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ABSTRACT

DESIGN AND OPTIMIZATION OF SOL AR BASED HYBRID POWER
SYSTEM

Ceylan, Ceren
M.S., Department of Electrical and Eteonics Engineering

Supervisor AssocC. ProfKMDr. Yeéel ser

JULY 2020, 62pages

With the developing technology and increasiigrid population, energy demand is
increasing. Since fossil fuels argning out day bylay, renewable energy sources
havebeen used to produce clearergy. The most preferred renewable energy source
is the Sun that cannot be used on cloudy days and n#jkts. the most important
disadwantages of solar energye storage.In these conditions, fuel cells are used to
meet the energy needsdensurecontinuity. Dueto theirshortstartuptimesandhigh
efficiency,fuel cellshavebecome popular. Hydrog€hl>), the most common element
in the universe, is used asuel in fuel cells. His not an energy source, but it is a very
good energy carrier. Whet used as fuel, water or water vapor is released. During
the production otnergy,thereis no harmful gasesand chemicalswhich pollute the
environmenand increasthegreenhouseffectwhich proveghatit is environmentally

friendly.

In this thesis, 2.4 kW Proton Exchange Membrane Fuel Cell (PEMFC), which was
operated for 5 hoursday,was designed to meet theezgy needs of a greenhouse in
kanliurfa. Theelectrolyzemwas designed to produée for PEMFC and the electricity
demand fo the operation of thelectrolyzer was supplied froB0 photovoltaic (PV)
cells. TheproducedH> was stored irstoragetanksfor use inPEMFC. At the end of

365 days, total of 430 kgzhvas storedvith designed systenAlso, heaivasreleased
when PEMFCoperaésand it was approximately 20 kW per ddyhis heat must be

DE

removed to ensur e t hhighefficiehoy. ThedenbFaEdeat s af et



produced from PEMFQvas removed with the help of the heat exchanderthis
process, while the temperagunf the PEMFC cooling water, which was heated by the
heat removal, decreases t0°84 the temperature of the water to be used for the heating
of the greenhouse is increased up t6G1

The ratio of investmenpperation,and maintenance costs to the amoof energy
produced by hybrid energy system during operation gives the levelized eogtrgy.
It was calculated 1.73/kWh for this hybrid energy system.

Keywords: Hybrid Systems, Photovoltai@&EMFC MATLAB/Simulink
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CHAPTER 1

1. INTRODUCTION

1.1.Energy Systems

Energy is one of the most important factors that affect and shape our daily life. The
need for energy resources depends on the world population and the growth of industrial
activities. Usingof energyresourcesn efficiently andcontroloverthemhavegained

importance accordingto energy demand. Successfulimplementationof energy

management has become a priority issue.
standardsire per capita consumption of total energy along with the energy available
in that area. In terms of living standards, it is desired that the energy density of that

country is low and the total energy consumption per perdughs

Besides the benefits efiergy for humanity, it has become phenomenon that especially
harms natural life. Greenhouse effect which is also known global warming is only one
of the damages. Intense expending of energy leads to global warminhgféeatsour
future. Most of energ needis providedfrom fossil fuel (coal, naturalgas, oil)in the
lastcentury.Fossilfuelsarelimited andhavenegativeeffectssuchasglobal warming

on the environment. The cost of fuel and fuel transformation to the energy producing
system are vergxpensive. For these reasons, countiesgeturned to the search for
energy resources which are clean environmentally friendly and reneldhbleday,
reducing the dependence aws$il fuels is aimed to meet energy needs. Scientific
studies on renewable energy resoutw@gebeemaccelerated.

1.2.Renewable EnergySystems

Renewableenergyis unlimited,canrenewitself continuausly andinexhaustiblevhen
it is used. Solar, wind, geothermal, tidal, biomass etc. are examples of renewable

energyresourcesTheirtechnologiegxistnaturallyin theworld withouthuman



cortribution. They enable to us in order to convert their energy into usabigy.The
energy carried by the sun rays, the ener
pl antdés own ener gnkeown eaengdorms are eonverted ima
usableformsof energy.Themostimportantadvantagesf all renewablenergysources

are lowering carbon dioxide emission levels, thereby improving air quality and is to

protect theenvironmen{2].

Theoretically, the potential of renewable energy sources is technically higher than the
world energy need$lowever,evaluating this energy potential and converting it into
energy supply is not always in lossless form for some technical and economic reasons.
In other words, installation costs are very high and energy transmisaionot be
efficient[3].



CHAPTER 2

2. OVERVIEW OF HYBRID POWER SYSTEM

2.1.Hybrid Power Systems

Noneof therenewableenergysourcesanprovideenergyalonein all kindsof natural
events and weather conditions. Eliminate this bl more than one energy
geneation systems should be used and these systems are called as hybrid[dystems
The purposesf thesesystemsarethatincreasinghe efficiencyandprovidingthatto

meet theenergyneedof thesystemn theabsencer decreasef oneof theresources.

For examplethe sunwhich is the most popularrenewableenergyresourceis not
available on cloudy days and at nights. In order to provide energy continuity, it is
combined with other energy resources such as battery, fuel cell, electnoinzer.,

2.1.1. Photovoltaic-Battery Energy System

Energy coming from solanergy is not stable according to the intermittent nature
it. Electricity generation can be done wHv-batteryhybrid energysystem where
sunshine is abundant. The methodologldtbatteryhybrid energysystem is that, the
electricity is generatebly PV cellsandit is storedin battery[5]. Thebasicschematic
of PV-battery hybrid energy gstemis shownin 2.1. Battery usageincreasethe
efficiencyof systenthrough storing exce$3Vv generation and supplyingresumption

when it is neef#].
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~ > | LOAD
PV arrays ol
Inverter
Battery
DC AC
Bus Bus

Figure 2.1: Schematic of a Phattery hybridenergysystem

2.1.2. Photovoltaic-Battery-Fuel Cell Hybrid Energy System

Usually,unusecenergyproducedoy PV cell is storedin a batteryandit is usedwhen

sunis notavailablesuchasnightor cloudydays.However batterystoringcostis very

high for large amounts of energy and long term storage is not possible. Lifetime of
batteries is limited. At this pointl2 energy is combined with PV system and many
studieshavebeen done in this fiel®V-FChybrid system is considered one of tlesth
alternatives for solving battery issue. FC is used to generate electricity when PV and
battery capacity do not meet electricity dempfjdFig. 2.2 represents the Fattery

FC hybrid systensonfigurations.

