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ABSTRACT

FIRST AND SECOND LAW ANALYSES OF A BIOMASS FUELLED
SOLID OXIDE FUEL CELL — MICRO TURBINE
HYBRID SYSTEM

Arabaci, Selin

M.S. Department of Mechanical Engineering

Supervisor: Prof. Dr. Hafit Yiincii

November 2008, 75 pages

Fuel cells are direct energy conversion devices to generate electricity. They have the
lowest emission level of all forms of electricity generation. Fuel cells require no
combustion of the fuel. The thermal energy gained from fuel cells may be utilized in

micro turbines (gas turbines).
In this work, first and second law analyses are performed on a hybrid system

consisting of a solid oxide fuel cell (SOFC) combined with a micro turbine to be able

to find an optimum point of pressure and corresponding mass ratio to gain maximum

v



work output. Also another system with same equipments only without a gas turbine
is investigated to see the effects of gas turbine. The analyses are performed utilizing
a code written in MATLAB for each of the equipments. Fuel used is biomass with a
certain concentration. To be able to use biomass in a fuel cell-micro turbine hybrid
cycle, it is gasified and converted into a certain calorific value gas, with the use of
gasifiers. In this study fluidized bed gasifier is utilized since it has the advantage of
good mixing and high heat transfer leading to a uniform bed condition.
Desulphuration and gas filter units will be implemented in order to clean the
producer gas before being used in hybrid system. For a certain percentage of the fuel
that may pass through the fuel cell without being used, a combustor is utilized.
Optimum point mass and pressure ratios for system are Mg = 0.6411 and P, = 8. Gas

turbine supplies more power and higher efficiency to the system.
There are different choices for fuel selection in hybrid systems. The reason why

biomass is examined among these is that it decreases the depletion of energy carriers

and reduces the environmental impact.

Keywords: Solid oxide fuel cell, micro turbine, exergy, biomass, hybrid system
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BiYOKUTLE ILE CALISAN KATI OKSIiT YAKIT HUCRESI VE
MIKROTURBINDEN OLUSAN MELEZ SISTEMIN
BiRINCI VE IKiNCi KANUN ANALIZLERI

Arabaci, Selin

Yiiksek Lisans, Makine Miihendisligi Boliimii

Tez Danigmani : Prof. Dr. Hafit Yiinci

Kasim 2008, 75 sayfa

Yakit hiicreleri elektrik iiretmede kullanilan direkt enerji donilisiim araglaridir. Var
olan elektrik {iretim yontemleri arasinda en diisiik emisyon degerine sahiptirler. Yakit
hiicreleri yakitin yanmasina gerek duymaz. Yakit hiicrelerinden elde edilen 1s1 mikro

tiirbinlerde (gaz tiirbinleri) kullanilabilir.

Bu caligmada bir kati oksit yakit hiicresi ve bir mikro tiirbinden olusan melez bir

sistemin birinci ve ikinci kanun analizleri yapilmis ve sistemin maksimum gii¢

vi



iiretimi saglayacagi basing ve kiitle oram1 degerlerine sahip olan optimum noktasi
bulunmaya calisilmigtir. Ayrica ayni sistem gaz turbini ¢ikarilarak tekrar incelenmis
ve gaz tiirbinin sisteme katkis1 goriilmiistlir. Analizler her donanim i¢cin MATLAB
yaziliminda olusturulan program yardimiyla gergeklestirilmistir. Kullanilan yakit
belli bir konsantrasyona sahip biyokiitledir. Yakit hiicresi ve mikro tlirbinden olusan
melez sistemlerde biyokiitlenin kullanabilmesi i¢in biyokiitlenin gazlastiricilar
kullanilarak belli bir kalori degerine sahip gaz haline doniistiiriilmesi gerekmektedir.
Mevcut calismada, iyi karisim ve yiiksek seviyede 1s1 transferi gerceklestirebilme
avantajlar1 dolayisiyla yeknesak kosullara sahip bir yatak saglayan akigskan yatak
yanma odast kullanilmistir. Buna ek olarak, melez sistemde kullanilmadan once
gazlastirma islemi sonrasi elde edilen gazin temizlenmesi icin sisteme siilfiirden
arindirma iiniteleri ve gaz filtreleri eklenmistir. Yakitin yakit hiicresinden yanmadan
gecen miktarindan faydalanabilmek i¢in de yanma odasi kullanilmistir. Sistem igin
en uygun (optimum) kiitle ve basing oranlarit Mg=0.6411 ve P,=8’dir. Gaz tiirbini

sisteme fazladan gii¢ ve yiiksek verim saglamaktadir.
Melez sistemlerde kullanilacak yakit icin birgok segenek vardir. Bu yakitlar

arasindan biyokiitlenin seg¢ilmesinin nedeni enerji tastyicilarinin tiiketimini ve

cevreye verilen zarar1 azaltmasidir.

