.

e Battery discharging time: refers to the percentage of time the battery was

discharging.

o Electrolyzer operating time: refers to the percentage of time the electrolyzer

was operating.

Table 4.10 Capturing results regarding the operation of the battery and electrolyzer of the

simulated system in Anogia.

operating time, %

Scenario 1 Scenario 2 Scenario 3
Battery charging 25.5 14.4 15.2
time, %
Battery discharging 69.9 63.2 65.5
time, %
Electrolyzer 17.5 30.9 39.1

Next, Figures 4.(27-29) are presented sequentially, corresponding to scenarios 1 to 3.
These figures depict the battery charge status as presented in hydrogen production

target scenarios 1 to 3.
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Battery charge status:
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Figure 4.29 Scenario 3

The charging and discharging rate of the battery are very frequent in the second
hydrogen production scenario, achieving the most charging cycles during a year.
Fewer battery charging cycles, with the lowest frequency of charges and discharges,

are reported in the third scenario with the highest required quantity of H;
production.

The figure below presents the results obtained during the implementation of the

scenario for meeting the energy needs of community 2, concerning the final energy
amounts for each hydrogen production target scenario. In more detail:

e Energy provided by the battery to the electrolyzer: refers to the total energy
provided by the battery for the operation of the electrolyzer until the end of the
year.

e Energy provided by renewable energy sources (RES) to the battery: refers to

the total energy provided by the photovoltaic panels for charging the battery
until the end of the year.
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e Energy provided by renewable energy sources (RES) to the electrolyzer: refers
to the total energy provided by the photovoltaic panels for the operation of the
electrolyzer until the end of the year.

e Lost energy: refers to the total surplus energy that is not utilized and is lost from
the system until the end of the year (between 0-4% in all scenarios).

4% 0%

Scenario 1 Scenario 2

e

0% Scenario 3

u Energy provided by the battery to the electrolyzer, kWh
= Energy provided by RES to the battery ,kWh

Energy provided by RES to the electrolyzer, kwh
u Lost energy, kWh

Figure 4.30 Representation of results regarding the final energy amounts in Anogia.

4.4.2 Use of data from the area of Tavroniti

The table below presents the results obtained during the implementation of the
scenario for covering the energy needs of community 2, concerning the
characteristics of the respective hydrogen production target scenario. More
specifically:

e Number (or size) of PV, Number (or size) of BAT, Number (or size) of ELEC,
Number (or size) of TANK: refers to the size of the photovoltaic panels,
batteries, electrolyzer, and tanks that emerged as the optimal solution for
achieving each target scenario, multiplied by the corresponding nominal size as
indicated for each scenario.

e Hydrogen production: refers to the total hydrogen production obtained by the
end of the year, aiming to achieve each mentioned scenario target (2000000
liters, 20000000 liters, and 200000000 liters).
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¢ Hydrogen selling price: refers to the break-even price, which is the selling price
of hydrogen required to offset the expenses incurred for equipment purchase,
so that the net present value (NPV) at the end of the 20-year period becomes

zero. After this point, the project will generate profit.

Table 4.11 Results concerning the system simulated in Tavroniti.

Scenario 1 Scenario 2 Scenario 3
Size of PV, kW 55.1 132.4 897.2
Size of BAT, Ah 25240.6 21487 89208.1
Size of ELEC, kW 9.2 129.8 586.5
Size of TANK, m3 20 200 2000
Hydrogen 2000000 20000000 200000000
production, It
Hydrogen selling 81.4 27.8 16.7
price, €

Next, Figure 4.31 is presented, which depicts the hydrogen selling prices (in €) per
production target scenario.

H2 break even price,€

90
80
70
60
50
40
30
20
10

Scenario 1 Scenario 2 Scenario 3

Figure 4.31 Hydrogen sales prices (€) per production target scenario.

Then, Figures 4.(32-34) are presented sequentially, corresponding to scenarios 1 to
3. The figures refer to the quantity of hydrogen achieving the respective target of
scenarios 1 to 3.
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Quantity of hydrogen achieving the respective target:
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Figure 4.34 Scenario 3

As shown above, in all hydrogen production scenarios, the targeted production are
achieved. As the required quantity of hydrogen production increases, there is a
gradual increase in the stability of hydrogen production, as seen in the last scenario
where production smoothness is notable.

The table below presents the results obtained during the implementation of the
scenario for meeting the energy needs of community 2, concerning the operation of
the battery and the electrolzer, respectively, for each hydrogen production target
scenario. In more detail:

e Battery charging time: refers to the percentage of time the battery was
charging.

e Battery discharging time: refers to the percentage of time the battery was
discharging.

e Electrolyzer operating time: refers to the percentage of time the electrolyzer

was operating.
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Table 4.12 Capturing results regarding the operation of the battery and electrolyzer of the
simulated system in Tavroniti.