A
PV arrays
Battery |«¢—p = »(LOAD
Inverter
HaTank el cell DC AC
Bus Bus

Figure 2.2: Schematic of a PhatteryFC hybridenergysystem



2.1.3. Photovoltaic-Electrolyzer-Fuel Cell Hybrid Energy System

To completely eliminate the bary problemthe best option is usinglectrolyzer in
PV-FC hybrid energysystem.The amount of energy is produced by PV cells. More
than enoughenergyis usedfor operatingof electrolyzer. ObtainedH> from the
electrolyzer is stored in a tank for use in the fuel cell. In this type of hgbedgy
system, fuel cell operates during timurs when there is no sun. Thus, instant electrical
energy is supplied from the fuel cell witho Hirawn from the tank. The basic
configuration of PVelectrolyzefrFC hybridenergysystem is shown in Fig. 2.3. If the
tank is chosen large enough, the hylemeérgysystem can storezih the summer and
be used for the electrical enemgguiremenin thewinter. In addition,theusingof PV-
electrolyzefFC hybrid energysystems animportantalternativen ruralareasn order

to meetenergyneedsy itself [8].

JEEEN
A
PV arrays i > »(LOAD
Inverter

_ DC AC
> Bus Bus
Water Tank Electrolyzer
>m
02

Hz Tank Fuel Cell

Figure 2.3: Schematic of a PlectrolyzerFC hybridenergysysten



2.1.4. Photovoltaic-Electrolyzer-Fuel Cell Hybrid Energy System for

CogenerationApplication

As thefuel cell cangenerateslectricity, the thermalenergyof fuel cell is alsousedin

the cogeneration system. Heat demand of system is met with thermal energy emitted
during electricity production[9]. Apart from the useof wasteheat,removalof this

heat is important for the safety and efficiency of the fuel [d€]. While electricity
generations asPV-electrolyzefFC hybrid energysystemheatcogeneratiosystemss

added to FC as shown in Fiy4.

Vﬂ:.
AL
PV arrays |Z —»| LOAD
Inverter
i Id W Tank
DC AC Cold Water Tan
Bus Bus —.4—1

& o g
Water  Electrolyzer Fuel Cell '/ 1\

Tark ] mm 5105%
- »
o Hot Water Tank Heating Load
£ H, Tank
H

Heat
Exchanger

Figure 2.4: Schematic of a PalectrolyzefrFC-cogeneration hybrignergysystem

2.2.Description of PV-Electrolyzer-Fuel Cell Hybrid Energy System
2.2.1. Photovoltaic Generator

There are several thermodynamic pathways for converting solar energy into energy

forms that can be used for human needs. Through the conversion @mnsstarheat,



kinetic energy electricenergyandchemicalenergycangenerallyprovide[11]. There
aretwo mainwaysof usingsolarenergyto generateelectricity. It canbetrangormed
directly into electricity using PV or indirectly usinglap collector which converts
solar energy into heat energy so that it can be used in thermal povisrtplganerate
electrical energy12][13].

2.2.1.1.General Description of a PhotovoltaicCell

PV cellsthatconsistof semi conductivenaterialscanconvertsunlightinto electricity

directly [14]. After the seniconductorp-n junction is formed, photons coming from

thes u maysbreak off electrons which arerniftype then they move towards the

type. This case continues until load balance occurs on both sides. The lack of electrons
(holes)andthe excesof negativechargeleadto theformationof anelectric field on

both sides of the junction. The photons of the light flux that absorbed by semiconductor
form electronholepairs.As aresult,duringtheflow thegeneratiorof electricity occurs

as Figure2.5.

~ -
- O: Solar Radiation Condrfb'tra;“lcStri a
T\ - (Photon-light) =N 9 P

m—
Electron Flow

k > —1 Approx.
Glass ‘ ’ @)o,ggvoc

Lens

N-type Silicon

D epletion Layer

-ve Electrons «

P-type Silicon 'p//
Substrate B ase O—‘>’—O
+ve Holes

PV Cell Symbol

Figure 2.5: Cross secticand working principle of P¢ell [15]

It is possible to handle three types of PV cells; monocrystalline, polycrystalline, thin
film and flexible.



MonocrystallinePV cells; consistof highly efficientmonocrystallinecells. It takesup
lessspacdhanpolycrystallinewhich produceghesamepower. Sincehightechnology

is used during its production, the production time takes longer. It is ealfieano n o 0
because only high purity crystal is used in its structure. Monocrystalline PV cells are

long-lasting systems and their efficiency is aro@ddso [16].

Polycrystalline PV cellsalthough production equipment is easily accessible, energy
efficiency is lower than monocrystalline solar cells. is not produced in
monocrysalline purity and is called as polycrystalline due to its heterogeneous

structureTheir efficiency is around6%.

Thin Film PV cells;are absorbing solar rays. Their eiincy is lower compered to
crystal PV cells. They neelarge areas to produce high power due to their low
efficiency. Theapproximateefficiencyof thin film PV cellsis around7%[17].

Flexible PV cells; unlike traditionalsolarpaneltechnologytheyhavebeendeveloped
especially for roof applications. They are really flexiblabteakable, very durable
and easy to carry arapply. They do not need any construction or profile for their

installation[18].
2.2.1.21-V Characteristics of aPV Cell

The equivalent circuit of PV cell is shown in Figure 2.6.

Rg

Figure 2.6: The equivalent circuit of PV cell



The current produced by PV cell is found as follows;

©O 0 0 ©° (2.1)

Where;l = cell terminal current,
IL = photogenerated current,
Ip = diode current,

Isn= shunt current.

The diode current is described by the Shockley Equatiofi2]2

0 0OQoH— p (2.2)

Where;lp = the net current flowing though the diode,
lo = reverse saturation current,

V = applied voltage,

| = cell termiral current,

Rs = series resistance,

g = magnitude of electronic charge (1.6 ] 1@3(%,
k= Boltzmannods &dKstant (1.38 1T 10

Teen = absolute temperature of cell in Kelvin.