Anahtar kelimeler: Kati oksit yakit hiicresi, mikro tiirbin, ekserji, biyokiitle, melez

sistem
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CHAPTER 1

INTRODUCTION

1.1 System Definition

In this study, basically two systems are analyzed with a code written in MATLAB.
System 1 (Fig. 1.1) consists of a solid oxide fuel cell (SOFC) and a bottoming micro
turbine cycle with a gas turbine (GT), a compressor and a recuperator. System 2 (Fig.
1.2) consists of a SOFC with a bottoming heat exchanger instead of a micro turbine
[1, 2, 3]. The fuel utilized in both systems is biomass wood (hybrid poplar) enters the
dryer and dried to some extent and heated up to 100 °C. Then, it enters the gasifier to
be decomposed into fuel gases with some air from the GT. The products of
gasification consist of CO,, CO, CHa4, H, O3, N3, SO,, NO; and H,O. With the help
of the cyclone, the cycling of products is performed so the efficiency is increased.
Passing through a heat exchanger, the gasification products enter the ceramic filter
which is a high temperature available filter where ash and hazardous gases (NO, and
SO,) are removed. After the heat exchanger again, the products enter the anode side
of the SOFC with the extra supplied water. On the other hand, air coming from the
environment are taken into the compressor of GT and compressed. After being
separated into two branches for both gasifier and fuel cell needs, the fuel cell feed
enters the recuperator and heated as is done in the next heat exchanger. Then it enters
the cathode of SOFC. The chemical reactions (reforming of CHy, shifting of CO and
the cell reaction of H;) occur. The products consist of remaining CH4 from
reforming, remaining CO from shifting and remaining H, from the cell reaction with
the unused N,, O, and produced CO, and H,0. These flows (anode and cathode
outlets) enter the combustor after the heat exchanger. In the combustor, remaning
CH4, CO and H; are burned totally and the total products enter the turbine of GT to

gain work in System 1. Since there is no GT in System 2 this mixture enters the heat



exchanger. Passing through and heating the compressor outlet in both systems, it
performs a district heating of water and enters the dryer to perform the last duty for
heating and drying of the biomass and exits the system. In literature, the systems
shows higher efficiencies and net work outputs for System 1 which is hybrid, and in

this study, this consideration will be investigated and effect of GT will be mentioned.

In the analyses, the temperature of the environment is taken to be T, = 25° C , and
pressure of the environment is P, = 1 atm. The inlet air to the system from the
compressor of the GT has a composition of 21 % O, and 79 % N,. The enthalpy and
entropy of inlet air are calculated as the mixture property consisting of these two

elements, O, and N».

The standard molar chemical exergies of the species are taken from J. Szargut, D.R.

Morris, and F.R. Steward, in which atmospheric pressure is P,=1.0 atm [4].

The inlet temperature of the solid biomass is taken to be at T,. All the analyses
results are found for 1 kg/s of biomass flowrate. All the species are assumed as ideal

gases.

Basically two important parameters exist in the investigation of system analyses
results. Mg; which is the ratio of air flow rate separated for the fuel cell inlet at the
outlet of compressor, to the air flow rate entering to the system (from the
compressor) totally. The second one is the P, ; the pressure ratio for the GT. Firstly,
for each of P; values, minimum possible My value is found according to the energy
and exergy analyses results of the system and then the maximum My is found
according to the minimum air amount of the gasification process. The minimum air
amount for the gasifier means the maximum air amount for the fuel cell and cannot

be larger than this value.
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CHAPTER 2

LITERATURE SURVEY

2.1  Hybrid Systems

Hybrid systems are mostly used to achieve much higher efficiencies than traditional
GTs. As Uechi, Kimijima and Kasagi mentioned, the hybrid system consisting of a
SOFC and a micro turbine is much superior to a recuperated GT in terms of its power
generation efficiency and aptitude for small distributed generation. The best possible
conceptual design of a 30-kW uGT-SOFC hybrid system using methane as the fuel is
shown to give power generation efficiency over 65 % (lower heating value (LHV)

based) [1].

In study of Massardo, McDonald and Korakianitis, a 50-kW micro turbine coupled
with a high-temperature SOFC. Natural gas is used as the fuel for the system and the
system has a power output of 389 kW and an efficiency of 60 %. Utilizing the waste
heat increases the overall fuel utilisation efficiency up to 80 %. 50-kW uGT has a
thermal efficiency of 29.5 % [2].

Freeh, Pratt and Brouwer studied about the modeling tools for aerospace applications
of hybrid systems and compared the SOFC-GT hybrid system performance with
experimental data. The electrochemical properties of fuel cell are considered at
different operating pressures, temperatures and anode inlet compositions. The fuel
utilized is kerosene-type jet fuel Jet-A for large commercial aircrafts. With this study
they showed the improvement of fuel cell performance with pressure, change of cell

resistance with temperature and effect of anode composition change on polarizations

13].



2.2 Biomass Utilization

Gasification is the basic step in biomass utilization in hybrid systems. McKendry
studied the conversion of biomass by gasification. He found out that at the exit of
gasification, CO, H, and CH4 exist as products at different proportions which are
dependent on use of air, oxygen or steam as the gasification medium with a
concomitant range of calorific values between 4-40 MJ/Nm’. He mentioned that
feedstock properties (moisture, ash, alkalis and volatiles) and feedstock pre-treatment
(drying, particle size, fractionation and leaching) are important key parameters for
gasification process. On economical aspect, he claimed that use of biomass from
waste sources can influence the economics of plant operations in a positive manner
and at the same time provide a means of assisting with the environmental problems

posed by the disposal of wastes in the developed world [5].

Combined cycles with integrated biomass gasification is studied by Craig and Mann.
They analyzed the cost and performance potential of three different biomass-based
integrated gasification combined cycle (IGCC) systems. They chose high-pressure
air-blown, low-pressure indirectly heated and low-pressure air-blown gasifiers. As a
result, high pressure air-blown gasifier had the highest efficiency, the highest
operating cost and the highest output power [6].

The advantages of circulating fluidized bed gasifier were analyzed and results were
shown by Chen, Spliethoff, Andries and Glazer. Improved gasification is proposed.
The biomass fuel utilized is miscanthus. The proposed gasification concept in the
study could lead to maximum production rate of qualified product gas and also
assure the compact configuration of gasifier and therefore appears advantageous and

practical [7].