Scenario 1 Scenario 2 Scenario 3
Battery charging 26.1 16.1 14.3
time, %
Battery discharging 69.2 67.7 65.3
time, %
Electrolyzer 16.6 21.9 39.3
operating time, %

Next, Figures 4.(35-37) are presented sequentially, corresponding to scenarios 1 to 3.

These figures depict the battery charge status as presented in hydrogen production
target scenarios 1 to 3.
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The charging and discharging rates of the battery are very frequent in the second
hydrogen production scenario, achieving the most charging cycles during a year.

The figure below presents the results obtained during the implementation of the
scenario for covering the energy needs of community 2, regarding the final energy
amounts for each hydrogen production target scenario. In more detail:

Energy provided by the battery to the electrolyzer: refers to the total energy
provided by the battery for the operation of the electrolyzer until the end of the
year.

Energy provided by renewable energy sources (RES) to the battery: refers to
the total energy provided by the photovoltaic panels for charging the battery
until the end of the year.

Energy provided by renewable energy sources (RES) to the electrolyzer: refers
to the total energy provided by the photovoltaic panels for the operation of the
electrolyzer until the end of the year.

Lost energy: refers to the total surplus energy that is not utilized and is lost from

the system until the end of the year (between 0-4%).

4% 0% Scenario 1 0% 5% Scenario 2

‘. /
_ 68% /

0% Scenario 3

§ Energy provided by the battery to the electrolyzer, kwWh
® Energy provided by RES to the battery kwh

Energy provided by RES to the electrolyzer, kwh
\ 83% ’ u Lost energy, kWh

Figure 4.38 Representation of results regarding the final energy amounts in Tavroniti.
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Chapter 5: Conclusions and Future Steps

For the study and simulation of the system examined in this thesis, meteorological
measurements from the region of Anogia and Tavroniti were used. The initial
objective of this thesis was to achieve the autonomy of the electricity production
system from Renewable Energy Sources (RES). The aim was to ensure a continuous
power supply to meet specific demand requirements while also utilizing surplus

energy to produce hydrogen.

Community 1

Below are the results of the simulation for community 1, which consists of hydrogen

production only. The results are both for the Anogia and the Tavroniti.

Table 5.1 Comparison of results concerning the system.

Anogia Tavronitis
Size of
6.9 70.8 638.8 8.8 84.5 837.2
PV, kW
Size of
844.2 6865.5 119660.6 1740.6 21487.1 89208.1
BAT, Ah
Size of
8.4 51.9 838.7 9.1 129.8 586.5
ELEC, kW
Size of
20 200 2000 20 200 2000
TANK, m3
Investment
cost. € 19140 172460 1835700 23781 256760 2016200
Hydrogen
selling 16.8 15.3 15.9 20.3 21.6 17.7
price, €

As we can discern from the above table, solar radiation in Anogia is higher compared
to Tavronitis because the size of the equipment (photovoltaics, batteries, and
electrolyzer) required in all three scenarios to achieve the respective goal is much
smaller in Anogia compared to Tavronitis. The smaller equipment size also results in
lower expenses for its purchase, and therefore, a lower selling price for hydrogen at
the end of each year if the installation of photovoltaics is done in Anogia and not in
Tavronitis.
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Table 5.2 Comparison of results regarding the operation of the battery and electrolyzer.

Anogia Tavronitis

Battery
charging 19.5 27 24.8 31.7 31.2 23.1

time, %

Battery
discharging 19.5 40.7 36.8 36.7 28.1 40.1

time, %

Electrolyzer
operating 37.4 60.4 49.1 46.7 35.9 57.9

time, %

Table 5.3 Comparison of results regarding the final energy amounts.

Anogia Tavronitis

Energy by
battery to
2887.8 42323 596060 6960.2 69083 464020
electrolyzer,

kWh

Energy by
RES to
battery
,kWh

3124 46074 517950 7440.9 68309 446270

Energy by
RES to
electrolyzer,
kWh

8575.6 72330 550180 4504.2 45542 682320

Lost energy,
kWh

0.4 344 0 0 0 0

In Anogia, the surplus power from the RES that feeds the electrolyzer, activating it to
produce hydrogen, greatly exceeds the power supplied by the battery to the
electrolyzer. In contrast, in Tavronitis, the energy provided by the RES for the
electrolyzer's activation is lower than what the battery supplies. Additionally, it's
worth noting that the RES provides more energy to the battery in Tavronitis
compared to Anogia, resulting in less energy consumption in Tavronitis.
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Community 2

For community 2 the load demand is depicted in Figure 5.1 and it ranges from 3 kW

to 18 kW.