The cell terminal current is represented24y;
O 0 0OQuwH— p — (2.3)

The typical +V current described by Equation 2.3 is shown in Figure 2.7.
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The PV cells behavior shecircuit at low voltages, so the current is approximately
equal to shortircuit current(lsc). With increasing vtiage more than the maximum,

the current starts to drop to zero exponentially. Maximum power point contains the
maximumcurrentandvoltageatwhichthe photovoltaiccell will operateatthehighest

efficiency.
2.2.2. Electrolyzer

Electrolysisis known as the simplestand efficiently methodfor water splitting to
produce H.. Electrolysis devicesare called as electrolyzer. In electrolyzer,two
electrodes (onewith positively chargedand the other with negatively charged)
electrolyteplaced in water solution. Vém the direct current voltage applied to
electrolysiscell, water will decompose intozHjas at the cathode and @as at the
anode. The reaction is endotherrfi2]. For electrolysis ofvater,at normal pressure
and temperature,.23 Volts will be enoughideally. Due to slow reactionand other
reasonshighervoltageis used in electrolysis process. Since thgtbduction rate is
proportional to thactualcurrent intensity, high current densities are preferred for
economic reasons. Théoee, in practice, the voltage applied per cell to separate water

is usually arand 2 volts.
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2.2.2.1Typesof Water Electrolyzer

Alkaline, protonexchangenembran€PEM) andsolid oxideelectrolysiscells(SOEC)
are commonly used electrolysis technologidgpical specifications of these
eledrolyzers are shown ifiable2.1[23]. The most important parameters are current

density ancefficiency.

In alkalineand SOECelectrolyzer wateris suppliedfrom cathodesideandit is split

into Hz and hydroxide ion$OHT) which turns to anode side in order to fr@n In

PEM electrolyzer, water is split intoo@as, H ions andelectrons.

Table 2.1: Typical specifications of alkaline, PEM and SOE electrolyzers

Specification Alkaline PEM SOE
Technology maturity State of the art [Demonstration [R&D
Cell temperaturec,’C 60-80 50-80 900-1000
Cell pressure, bar <30 <30 <30
Current density, Alcr 0.2:0.4 0.62.0 0.31.0
Cell voltage, V 1.82.4 1.82.2 0.951.3
Power density, Wicm Upto 1.0 Upto 4.4 -

Voltage efficiency, % 62-82 67-82 81-86
Specific system energy 4.57.0 4.57.5 2.53.5

consumption, KWh/NR

H, production, Nn¥/hr <760 <30 -

Stack lifetime, hr <90000 <20000 <40000
System lifetime, yr 20-30 10-20 -

H> purity, % >99.8 909.999 -

Cold start up time, min 15 <15 <60

11



2.2.2.2PEM Type Water Electrolyzer and |-V Characteristics

In PEM electrolyzer, water is supplied from anode sWlaterdecomposes into O

gas, hions and electrons in the anode catdbtr.As O, gas is taken out of the cell,
Hzions(H*) pasgothecathodehroughtheelectrolyte Electron®ntheexternal circuit

passes to the cathode and combine Within the cathode catalyst layer and forn
gas.Thus,theelectrolysigprocesss completed. Theanode cathodeandtotal reaction

thattakesplaceduringtheproductionof H2 andOz in PEM electrolyzeiare adollows.

Anode reaction;
¢'O0©° 0 TO0O 1Q (2.4)

Cathode reaction;
TO 1Q © ¢0 (2.5)

Overall cell reaction;

06O 0 -0 (2.6)

Figure2.8showsghel-V characteristiof PEMelectrolyzer. i.R is ohmic losses within

the celland its components where & specific ohmicesistance.
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Figure 2.8: 1V characteristic of PEM electrolyz§4]
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2.2.3. Hz2 Storage

Storability is the most important feature of &hd it must be stored in efficient and
reliable for both fixed and portable applications. Three different methodscan be
mertioned about the storageld$. These are as pressurized gas, as liquid and as in the

form of metalhybrid.
2.2.3.1H2 Storage as &as

The most basic and old technique of storagéshbressurized tanks in gaseous state.
Pressured tanks are produced in various sizesrasdyses. The most common sipe
method is alloy steel tank at 200 bar pressure in industry and laboratory. Tanks should
be durable for high pressure and also ligkight that is challenging in terms of tank

design.

In storageasa gas,amethodof increasindow volumetricdensityis storedasa liquid

with low temperature such as liquid nitrogen temperature or coolir@5afC. But
therequiredenergyfor liquefaction cannotbe underestimatedt is approximatelyl/4
of energy to be supplied frof.. Ensuring the safety of pressurized tanks shdad

done carefully. A fuel leak can cause huge damage.
2.2.3.2H2 Storage as d.iquid

The most common storage method in laggantities is as a liquid. In this method, H

gas is cooled to 28K and stored in large tanks. The important thing is thadd¢s
not contact wittair, therefore, firstly the air of the tank is swept with nitrogen and then
H> is pressed. The tank is udlyakept at low pressures approximatelybar. The

inconvenient part of this method is the liquefactiomaflt is compressed and cooled

to 789K. Then it is inserted into a turbine and the temperature are also decreased. In

addition, some changes aredaat the atomic lev§25].
2.2.3.3H2 Storage in MetalHybrids

In this method,H> combinego form a metalhybrid andis heatedf neededprovided
that they are separated and usednHinit volume can be stored more than pure liquid

H», thanks to this method. This is because metal molecules are much closkp than
13



molecules ands taking B molecules between them.

H> begins to be given to the tank which contains metal to react first. This reaction
changes direction depending on pressure and temperature, and may be endothermic or
exothermic, depending on the type of metal. When the reactioei®y means, when

all the metal is compounded with,, the pressure will increase. It signals to stop
feedingH>. All processesirerepeatedvhentankis completelyempty. A system is

gotten that can load and unload hundreds of times. Also this method is successful for
securityin low pressure. The biggest disadvantages is that it takes a lot of time to
reload the tank26].