For biomass steam gasification in internal reforming SOFC (IRSOFC)-GT hybrid

systems, Proell, Rauch, Aichernig and Hofbauer showed the performance of system



using the data of Guessing/Austria plant (8§ MW fuel power). Electric efficiencies up
to 40-43 %, gasifier chemical efficiency up to 72.4 % (LHV based for 20% water

content) were found in simulations [8].



CHAPTER 3

FIRST LAW ANALYSES

3.1  Dryer

As explained in system definition, to gasify the biomass into fuels of SOFC (CO,
CH,4 and H,), it has to be dried to some acceptable extent to be reacted in the gasifier.
The inlet and exit humidities of the biomass is taken as 35 % and 10 % (weight %)

respectively [5, 6].

The mass balance for the dryer;
(mb )in = (mb )out (3.1)

(7its ), = (11,5) 0+ (1105), (3.2)

where m; is the mass flow rate of dry biomass and stays constant throughout the

dryer, (rm,, )m and (rh,, )Om are the mass flowrates of water in biomass at the inlet

and outlet of the dryer and (n'awb )V is the mass flow rate of water vaporized in dryer

from the biomass.

The energy balance for the dryer;

I’iib '((hb )in _(hb )01¢z)+(mwb )in ‘((hw )m _(hw )out) = (mwb )(,m '((hW )m _(hW )out) (33)
#i), (1), ~(R),,.)



m, '((hb ),-n _(hb )gm) =, -C, (]; _(];ut )dryer) (3.4)

The outlet is at (T ) e = 100°C from the dryer inlet to the gasifier. The specific

out

heat for the solid biomass is calculated from [9];

C, =1.125+0.00452-T (3.5)

where T'is in °C and C} is in kJ/kg.°C. Here, Cj is constant and found at T=25 °C as
1.238 ki/kg. °C

3.2 Gasifier

Gasifier is used to decompose the biomass into CO, CH4 and H,. For the incomplete
oxidation of biomass, the chemical formula is taken to be C,1916Hs.032:025828N0.04350.0006
for simplification. The inlet air to the gasifier comes from the compressor and the
amount is between excess air of 0 to 50% [10]. The operating temperature of gasifier

i Tgasiﬁer = 6000C.

The conversion ratio for the C in biomass at the exit of gasifier changes in literature
according to the operating conditions and types of biomasses. However in this study
this ratio is taken to be 6:3:1 for CO:CO,:CH4 [11, 12]. The output mixture of the
gasifier mainly consists of CO, CO,, CHy4, Hy, HO, N,, O, and small amounts of
NO; and SO, [7].

The chemical conversion in the gasifier can be shown as;

%,C 1016876032205 5828 V0.04350.0006 + X0y F,O0+ X, (02 +3 -76N2 )= x,CO+ Xco, co,

+xey, CHy+ Xy Hy + Xy oH,0+xy N, +x5 O, + x50 SO, + x5 NO,

(3.6)



where x; is the molar flow rate of each species i, for 1 kg/s of biomass flow rate

according to the conversion ratios and air amounts given before.

Mass balance for the gasifier;

tiy 411, + (7, )gas = g +liteg, T iy ity + 1ty o iy G Flig, il (3.7)

where 7, is the mass flowrate of water in biomass and (7, )gas is the mass flow

rate of air inlet to the gasifier at exit temperature of compressor. The energy balance

becomes;

1, '(hb)m +mm,, '(hw)m +(mair)gas '(hair),»,, =nico heg "'mco2 'hco2 +mCH4 'hCH4 (3.8)

ity Ry Ay o Ry o ity Fit By g, hgy FHie Py Oy

where all the products are at Tgasifier. 77, 1s the mass flow rate of each of the species i,

where () = stands for the water in the biomass and ( ), for dry biomass itself.

wb

Quasifier 18 the heat transfer given out after the gasification reaction from the gasifier.

3.2.1 Biomass Fuel (Hybrid Poplar)

The ultimate and proximate analyses of the biomass are given in Table 3.1. The
standard chemical exergy of the hybrid poplar, (gch )biomass, i1s 19.2 MJ/kg [10]. The

LHYV can be calculated from Szargut and Styrylska [13];

(801’1 )b[()mass = LHI/biomass : IB (3 9)

where £ is a factor that is calculated from the Equation 3.10;
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Table 3. 1 : Proximate and ultimate analysis of hybrid poplar [14]

Proximate Analysis (%dry fuel)

Fixed carbon 12.49
Volatile matter 84.81
Ash 2.70
Total 100.00

Ultimate Analysis (%dry fuel)

Carbon 50.18
Hydrogen 6.06
Oxygen (diff.) 40.43
Nitrogen 0.60
Sulphur 0.02
Chlorine 0.01
Ash 2.70
Total 100.00
1.414+0.177- (Hj —-0.3328- (0) -(1 +0.0537- (HD
5= ¢ ¢ ¢ (3.10)
1-0.4021- (Oj
C

for 0.5< % <2.0. O, C and H are the mole fractions of oxygen, carbon and hydrogen

in biomass fuel. For this study, the LHV is calculated as 16.46 MJ/kg for hybrid
poplar.