Figure 5.1 Load demand of community 2
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Below are the results of the simulation for community 2, which includes one house
and hydrogen production. The results are both for the Anogia and the Tavroniti.

Table 5.4 Comparison of results concerning the system.

Anogia Tavronitis
Scenariol | Scenario2 | Scenario 3 | Scenario 1l | Scenario 2 Scenario 3
Size of
43.7 153.8 698.8 55.1 132.4 897.2
PV, kW
Size of
30344.2 6865.5 119660.6 | 25240.6 21487 89208.1
BAT, Ah
Size of
8.5 51.9 838.7 9.2 129.8 586.5
ELEC, kW
Size of
20 200 2000 20 200 2000
TANK, m3
Investment
cost. € 114710 321860 1943700 130500 343160 2124200
Hydrogen
selling 60.8 22.8 16.7 81.4 27.8 16.7
price, €
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As we can discern from the above table, solar radiation in Anogia is higher compared
to Tavronitis because the size of the equipment (photovoltaics, batteries, and
electrolyzer) required in all three scenarios to achieve the respective goal is much
smaller in Anogia compared to Tavronitis. The smaller equipment size also results in
lower expenses for its purchase, and therefore, a lower selling price for hydrogen at
the end of each year if the installation of photovoltaics is done in Anogia and not in

Tavronitis.

Table 5.5 Comparison of results regarding the operation of the battery and electrolyzer.

Anogia

Tavronitis

Battery
charging

time, %

25.5

14.4

15.2

26.1

16.1

14.3

Battery
discharging

time, %

69.9

63.2

65.5

69.2

67.7

65.3

Electrolyzer
operating

time, %

17.5

30.9

39.1

16.6

21.9

39.3

Table 5.6 Comparison of results regarding the final energy amounts.

Anogia

Tavronitis

Energy by
battery to
electrolyzer,
kwWh

98817

1890100

157710000

111840

7970600

107500000

Energy by
RES to
battery
,kWh

32967000

36372000

143850000

33161000

41207000

112990000

Energy by
RES to
electrolyzer,
kWh

11451000

114390000

988470000

11423000

106200000

1059800000

Lost energy,
kWh

1610700

74643000

1879500
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In Anogia, the surplus power from the RES that feeds the electrolyzer, activating it to
produce hydrogen, greatly exceeds the power supplied by the battery to the
electrolyzer, as well as in Tavronitis, except the third Scenario, in which the energy
provided by the RES for the electrolyzer's activation is lower than what the battery
supplies. Additionally, it's worth noting that the RES provides mainly more energy to
the battery in Anogia compared to Tavronitis, resulting in less energy consumption in
Anogia.

The simulation results revealed that both regions of Crete are suitable for installing
photovoltaic systems aimed at covering specific demand loads, but the region of
Anogia has higher solar radiation and lower air temperature than the region of
Tavronitis, so it is more cost efficient to install photovoltaic systems in Anogia. These
regions allow photovoltaics to actively contribute to energy generation, especially
during the summer months when solar radiation is high. The total power generated
from Renewable Energy Sources (RES) shows a significant surplus throughout the
year, enabling the electrolyzer to produce hydrogen.

At the same time, the targets set by the European Union and the European
Parliament are encouraging, aiming to reduce greenhouse gas emissions by 55% by
2030 compared to the levels of 1990. This commitment is driving the transition
towards renewable energy sources. Today, Renewable Energy Sources (RES) are
taken into account in the official energy planning of developed countries, although
they still represent a small percentage of the energy production. However, with
further utilization, the electricity generated from these sources is expected to
decarbonize a significant portion of energy consumption in the EU by 2050.

Hydrogen serves as an energy transporter and storage medium and has numerous
potential applications in industries, transportation, energy, and buildings. The most
significant aspect is its non-CO; emitting nature, leading to virtually zero atmospheric
pollution during usage. Despite hydrogen's abundance in nature in practically
inexhaustible quantities, it is bound in the majority of cases within water molecules,
consisting of two hydrogen atoms and one oxygen atom. Consequently, while water
is plentiful on our planet, breaking down the molecule requires energy. Hydrogen, as
an energy source, appears as a promising technology, and due to all these reasons, it
becomes essential in supporting the EU's commitment to achieving a carbon-neutral
balance by 2050.
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