2.2.4. Fuel Cell

In the search for new energy sources to meet the increasing energy demand in the
world, fuel cells are one of the most important apphes used in clean energy
production and which arexpected to be widely used in the future. Fuel cells are device
thatconvertchemicalenergyinto electricalandheatenergywithout combustiorn27].
Fuelcellscontinueto generge uninterruptecelectricityaslong asfuel is supplied.At

the end of the process, pure water vapor and heat are generatestieas
2.2.4.1History of the Fuel Cell

Thefuel cell wasfirst foundin 1839by William Grove,who wasalsoajudgeandan
amateur scientist. Grove succeeded in produingndO: in a system consistingf

two platinumelectrodesmmersedn dilute sulfuricacid (H2SO4) solution. In the later
years, Grove managed to producerenelectric currents by combing fifty of the
previous system. The term of Fuel Cell was named by Ludwing Mond and Charles
Longer, who carried out studies in this field in 1889. The first successful fuel cell
construction and implementation was in 1932 by Francis BE&JnBetween 1959

and 1960NASA did serious work in this field. 200 researches were matheeifield

of fuel cell for use in space vehicles and eventually produced fuel cell that generates
electricity and water vapor to meet their requirements. Thiscklghasbeenusedin
spacecraftsuchasthe Apollo SpaceShipandSpaceShtitle [29]. While the first fuel

cells were produced for the Apollo space program laade been used in space

programs and also transportation and small etgaoductions.
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2.2.4.2Working Principle of Fuel Cell

H2 which is the main fuel of FueCell reacts with air 00,. After the reaction,
electricity, heat and pure water are producediuidl is supplied byhe anodesideof

thefuel cell andair or O is suppliedby the cathodeside. Onthe anode side dfl., it
decomposes into positive and negative ions. Positive ions reacdtiioelesideby the

help of electrolyte,which allows only positively chargedons to pass. Thelectrons
remaining at the anodend tend to reunite with positively charged ions and flow
through the cathode side by an external circuit. This electron flow in the external circuit
generates electricity. The electrons passing to the cathode side combine with positive
ions and air and pa water is forme¢0].

2.2.4.3Typesof the Fuel Cell

Fuel cells are classified according to the used electrolyte and working temperature
[31]. There are several types of fuel cells as shown in Figure 2.9.

FUEL — _«— OXIDANT
AFC 80°C
SOFC 800-1000°C
PAFC 200°C
and
PEMFC H20| 80°C
MCFC 650°C
PRODUCT GASES = —— PRODUCT GASES
RESIDUAL FUEL RESIDUAL OXIDANT
ANODE CATHODE
ELECTROLYTE
(ION CONDUCTOR)

Figure 2.9: Types aheFuel Cell[32]
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Solid Oxide Fuel Cell (SOFC)

The SOFC operates at high temperatures and had gerformance. Since the

opeating temperature is 90C-1000°C, materials of SOF@lectrolyte are made of
solid oxide ceramics such as yttrium oxide or zirconium [33]. There are some
disadvantages such as high opeatemperature, slow stanp, low performance

under 800°C. It is used in industrial areas and electricity productiemters.

Molten Carbonate Fuel Cells (MCFC)

MCFC is capable of operating at temperature as high a?60850 °C. For the

eledrolyte, mixture of lithium and potassium carbonates are generally used, which has

a melting temperature around 5%0. This mixture is usually ipregnated into porous

ceramic matrix made of lithium aluminate (LiAdJ34]. If the operating tempettare

is higher than 650C, durable materials should be used for preventimmosion

Corrosionand molten electrolyte are the disadvantaged GfF C[85%.
Alkaline Fuel Cell (AFC)

Concentratedolutionof potassiunhydroxide(KOH) is usedfor electrolyten AF C6 s .

Hydroxyl ions are transformedfrom the cathodeto the anodewith the help of this
sdution. The operating temperature of the AFCs is higher thd?C&nd lower than

1209C. In addition to generate electricity, F C praduce potable water and for this
reasontheyareusedin variousspaceapplicationdy NASA. Themaindisadvantages
of A F C@rethat, B and oxidation must be very pure. Even a small amount of carbon
dioxide (CQOy) is very harmful for electrolyteCO» reacts with electrolyte and causes

poisoning. This affects fuel cell performance negatiyay.
Phosphoric Acid Fuel Cell (PAFC)

Phosphoric acid is used as the electrolf#&FC consists of a poroumatrix Sur
rounded by porous carbon electrodes, which holgs ltquid phosphoric acid

eledrolyte. PAFC system operates at a temperature of about 4DObecause

phosphoric acidhaslow conductivityatlow temperaturesThe mostprogressiveaype
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of fuel cells isPAFCwhich is the first commercially available applicati@7].
Proton Exchange Membrane Fuel Cell (PEMFC)

PEMFCOGs <contain two el elhese electmdss;theyaareo d e a
sefrated from each other by polymer electrolyte membrane. Both electrode layers
also coveredvy a thin layer of catalyst. P E M F (sdtlse most promising power

generation device for automotive, portable application,gaff and orgrid power
plant. Al so PEMFC6s are the most popul ar
which are highpower intensity, high efficiency, quick startup, low operation
temperatureslong life, portable water as product, easy design and dimension
flexibility, f ast response to changiogdsduringoperatiori38]. Besidestsadvantages,
somedisadvantagesan bdistedas;electrolyte(membrae) cost,sensitivityto carbon
monoxide(CO), limited structural strength properties and need to use lots of catalysts

[39].