One of the system parameters is Mgr. Required air for gasifier and fuel cell is
determined with this parameter. The maximum Mg occurs at minimum air amount
for the gasifition and maximum air amount for fuel cell. The total air amount inlet to
the system from compressor is constant for all analyses cases. The minimum air
amount for the gasifier is at 0 % excess air and the rest is the maximum air amount
for the fuel cell which is twice the stoichiometric amount. For different Mr values,

the gasifier outlet flow compositions in this study are given in Table 3.2.
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Table 3. 2: Different gas compositions for different mass ratios at gasifier outlet

Mp=04539  M=0.4600 My=0.4665 Mp=0.5330 M;=0.5871 My=0.6411

Cco 0.01634 0.01634 0.01634 0.01634 0.01634 0.01634
CO, 0.00817 0.00817 0.00817 0.00817 0.00817 0.00817
CH, 0.00272 0.00272 0.00272 0.00272 0.00272 0.00272
H, 0.01415 0.01415 0.01415 0.01415 0.01415 0.01415
H,O 0.00401 0.00401 0.00401 0.00401 0.00401 0.00401
0, 0.01706 0.01678 0.01648 0.01338 0.01090 0.00839
N, 0.09517 0.09410 0.09297 0.08131 0.07196 0.06254
NO, 0.00028 0.00028 0.00028 0.00028 0.00028 0.00028
SO, 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Total 0.15791 0.15655 0.15513 0.14037 0.12854 0.11661

33 Solid Oxide Fuel Cell (SOFC)

For IRSOFCs, high operating temperatures allows internal steam reforming of
methane and shifting of carbon monoxide at anode surface which guarantees high

fuel conversion rates.

All hydrocarbons except methane should be removed from the producer gas because

of the risk of carbon deposition on fuel electrode [8].

The electrochemical reaction taking place at the three-phase boundary fuel-anode-

electrolyte is;
H,+0" ->H,0+2e" (3.11)

On cathode side oxygen is electrochemicallly reduced to oxygen ions, which are

actually transported in electrolyte;

%02 +2e = 0> (3.12)
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Overall oxidation reaction is therefore;
1
H2+502—>H20 (3.13)

The fuel utilisation for the SOFC may change between 50-80% [8, 15]. In this study

according to this range fuel utilisation is taken constant as 60%.

The anode is a well catalyst for steam reforming of CH,4, which is an endothermic
reaction, according to;

CH,+2H,0+0Q > CO+4H, (3.14)

refor min g

This reforming reaction converts most of the CH4 into CO and H, at operating
conditions of SOFC [8]. The steam to methane ratio in literature is given in the range
2.2-3.0 [15]. From this information, in this study, 99% of methane is assumed to be

reformed in fuel cell anode and the ratio of steam to methane is taken as 2.5.

At operating temperatures of SOFC, a direct electrochemical oxidation of CO at the
anode-electrolyte boundary would be theoretically possible [8]. To avoid carbon
deposition, steam to carbon ratio in the anode feed must be high enough, typically
2.0-3.5 [8,16,17]. In this study, according to this information, this steam to carbon
ratio is taken to be 2.0. The shifting reaction in Equation 3.15, which is exothermic
is assumed to occur at a percentage of 99.5% [16];

CO+H,0—CO,+H,+0,, (3.15)

ifting

Mass balance for the SOFC becomes;
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Ot )+ )+ (7)) = (00), 4 (), (3.16)

in

where anode inlet flow consists of the outlet total flow of gasifier except NO, and

SO, which are removed from the flow in ceramic filter and cathode inlet flow

consists of the air separated for the fuel cell in the compressor exit. ((man ). 0)'

stands for the inlet flow rate of steam into the anode side of the SOFC required for
the reforming and shifting reactions. For the outlet flow rates, the anode side includes
H,0, CO,, O, and N, that were already present in anode inlet coming from the
gasifier outlet and CO, CH4 and H, that are unburned in fuel cell reactions. The
cathode side outlet flow includes O, that is not utilized in cell reaction and N,

already present in incoming air.

The inlet flow of SOFC anode is at the exit temperature of first heat exchanger. The
inlet of cathode is at cold side exit temperature of second heat exchanger. Both outlet

flows of SOFC are at Tsorc = 800°C.
For the energy balance of the SOFC;

mco-hcomco -hCO +n‘1CH -hCH ity “hy, +mH0-hH0+mN -hy, , T, -ho2
+[(n’102) tj ( ] Ty, +QFC mco an ) ( Meo, ] heo, (3.17)
ca. oui ut

(), | Ao (), | | o) J L),
LRI (ORI (L Jou,'h%*[(%Jmlu,'(hﬂzoLﬁWFC

where subscript (( )an) means anode side outlet, (( )Cm) _ means cathode side

out

outlet and (( )mc) means product of cell reaction. Q,. and W, are net inlet heat

out
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transfer into the fuel cell and net electrical power produced in fuel cell reactions

respectively.

The electrical power produced in the fuel cell, #,. can be found from the

electrochemical reactions that are explained in Section 3.3.1.

3.3.1 Electrochemical Reactions and Cell Voltage in Fuel Cell

Overall electrical efficiency of the cell stack including DC/AC inverter is [8];

L
nel,FC = 77r : 77vol : Uconv : 77inv = ¢ (318)
Main LHVa,in
n. is the reversible cell efficiency and is defined as;
E
=— 3.19
=7 (3.19)

o

where E; is the reversible cell potential, also known as Nernst potential and E, is the
theoretical cell potential. Reversible cell efficiency in Equation 3.19 defines an upper

bound for fuel cell efficiency comparable to Carnot efficiency for heat engines [8] .

E; is the reversible cell potential given as [8];

E

1

~AG°:(T) R-T ., Py -PO/
L= + - In(

n-F n-F P,,

2

) (3.20)
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The open circuit voltage defined in Equation 3.20 depends on the T and partial

pressures of gas species ( PH2 , PO2 and PH20 are partial pressures of H,, O, and H,O

respectively).

For this study, the reversible voltage results of SOFC for different operating pressure

and mass ratios are given in Table 3.3.