2.2.4.APEMFC Operation

Theschematicdiagramof PEMFCis shownin Figure2.10. PEMFCconsistof anode,
cathode electrolyte layer and gahannelcollectors. H and Q pass through the gas
channelsaandreachthe anodeandcathodeyespectively. Thesegaseseachtheproton
permeable membrane after passing through the diffuagi@n In the anode side, H
fuel is catalyzed and separated into protons and electrepsotdéns pass through the
polymer electrolytemembraneand combinewith Oz in the cathodeside. After the
combination, water is obtainedz dlectons passing from anode catho@ produce
electrical energj40].
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Figure 2.10: Schematic Operation Diagram of PENWLT

The reactions of PEMFCO6s process are as
Anode reaction is giveim Equation 2.7;

DO 0 cQ (2.7)

Cathode reaction is given in Equation 2.8;

-0 ¢O ¢Q °0b (2.8)

Overall cell reaction is given in Equation 2.9;

0 -0 ©'006 '0& Qi QO (2.9)

18



2.2.4. 5 PEMFC Characteristics

The PEMFC energyqgiential in Equation 2.10 can be found with Gibbs free energy as
below[42];

o L (2.10)
At thestandarctondition(T:ZSLb, P=1atm),PEMFCpotentialis equalto E=1.23V

theoretically.Howeverthe PEMFC ptential is less than the theoretical poteruisd
to some losses. PEMFC electrical lossesbmamvestigated three main cateies; the
activation polarization losses £, the ohmic (resistive) losses 4W) and the
concentration polarization losséécéng [43].

w 0O w W W (2.11)

The activation loss is voltage drop according to activation of anode and cathode and
occurs in the lowcurrent region. Low current density change in cathode activation is
the main reason for this loss. The resistance of the electrolyte liquid to ion transfer
creates ohmic losses. These resistors consist of ionk) @Rd electronic resistors
(Reic). While ionic resistance refers to the ipermeability of the electrolyte, the
electronic resistance refers to the total electrical resistance, including the resistance of
all otherelementssuchasthecatalystsurfacethegasdiffusionsurface Diffusion flow

and mass transfer occur at micro level on diffusion surface and ceatatyate.
Electrochemicateactionsoccurringon the catalystsurfacecausethe concentratiorof

H> to decreaseand concentratioriossesto occur [44]. It is called as concentration

polarization loss. General polarization cuofeEMFC is shown in Figure 2.11
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Figure2.11: General polarization curve of PEMH5]

2.2.5. CHP System

CHP system is the production of energy from the same system irlbothcity and

heat forms. Gas turbine or engine which generate eligtaan convert 3@0% of
energy to electricity. If this system is used in the form of CHP system, most of the heat
energy to be expelled from the system can be converted into @sablgy and the

total energy can be evaluated betweer®@%. It means that, CHP system increases
theefficiencyof thesystem.Theheatenergycanbe usedfor spaceheating, hot water

or industrial processes. Energy savings, which will be achievemeeyng the
electrical energy and thermal energy required for both industrial and residential
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heating from the same source, will reduce environmental pollution and dependence on
another source3herefore CHP system, which is the providing of electricity duat

energy from the same source, is requ(r][47].
2.3.Motivation of This Study
The summaries of some studies on hyenérgysystems are as follows.

Hybrid power generatiosystems can be made with many combinations of different
energysourcesandstoragelevices.Solarandwind energyareamongthemostwidely

used renewable energy sources in a hybrid power generation system. In applications
from the network independent wirahd solar power generation systems are often
operated with gas turbines, diesel generators, fuel cells and battery Yattks.

energy continuity and system performance are incrgdséd

Eroglu et al. worked on the application of a hybrid power system consistiAg-of

wind and fuel cell orma mobile home. In thistudy,where solar and wind energy was

used as the first source, the fuel cell was evaluated as a secondary source. In mobile
home energy application,>Hs obtained by electrolyr and compressed with high
pressure and stored in Einks. In cases where wind and solar energy are insufficient,

H2 energy is burned in the fuel cell and electrical energy is obtained to ensure
continuity. PV (800W),awind turbine(1kW) andafuel cell (2kW) wereusedin this

hybrid energysystem to germrate 3.8 kW powe9].

Ghenai et al. design&/-Fuelcell-electrolyzer hylid energysystem to supply energy
demandof 150housesvhichwasabou4d500kWh/day.52%of powerproductioncame

from PV and 48% of it came from the fuel cell. LCOE of the hybrid system was
145%$/MWh[50].

A PV-Fuel Celtelectrolyzer hybrigenergysystem used in staralone application has
been studied by Lajnef et al. This hybadergysystem slved the energy storage
problem since electrical energy was stored in the form oNATLAB/Simulink and
SimPower System were used for modeling and simulafti].

Ozgirgin et all described a hybr&hergysystem for houseold micro cegereration
applications. The hybriénergysystem consisted of PV (33.8)yPEMFC (1200 W),
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batteries, PEM electrolyzer (4700 W), plate type HEX. While generated electricity was
storing at batteries, the released heat from PEMFC was used for heatingnodishe
[52].

Isa et all proved that a hybrgystemwith cogeneation was feasible for a hospiial
Malaysia The proposed hybrid system consisted of PV (120 kW), batteries, converter
(40 kw), diesel generator (5 kW), fuel cell (100 kW), tdnk (80 kg). Economic
parameterswere simulated in HOMER softwae and the lowest LCOE was
$0.0841/kWH53].

A hybrid systemwasdesignedo meettheelectricityrequrementof 90 m2 floriculture
greenhouse by Ganguly et al. The hybrid system contained 84/ ®V cells, 3.3
kW electrolyzer and 2480 W PEMF(54].

There are lots of studies in the literature about theeR¥¢trolyzerfPEMFC hybrid
energysystem. The motivation dhis studywas thatelectricity and heat demand of
greenhouse was met bipV- electrolyzefPEMFC hybrid energy system with
cogenerationAfter calculatingthe powerof PEMFC ,whichwould meettheelectrical
needof thegreenhouse?.4kW, thedesign of the electrolyzer thabwid meet the K
requirement of the PEMFC was designed. PV cells were used for the operation of the
electrolyzer and the number of thesls was determined. The amount of produced

H2 was used for PEMFC, the excess was storéae H» tanksfor usefuture. Taking
advantagef theoperatingemperaturef the fuel cell, waste heat was used to heat the

greenhouse. All calculatiesmweremade inMATLAB/Simulink.
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CHAPTER 3

3. EXPERIMENTAL STUDIES

3.1Present System andDesign ofProposed Hybrid Energy System

In the present system of greenhouse, while electricity is pulled from the grid, the
greenhouse is heated by heating system watal furnace A fluid is heated and
circulating it in a closed system. In addition to being expensive in the first construction
of this heating system, operating cost are also high. Coal energy is converted into heat
energy in the coal furnace. With the heat obtainetiwater or steam is produced in

the boiler. The pump and motor are used to send the hot water or steam to the system
in the greenhouse, and various materials and parts are used to control their operation.
Approximately 1891 kW of electricity is consumeanaally and 500 tons of coal is
burned for heating.

Intodayp s worl d, where energy prices are hig
the cost of the products grown increases. For this reason, the cheapest energy sources
are used for meeting energynalend and heating the greenhouse. Due to high energy

costs obtained from conventional energy sources, new and renewable energy sources
have been getting importance for greenhouse heating purposes. It is a priority
requirement to use natural energy sourosteiad of fossil energy sources in order to

protect todayds energy existence and pr e

Since customer electric bills shows the changes of consumed electricity, amount of
consumption can be investigated eafiy]. Using existing energy bill data cae-r
duce the effects of input uncertainty and result in more reliable ofgéltin this
thesis, the amount of greenlseuelectricity consumptiodatawas taken from its
electricbill andit is shownin Figure3.1. It is understoodhat,themaximumelectrigty
consumptiorof greenhousés approximately325 kW in Augustandthe minimum is
approximately 75 kW ilbecember.
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Figure 3.1: The amount of grdesuse energy consumption monthly

When the power system is installed, it must be enough to meet the maximum energy
demand. According to energy demand of greenhotisead anticipated that, 2 kW
PEMFC operating 5 hours a day would be sufficient but it was designéi\V2The

aim of that,approximately20 % of designedPEMFCpoweris consumedy auxiliary
equipment
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Figure 3.2: Proposedyhrid energy systemeasign
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PV-electrolyzerPEMFGcogenerationhybrid energy gstem is given Figure 3.2.
Electrolyzer useglectricity generatingfrom PV arrays. The waterto be separated
comesfrom the deionizedwater tank and it is split Hand Oz. The produced H is
stored in the Htank for PEMFC The produced &is released to the atmosphared
the Oz requirement of PEMFC is supplied from thie Air is filtered, humidified and
fed to PEMFC with the help of a compressine producedH, was storedn storage

tanks to be utilized by the PEMFC when the PV energy fail to supply the load demand.

The produced heat in PEMFC was removed from the PEMFC by a cooling system to
operate PEMFC at a constant temperaftvé. Two water loops weresed for CHP
application and they were unmixed and pumped by means of the water gumaps.
PEMFC cooling water flows through PEMFC cooling channels to remove heat
produced from exothermic reactioithis exothermic reactiowausesoverheating
problem thashortens the lifetime of PEMF[58]. ThenPEMFCcooling water was

sent to the heat exchang@&he greenhouse water enters the heat exchanger from the
other line and warms up and meets the hot water requirefrteartks to this hybrid

energysysem, the electricity and heat demand of the greenhouseedre
3.2Components of the Proposed HybricEnergy System

ProposedPV-electrolyzerPEMFGcogeneratiohybrid energysystentomponentare
shown inTable3.1. In addition to these, hybre&hergysystemcontains 19330 L H
storage tank, Wube heat exchanger,a regulator,three DC/DC converters,two
compressorfor air andH», a deionizedwater tank, two water tanks for hot and cold

water,several pumps andgalves.

Due tocounter flowprinciple, aU-tubeheat exchangaes commonlyused and the heat
transformation occurs in opposing directions between hot andfloaldEnd of the
transformation, heat recovery of almost 100% is achieved. SahéJheat exchanger
provides a very high efficiency to the systeOne of the most important features is

that it is easy to clean.
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Table 3.1: Proposedyhrid energy systemamponents

Component Parameter Value
PV [59] Type of cell Monocrystalline
Max power 360W
Size 1956 mmx992 mm&0 mm
Efficiency 21.5%
PEM electrolyzef60] Membrane Perflorosulfonic acid
Cell area 200 cnt
Cell number 32

Current density (at 1.5 V) 1 Alcn?

Efficiency 88%
PEMFC[61] Electrolyte Nafion 212
Active area 150 cnt
Cell number 32
Current density (at 0.6V) 1A/cn?
Design power 2400 W
Banodd c@hode 1.0/2.5
Working temperature 70°C
H> flow rate 36.52 slpm
O2 flow rate 38.04 slpm
Battery[62] Nominal voltage 24V
Nominal current 150 Ah

Depth of discharge (DoD 85%

3.30Optimal Design Strategy of the Propose®ystem

Optimaldesignstrategyof theproposedystems shownin Figure3.3.Before starting

the design of the hybrid system, how much electrical energy will be sufficient for the
greenhouse is calculated. The power of PEMFC is calculatet@aiing to electricity
requirementAfter finding the amount of BHto be consumed BEMFC theminimum
power of electrolyzer (Pmine) is found to meet B demand. PV arrays produce
electricity for operating electrolyzer and how many PV arusgsl the system are

calculated based on thaiR.. The eleatcity produced by PV arrays changes due to
27



total solar radiation and ambient temperature.

Is transferred heat
sufficient for heating
greenhouse

Is produced H,
equal to H; demand

YES

Figure 3.3: Optimal desigstrategy of the proposed system
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If the generated electricity is equal or greater than #he=Pelectrolyzewill start to
produceHo>. If the produced electricity is smaller tharif, the electrolyzer will not
work and H is usedfrom the tank. ProducedH: is useddirectly and the excessis
storedin tank. On the other hand, the obtained heat while PEMB@agating is used

for greenhousheating.
3.4DesignCalculation
3.4.1. Solar Calculation

This thesis was c¢ o makey(37Nd38H)[@4}, astshoen irk an | € u
Figure 3.4.
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The measured daily global idiation and ambient temperature datxe taken from
Turkish State Meteorological Servicerf365 days. Figure 3.5 showse measured
total solar radiation and Figure 3.6 shows the measured daily ambient temperature.

Thesedatawere usedfor PV designcalculations.Whenthe dataare examined,the
maximum and the minimum solar irradiation were obtained8.7 kWh/m? and 0.3
kWh/m2, respectively.The highestandIowesttemperature/vereBZLb onJuly, 3 and

3.9% onDecemberl0.
29



10

(=} oo

Total Solar Radiation (lemez)
=

— 5] [ ) Ld (7%}
wn o h o wn

Ambient Temperature (°C)

]

Figure 3.6: Measured Daily Ambient Temperature

30

30 60 90 120 150 180 210 240 270 300 330 360
Time (days)
Figure 3.5: Measured Total Solar Radiation
L | L | L | L | L | L | 1 | 1 | 1 | 1 | 1 | |
30 60 90 120 150 180 210 240 270 300 330 360
Time (days)



The power of PV arrays was calculated according to Tebibel and Equation 3.1 gives it
[65].