E, is the theoretical potential that corresponds to enthalpy of formation of gaseous

H,0 at T, and is a constant as [8];

E - -AH " (H,0,)
’ n-F

=1.253 V (3.21)

Then the reversible efficiencies defined in Equation 3.19 for this study are given in

Table 3.4.

If current is drawn from fuel cell, voltage decreases with increasing current density
due to irreversibility in fuel cell parts. This voltage drop is termed polarization or
overvoltage. There are three types of polarizations basically; activation, ohmic and

concentration polarizations.

Table 3. 3 : Reversible cell potentials for different operating pressure and mass ratios

P=1 atm P=2 atm P=4 atm P=6 atm P=8 atm

Mr=0.6411 0.885V 0.901V 0917V 0926 V 0933V
Mg =0.5871 0.887V 0.903 V 0919V 0.928 V -
Mgr=0.5330 0.889V 0.905V 0921V 0931V -
Mg = 0.4665 0.892V 0.908 V 0.924V - -
Mg = 0.4600 0.893V 0.909V - - -
Mg =0.4539 0.893V - - - -
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Table 3. 4 : Reversible cell efficiencies for different operating pressure and mass ratios

P=1 atm P=2 atm P=4 atm P=6 atm P=8 atm

Mgr=10.6411 0.706 0.719 0.732 0.739 0.745
Mg = 0.5871 0.708 0.721 0.733 0.741 -
Mg =0.5330 0.709 0.723 0.735 0.743 -
Mg = 0.4665 0.712 0.725 0.737 - -
Mg = 0.4600 0.712 0.725 - - -
Mg = 0.4539 0.713 - - - -

Activation polarization can be derived from the Butler-Volmer equation as [8];

Vi=-23" RT log(i,)+2.3- RT log(7) (3.22)
a-n-F a-n-F

where i, is the exchange current density in A/cm” which is the rate of oxidation or
reduction of electrode at equilibrium expressed in terms of current. V,, is the
activation polarization in volts and i is the mean current density of the cell stack in
A/em®. The constants in front of the logarithmic terms are called Tafel constant and
Tafel slope respectively [19]. R is the universal gas constant (=8.314 J/kg.K), T is the
fuel cell temperature (=Tsorc), o is the charge transfer coefficient (=0.5) [8], n is the
number of moles of electrons per H, molecules (=2) and F is Faraday’s constant
(=96485 Coulomb/kmole). Exchange current density i, is taken as 2000 A/m® at
Tsorc=1073 K [18].

Ohmic polarization occurs because of the resistance to flow of ions in the electrolyte

and resistance to flow of electrons through the electrode materials. It is related to the

resistivity and thickness of the materials used in the fuel cell [19]. The relation is;

Vi =12 P10, (3.23)
k
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where p is the resistivity of the element k (anode, cathode, interconnect and
electrolyte) o is the thickness of each of these elements. i is the current density for

the cell stack [8].

Concentration polarization is related to the decrease in reactant concentration at the

surface of the electrodes as fuel is used. The relation is;

v, =T ma- 1ty (3.24)
F i

n .

where i is the maximum (limiting) current density found from;

i,(T)=a, +b, -T (3.25)

and for this study at operating conditions of SOFC, a, = 1750 A/m* and biL =5.65

A/m” K [8]. At limiting current density, the concentration at the catalyst surface is
practically zero as the reactants are consumed as soon as they are supplied to the
surface. The limiting current density for this study calculated from Equation 3.25 is

i,(1073) = 7813 A/m’.
The actual cell voltage at a certain current density is then;

E=E -V

A act

- (3.26)

ohm con

For all the operating pressures and mass ratios of this study, the actual cell voltages

are seen in Table 3.5.
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Table 3. 5 : Actual cell voltages for different operating pressure and mass ratios

P=latm P=2atm P=4atm P=6 atm P=8 atm
Mr=0.6411 0.683 V 0699V 0.715V 0.724V 0731V

Mg=0.5871 0685V 0.701V 0.717V 0.726 V -
Mr=0.5330 0687V 0703V  0.719V 0.729 V -
Mgp=0.4665 0690V 0706 V.  0.722V - -
Mr=0.4600 0691V  0.707V - - -
Mp=0.4539 0.691V - - - -

The activation, ohmic and concentration overpotentials for same amount of hydrogen

(same current) in this study are calculated as;

V.=0033V Vow =0.148 V V., =0.021V
Then fuel cell power output becomes;
W, =E-I (3.27)

where E is the fuel cell operating voltage in volts and I is the current for fuel cell in

A being [ =2861 A from the Equation 3.28 [20];

(i), = 028)

where i is the current density in Alem?, A is the total electrode area in the fuel cell

(which is taken to be 100 cm® x 20000 cells), 7 is 2 for anode reaction and (ﬁHZ)

react

is the number of moles of reacting hydrogen.

For this study the power outputs and operating voltage values for the fuel cell can be

seen in Table 3.6 and also in Fig. 3.1 and 3.2.
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Table 3. 6 : SOFC power outputs in kJ/kg biomass

Mg = 0.6411
Mg =0.5871
Mg = 0.5330
Mg = 0.4665
Mg = 0.4600
Mg = 0.4539

P=1 atm P=2 atm P=4 atm P=6 atm P=8 atm
1954.06 1999.84 2045.62 2071.36 2091.39
1959.79 2005.56 2051.34 2077.09 -
1965.51 2012.43 2057.06 2085.67 -
1974.09 2019.87 2065.64 - -
1976.09 2022.73 - - -
1976.95 - - - -

From the electrical efficiency definition of the cell in Equation 3.18, the voltage

efficiency becomes;
E
77\/0] = E (3.29)
0.740
0730 Mr=0.6411
W Mr=0.587
0.720 e o~
2 P
= /
S 0.710 o
Mr=0.4600
E r y
g /
[
& 0.700 /’,
0.690 /
Mr=0.453 /
0.680
1 2 3 4 5 6 8 9

Pressure ratio

Figure 3. 1 : SOFC Operating voltages vs pressure ratio
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Figure 3. 2 : SOFC Operating voltages vs mass ratio

The voltage efficiency values for this study are given in Table 3.7.