0 AY Y (3.1)

Where Ny refers the number of PV arrays, &d Gye r are solar irradiance and the
reference solar irradiation of PV, respectivelyv Raxis the maximum power of PV

cell. Gyeris 1 kW/n? and Pvmaxis 0.38kW, these values are the features of the

selectedPV array. The power thermal efficient is represented by LT ref refers the

PV cell temperature at standaronditions (28C). PV cell temperature (i) can be

calculated according to ambient tempera (T), G and nominal operating cell

temperature (NOCT, 4&) by following equation:

Y Y O (3.2)

3.4.2. Electrolyzer Calculation

Sinceconsumed kEmolar flowrate of PEMFC.( ) is known, the cell nutver

of PEM electrolyzer (Rkn) is calcul ated by Faraday©os
Equation 3.366]:

0 _ - (3.3)

Where, n is the transfed electron number dfi>. F i s Faraday const al

referto currentdensity,cell areaandefficiencyof the PEM electrolyzeryespectively.

These values are listed Trable3.1.

Thevoltageof electrolyzerVeed depend®nthethecell voltageof electrolyzen(V cen)

and Nei. The multiplying of the both gives the:M as followingequation:
) ) 0 (3.4)

The minimum power of electrolyzer {Rin) is associated with electrolyzer voltage,
current density and electrolyzer active area. Multiplying three gises.P
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0r & Qb (3.5)

H> molar flowrate produced by electrolyzer is calculated as below;

a PR opn COwWPMTMO T&C PO (3.6)

Where R is the power of electrolyzewhich changes with power of PV arrays and

efficiency of DC generator.

o 0 - (3.7)

3.4.3. PEMFC Calculation

The consumed Hand Q or air concentratiomate and the generated water mass
flowrate are detern28i ned by Faradayods Law

a Yo — 0 O (3.8)
@« Y — 6D (3.9)
¢« — — 0 D (3.10)
a — 0 0 (3.11)

Where,”Y = Stoichiometric ratio of & Y = Stoichiometric ratio of &
i =0zvolume in air (21%),

i = Current density (A/cr%),

A = Total active area of PEMFC ((,2r))

F = Faraday constant (96485 Crinoi),
Ncen = Cell number of PEMFC,
My, = Mass of H (g/mol),
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Mo, = Mass of Q@ (g/mol),

Mair = Mass of air (g/mol),

Mu,0 = Mass ofH20 (g/mol).

By calculating the energy balance of the fuel cell, waste heat (Q) is found in Equation

3.12. This amount of waste heat is used for heating greenhouse

BO y BO ; 0 T (3.12)
Where, total enthalpy of inlet gasses and total enthalpy of outlet gasses are represented

%  and%  ,respectively7 is net power of PEMFC.

3.4.4. H2 StorageCalculation

The volume, pressure, temperature and quantityhef gas which are the basic
paametersleterminghephysicalbehaviomnfthegasesAccordingtoAv o g aldaw,0 6 s
when pressure and tempairre are constant, the volume of a ¢&¥ changes in

proportion to the mole number of gas (n) and the volume is calculated in [B&low

0w €YY (3.13)
Where,Pis pressureT is temperaturandR is Regnaultconstan{8.314kJ/kmol.K).
Equation 3.13 is called as ideal gas equation. Real gasesfddyhcdomply with ideal

gas law From the law deviations are particularly important at high pressures and low
temperatures, especialvhen a gas is at the condensation point. Real gases deviate
from the ideal gas law because molecules interact witha@hehPropellant between
molecules forces help to expand and attractive forces help to compression. The
compressibility factor(Z) is association with reduced pressyf) and reduced
temperatur€Tr) [68]. Theyarecalculateddueto pressurégP) andtemperatur€T) as

shown in Equations 3.14, 3.15 and Z can be fanrkgure3.7.

- (3.14)

Y- (3.15)

33



1.0 X T =2.00

R e SN N P U . S I e
\'i‘\'

0.9 g =
R\"ﬂ\' ~ray T=150 Ju—— 7

ek, BLes p = 18 ‘ ‘ [
0.8 --\\!\\v >‘\- '\gf~-~‘—¥f—:;’/.// ,///
N % P —

- L
_RI

"
4
e
//

e
.\\\.i

R % <2} R il . )/
= | & B @ . X "
x|
g 06 4 \' N Tp =120 ‘/ Pz
= . A
N \“ iy ,/ Legend
é \; g > 2
0.5 * ‘ A * Methane 2 [sopentane
\ \ T =110 //-/'/‘_ Ethylene n-Heptane
A 2 @ x o » Ethane Nitrogen
0.4 s Dy P aC = 2
: X > @ Propane Carbon dioxide
! n-Butane * Water
0.3 3 Tr=1.00 4 —— Average curve based on
o / data on hydrocarbons
s
0.2 L.<’
0.1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 50 55 6.0 6.5 7.0

Reduced pressure pg

Figure 3.7: Generalized compressibility chart for various gases

Volume of gasses is calculated according to generalized compressibility chart as:
o O— (3.16)

VanDer Waalsderived the real gas equation from the ideal gas equation with the help
of assumptionof volume and pressurecorrections[69]. By adding the calculated
pressuraropto thereal gaspressuretheideal gaspressureandtheideal gasvolume
for the molecules to circulate freely by subtracting theompressiblevolume
calculated from the real gas volume. If it is found and written in the ideal gas equation,

van defWaalsequation is obtained.

C

(3.17)

Where,a is the net intermoleculattractiveforce andb is thefinite volume of the

molecules.
O — — (3.18)
o - — (3.19)
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3.4.5. CHP Calculation

The released heat during PEMFC operatiopaisulated in Equation 3.7. This heat
shouldberemovedwith thehelpof coolingfluid or air coolingsystem.Theimportant
reasons for removing this heat is to ensure the safety of the PEMFC and increase the
efficiency. Since overheating of the systeam damage the materials of PEM&@

shorten its lifetime. As this heat occurs when the PEME@Gerates electricity, the
utilization of removed heat aneases efficiency up to 90%. Tefer of this heat can

be done with the help of heat exchanger (HEXJ anergy balance of HEX can be
calculated by Equation 3.200][70]:

4 8op 8°Y f Yi  &- & 8dp 87Y j Y (3.20)

Wherel andi refer themass flowrate of cooling water and heating water,
respectivelyA; andAj are constant specific heats of cooling and heating water.