0.7

In a real SOFC, the total fuel will never be completely converted into its components

to produce power [8]. Therefore, the conversion efficiency of the cell stack can be

generally defined as;

) LY,

nmnv B (md )in ) (Zhvﬂ )in

where (n H, )

react

(3.30)

is the amount of H, reacted in fuel cell; LHV,, and (Ihv, )m are the

LHYV of H, per mole and that of anode inlet flow and (n'aa )m is the anode inlet mass

flow rate [8]. For this study for constant fuel and anode inlet flow rates, the

conversion efficiency is calculated as 0.75.

The DC/AC inverter efficiency (7,,, ) definition for the fuel cell in Equation 3.18 is

taken as 96.5 % [8].
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Table 3. 7 : Voltage efficiency values for different pressure and mass ratios

P=latm P=2atm P=4atm P=6atm P=8 atm
Mr=0.6411 0.772 0.776 0.780 0.782 0.783

Mp=05871 0772  0.776  0.780  0.782 -
Mp=05330  0.773 0.777  0.781 0.783 -
Mp=04665 0774  0.778 0.781 - -
Mp=04600 0774  0.778 - - -
Mp=04539  0.774 - - - -

Table 3. 8 : Overall electrical efficiency values for SOFC

P=latm P=2atm P=4atm P=6atm P=8 atm
Mr=0.6411 0.395 0.404 0.413 0.418 0.422
Mg =10.5871 0.396 0.405 0.414 0.419 -
Mg =0.5330 0.397 0.406 0.415 0.421 -
Mg = 0.4665 0.399 0.408 0.417 - -
Mg =0.4600 0.399 0.408 - - -
Mg =0.4539 0.399 - - - -

The overall electrical efficiencies for the fuel cell in this study are given in Table 3.8.

34 Combustor

All the unburned fuels at the exit of fuel cell anode is assumed to be burned in

combustor [8,15]. The chemical reactions in the combustor are;

CO+%02 — CO, (3.31.a, b, ¢)

H, +%02 - H,0

CH, +20, - CO, +2H,0
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There is enough oxygen in the anode and cathode outlet flows for complete

combustion so no extra air is required from outside into the combustor.

Mass balance for the combustor;

(3.32)

(7itan ), + (et ), = ((mco2 +iityy o+, ity )comh lm

where 7, is the total CO, flow rate including product of fuel cell reactions and
combustion reactions, 71, , is the total HO flow rate including product of fuel cell
reactions and combustion reactions, n'102 is the total O, flow rate showing total
oxygen not utilized in combustor and I’I"lNz is the total N, flow rate including all
nitrogen at the outlets of fuel cell anode and cathode. ( , )om is the total anode outlet

flow rate including products of fuel cell reactions (CO,, H,0O), oxygen and nitrogen

coming from the gasifier (O2, N>) and unburned fuels (CO, CH, and Hy). (sir,,,) 18

out

the total air mass flowrate (nonutilized O, in fuel cell reactions and N, already

existing in incoming air to the fuel cell). Then for the energy balance;

[[mco o Hitgg, 'hCO2 ity Ry, iy Ry Sty o By o iy by g R j J
an Jout (3 33)

+||my -h, +m, -h =||\m., -h., +m, ,-h, +n, -h, +m, -h
[( N, "N, ™0, "o, jcat]m [( co, "co, T H0 0 TN, TN, 0, o, )

out

+ Qcombusmr

where the anode outlet is at Tsopc and cathode outlet is at second heat exchanger hot

fluid outlet temperature at the combustor inlet. All the exhaust from the combustor is
at Teombustor = 750°C. Q... is the total heat transfer rate given out from the

combustor.
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3.5 Gas Turbine (GT)

The micro turbine in System 1 consists of a compressor, a recuperator and a GT. Air
for the whole system is compressed in compressor with P, =2, 4, 6 and 8. Then it is
separated into two branches being fuel cell and gasifier flows. The gasifier need is
directly supplied to the gasifier and fuel cell need is sent to the recuperator. In the
recuperator, it adiabatically exchanges heat with turbine outlet flow, which is the
expanded form of combustor outlet in the GT. Then turbine flow from the
recuperator goes to district heating and dryer whereas compressor flow goes to the
second heat exchanger to adiabatically exchange heat with the cathode outlet flow of

SOFC.

Mass balance for the compressor, turbine and recuperator are;

mair = (mair )gas + (mcalhode )in (3 '34'aib9cid)

Ut ) = ()

(mc’athode )in = ((mcomp )rec )out
(mturb )gm = ((mm"b )rec )out

where m. is the total air inlet to the system from the compressor; (rm,, ), s the

gas

air flow rate at the outlet of compressor going to the gasifier; (7, )m is the air

flow rate at the outlet of compressor going to the fuel cell cathode; (7, ) ~ is the

out

total exhaust flow rate from the combustor at the inlet of turbine; (n'amb) is the

out

flow rate of exhaust at the turbine outlet; ((mt ») ) and (( are the flow

mcomp )rec )

rates at the outlet of recuperator turbine flow outlet and compressor flow outlet.

out out

24



The energy balance for the compressor, turbine and recuperator becomes;

i oty A Woomy = () o (B ) o (3.35.a, b,c)

comp ~

(mcomb )out ) (hcomb )out = (mturb )out ’ (hturb )out + W/turb

((mcomp ’ hcump )rec )out _(mair ’ hair )comp = (mturb ) hturb )out - ((mturb ) hturb )rec)

out

with isentropic efficiencies of compressor and turbine being 0.85 [3]. 4, is at T, ;

(hcomb) . is at Teombustor 5 W, and W, . are power required for compressor and
ou

comp

power produced by the turbine respectively.

3.6  Heat Exchangers

Heat exchangers in both Systems 1 and 2 are analyzed by e-NTU method since the

outlet temperatures of the hot and cold fluids are unknown.
The maximum possible heat transfer rate is calculated from Equation 3.36;
Qmax Z(Ih'cp)min (Thi —Tci) (3-36)

where T, and T, are inlet temperatures of hot and cold fluids respectively.

(m-Cp)_. is the minimum of hot and cold fluids heat capacities. Then using the

effectiveness correlation in Equation 3.37 for counterflow heat exchangers

corresponding effectivenes of the heat exchanger can be calculated[21];
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_ l-exp(-NTU -(1-C/))
 1-Cr -(exp(- NTU -(1-C»)))

Cr <1 (3.37)

where C; is the ratio of minimum and maximum heat capacities of fluids, NTU is the

number of transfer units calculated from Equation 3.38;

Nty = Y4

= 3.38
(M'Cp)min ( )

where U is the overall heat transfer coefficient and A is the area of heat exchangers

taken from literature [22].

Heat transfer between the cold and hot fluids can be calculated from Equation 3.39;
O=c-(in-Cp) . - (Thi —Tei) (3.39)

Then outlet temperatures of cold and hot fluids can be calculated from Equations

3.40.a and 3.40.b;

Tco =Tci +_L (3403, b)
(i p)c
0
Tho = Thi —

where T, and Ty, are outlet temperatures of cold and hot fluids.

District heating part has known temperature values. Usable hot water inlet and exit

temperatures are taken as 5°C and 85°C respectively [23]. The mass flow rate of
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water in district heating is taken as 1 kg/s. According World Wild Fund for Nature
(WWF) records, a person in Turkey uses 111 It of water in one day [24]. 1 kg/s of

water is enough for nearly 195 homes of four-people for one day.
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CHAPTER 4

SECOND LAW ANALYSES

Exergy is defined as;
A=A"+ A" +E 4.1)

where A" is the thermo-mechanical flow exergy, A is the chemical exergy and E

is the sum of internal, kinetic and potential energies.

Exergy neglecting the kinetic and potential energies is;

A=(U-U)+P-(V~V)~T AS—S)+ Y N, (" — 1,,) 4.2)

i=1

where A is the exergy, U is the internal energy, V is the volume, S is the entropy, N
is the number of moles, and 4, is the chemical potential for environment. .’ > Uo,

P,, Vo, To and S, are restricted dead state properties.

The thermo-mechanical flow exergy is;
A" =i (h=h) =T, (s-s5,)) (4.3)

The chemical exergy is;

A" = N (4 ) 4.4)
i=1
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For a steady-state steady-flow process, if there is no chemical reaction in the device,

then the exergy balance can be written as;
0=W—A"-A"+1 (4.5)

where 4, and A4, are inlet and exit thermo-mechanical flow exergies and /¥ is actual

work done by the system and 7 is the rate of irreversibility.

4.1 Dryer

Dryer is a kind of heat exchanger. In this study, it is assumed to be adiabatic. Exergy

balance applied for dryer is;

0=>m,-a",=> m-a" +1,, (4.6)

where a”, and a”, are specific thermo-mechanical flow exergies at inlet and exit of

dryer. Inlet flows are the exhaust coming from the district heating and biomass inlet
into the system (Fig. 4.1). Exhaust consists of CO,, H,O, O, and N,. Biomass

consists of dry biomass and water in itself.

Then, Equation 4.6 becomes;

1

_-_th . _th "th -_th -_th -_th
dryer_(mCOz a €0, +mH20 a H20+m02 a 02+mN2 a Nz)distr+(mh a,+m,, -a wb)

" (4.7)
I . Ath +7 . Ath +7 LAt 47 . Ath _ -_th+- L Ath
Mco, "4 co, TMy,0 " 0 TMp,"A o, Ty A"y, - My dy Ty Ay )
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Dry biomass Biomass

DRYER

Exhaust from the
system

Exhaust from distric
heating

Figure 4. 1: Dryer inlet and outlet flows

where subscript distr shows the exit of district heating process (inlet to the dryer) and
subscript exh is the exhaust from the system. Subscripts in and out shows the
biomass with its water content at the inlet and exit of the dryer respectively. a” is the

specific thermomechanical flow exergy.

The specific thermo-mechanical flow exergy for the solid biomass at any temperature

T can be found from,;

a”, =Cb-(T—T0)—T0-Cb-1n[T1] (4.8)

where C,, is the specific heat of biomass.

4.2 Gasifier

For the gasification process, the chemical exergies should also been discussed in
exergy balance. The chemical exergy values are tabulated in J. Szargut, D.R. Morris,

and F.R. Steward [4]. When the exergy balance is rewritten for the gasifier;
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Lyger = 211,20, = D 1, a, (4.9)

where a is the total specific exergy including thermo-mechanical flow and chemical
exergies and subscripts i and e denote the inlet and exit flows respectively.