4  and4 j are cooling water outlet and inlet temperatdre.; and4
areheatingwateroutlet andinlet temperatureHeatexchangeffectivenesef PEMFC

i's represented by & and it was taken ab

heatto beremoveds known,outlettemperaturesf HEX systemcanbe calculatedas

below:
Y “Yi . (3.22)
Y i “Y i e (3.22)

3.4.6. Battery Calculation

Batteries are used to prevent undesirable power cut and to maintaioddiction
persistentlyThe number of batteries used in battery uni,(é calculated according
to Dostal and Solanska. The number of batteries inbosech (M) is calculates as

following equation:
0 — (3.23)

Where \by is solar panel voltage andbMeryis battery voltage. Due to AN battery
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uni t 6s br any ls eakculated lmy the mput(ehkergy came from PW)E
usable energy (kanid and the charging time per day-0).

| — (3.24)

Where Esableis calculated by multiplying stored energy in battery.¢&) and depth
of discharge (M) as follow:

(] (0] O (3.25)
Npu is found by multiplying M and N, as follow:

0 00 (3.26)
3.4.7. Economic Analysis and Levelized Cost of Energy (LCOEgLalculation

The annual real interest rate is used to convert between past cost and annual capital
cost. Theannualrealinterestratewith nominalinterestrateis relatedto thefollowing
equation71]:

0 — (3.27

Wherei andi, aretheannualinterestrateandthenominalinterestrate,respectively.f
denotes the annual inflation rate. Thus, in economic analysis, all costs are real costs,
but the sam@flation rate is accepted for all costs. Turkish Central Bank decides these
values forTurkey.io is 10.75% in February 20, 2020 and f is 11.84% at theoénd
2019. Investigatingthe presentvalue of a subventionusesthe capitalrecovery factor

which is calculated due to annual real interest rate and time gbhdd2]:

0'YO

(3.25

The economic assessment is found with LCOE. Size and capacity of project, capital
cost, lifetime, maintenance & operation cost cleatige LCOE and it is calculated as
lifecycle costof systembe divided by thelifetime energyproductionof the systemas
below[73]:
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D60 O

(3.26

Table 3.2: Economical parameters of hylarkrgysystem components

Component | Capacity | Lifetime Capital Replacement| Operation and
Cost Cost (%) Maintenance
(%) Cost($)
PV [74] 360W | 25yrs. | 3260/kW 3260/kW 20 /year
Electrolyzer
(75] 1 kW 10yrs. | 2000/kW 2000/kW 0.05/hour
PEMFC[76] 1 kW 40000 h | 3000/kW 2500/kW 0.08/hour
H> Tank[77] 1 kg 25yrs. 600/kg 400/kg 3/kg
Battery
1kw 5yrs. 130kW 130kW 0.02yrs.
[78][79]

37




CHAPTER 4

4. RESULTS

4.1 Solar Calculation Results

According to global solar irradiation and ambient temperatuse,afd T. were
calculatedwith helpof Equations3.1and3.2. Simulink block diagramof Ppy andTc

are represented as Figure 4.1 4rid

[Te] C
From KWim2 kW »  Ppv
gsi # To Workspace1
From Subsystem1
Workspace2 [Ppv]
Goto1
80
Npv

Figure 4.1: The power calculation of PV arraySimulink block diagram

gsi P kW/m2
o c* > Tec
Workspace —r - To Workspace
Ta Subsystem
From [Tc]
Workspace1 Goto

Figure 4.2: The cell temperature calculation of PV array&nmulink block diagram
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4.2.Electrolyzer Calculation Results

When produced electricity by PV arrays is equal or more thashRelectrolyzer will
start operating to produdg». Pemin Were calculated according T@able3.1 with the
help of Equation 3.5.diniS constant since the electrolyzer is designatlidfdesired
to changeits Pe,min, its voltage,currentdensityor active areamustbe changed. R

depends on& andddc and were calculated in 3.7 anursilink diagram of it as Figure

4.3.
[Ppv]
} X +—> P
From1
Product To Workspace3
0.95 [Pel]
Efficiency of converter Goto2

Figure 4.3: The power calculation of electrolyzeBimulink block diagram

Sincethepowerproducedy PV changeslueto ambientemperatur@and global solar
irradiation, R will also change. The change of thedhd R minfor 365 days is shown

in Figure 4.4. The &#in some days may be less than Bagnin.
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Figure 4.4: The power of electrolyzer and the minimum power of electrolyzer on daily

After calculation of B, how many kilogram kwas produced was found due g P

by the Equation 3.6 and i&mulink diagram as shown in Figure 4.5:

1.43

X

3 b»it—» T
. — + P m_el
> Vath Product1 )
i To Workspace2
Function Add1 Sp
[m_el]
2.39
Goto4
3 —
2 104 —» x
—P
4 Math Product2 ——»
Function1 —» X [
Eel] / Product4
From5 432 —»p
X
5
Product3
5 F—»{ 104
6 Math
Function2

Figure4.5: The produced +Htalculation by electrolyzer iS8imulink block diagram
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The H requirement of 2.4 kW PEMFC is 0.30085 g/s when it operates 5 hours in a
day. The produced Hs subtracted from the +heeded by the PEMFC, excessisi
calculated as Figer4.6 and stored as in Appendix A.

—»| m_ell

From2

Add To Workspace4

1.08307

min Hydrogen needs

Figure 4.6: The excessldalculation inSimulink block diagram

Some days the produced i less than the Hneeded by the PEMFC. When the
deficiency of H, it can be supplied from the;Hank. Thus, energy continyitis
provided. Produced +by electrolyzer, consumeckHHy PEMFC and storedih tank
are represented in Figure 4.7.

— H, Production H, Consumption H, Storage in Tank
4 450
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Figure 4.7: H production & consumption and totab Etorage in tank
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