Inlet flow for the gasifier consists of biomass and water in itself and air coming from
the compressor of the GT wheras exit flow consists of CO, CO,, H,O, H,, CHy, O,
Na, NO;, and SO;. Then Equation 4.9 becomes;

I . =(i-a-+i,-a +\my, -a, +m, -a —(Mey A+, -q
gusifier (’nb b wh Wb)gasbio n102 0, N gasair ( co o T (410)

10" G0t My, Apy, F ey -Gy, T, Ao, Ty, Ay, Tl =y T ~dgo, Deasou

where () shows the oxygen and nitrogen in inlet air coming from compressor to
gasair

the gasifier and ( )gasbio shows the biomass with its water content at the inlet of

gasifier. ( ) means the outlet section of gasifier.

gasout

4.3  Solid Oxide Fuel Cell (SOFC)

Electrochemical reactions take place inside the fuel cell. Therefore, chemical

exergies should be involved with thermo-mechanical flow exergies as in the gasifier.

I ={m- +7 . +7 . +m,, - +7 . +1. - +nt., -
Fe=\Meo9co ™Mo, *Geg, Ty 0" Ay 0 Ty, Ay Ty, "Gy, Ty "o Ty “ Ay, o

gasin

2

car *((MHZO'“HzO)ML (4.11)

_[(mco'aco*‘mcq "o, My 0" Gy 0 H 1My Ay T Mgy ~Aegy 1M, "Gp, Ty Ay, )anlm

+(I’I’102 '(102 +mN2 Ay

—((mOz g+ -y, )WJ .

out
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where anode and cathode outlet flows are at Tsorc, air inlet flow to SOFC shown

with (). is at cold flow outlet temperature of second heat echanger and anode

FCair

inlet flow (shown with (( )an) ) is at cold side outlet temperature of first heat

gasin

exchanger. Water inlet to SOFC is at 100°C (shown with (( ) ) ). Inlet and outlet

an

flows for fuel cell can be seen in Fig. 4.2.

4.4 Gas Turbine (GT)

For the GT, each of turbine, compressor and recuperator are investigated separately.
There is no chemical reaction occuring in none of these three equipments. For the
compressor, considering the thermo-mechanical flow exergies, work is done on the

system so;

j _ th . th
Icomp - mair a air (mair a air )comp comp (4 12)

( )mmp is used for compressed air at the exit.

First heat
exchanger outlet

Anode outlet

Water inlet

Second heat

Cathode outlet
exchanger outlet

Figure 4. 2: SOFC inlet and outlet flows
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For the turbine, work is done by the system so;

(4.13)

T . th A th
Iturb - (mcomb ad comb )out (mturb a turb) turb

out

where (( )C . b) stands for combustor outlet flow (which is the inlet of turbine) and

out

(( )Wb ) » stands for turbine outlet flow.

For the recuperator, similar to dryer;

jrec - [[(mmr ’ athair )comp * (mturb ' athtu”b )out jJ (4.14)

inlet

—I (1 _azh ) + (m _ath )
((( comp comp | .. ot turb turb ) poc ot

outlet

(), shows inlet to the recuperator, and( ) shows outlet from the recuperator.

outlet

Total rate of irreversibility for the GT is then;
=1, +1, +I, (4.16)

4.5  Heat Exchangers

For the heat exchangers, exergy balance equations are applied on hot and cold fluids

as;

0=>n,-a",=> rm,-a" +1, (4.15)
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where subscripts 1 and e shows inlet and exit of both hot and cold fluids respectively

and 1, is the rate of irreversibility for heat exchanger.
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CHAPTER 5

RESULTS AND DISCUSSION

System 1 and System 2 are working at different mass and pressure ratios. System 1
has its minimum possible mass and pressure ratio as Mg=0.4600 at P,=2. System 2
has its minimum possible mass ratio as Mg=0.4539. Since there is no gas turbine
there is no other possible pressure ratio for System 2. For both System 1 and System
2, the maximum mass ratio is Mg=0.6411 and possible maximum pressure ratio for
System 1 is P,=8. This operating range is calculated from the energy and exergy

balances.

5.1  First Law Analyses Results

First law analyses of the two systems are investigated in terms of heat transfers,
power outputs and efficiencies. The first law efficiency considering the system as a

cycling heat engine is defined as;

W system (5 . 1 )

T first = 7
(Q system j
in

where W is the total power output of the system and (Q'System) is the total inlet

system .
in

heat transfer to the system. The results are given in Fig. 5.1.
When Fig. 5.1 is examined, maximum first law efficiency is at P, =8 and Myr =

0.6411. At constant pressure ratio line, the first law efficiency increases with

increasing mass ratio, which means increasing air amount into the fuel cell.

35



Therefore, without changing the total air inlet amount to the system, increasing the

air inlet to the SOFC increases the first law efficiency of the system.

Electrical efficiency for the system is defined as [8];

W; stem
nelec = — (52)

mfuel -LH Vfuel

This efficiency definition shows the ratio of total work output of the system to the
LHYV of fuel. Results of calculation of system electrical efficiency are given in Fig.

5.2.
In Fig.5.2, the maximum electrical efficiency is at P,=8 and My = 0.6411. At

constant pressure ratio line, increasing the mass ratio which means increasing the air

amount inlet to the SOFC, does not change the electrical efficiency of the system.
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Figure 5. 1 : First law efficiency of the system vs mass ratio
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Figure 5. 2 : System electrical efficiency vs mass ratio
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Figure 5. 3 : SOFC electrical efficiency vs mass ratio

SOFC electrical efficiency was defined in Section 3.3.1. Electrical efficiency for fuel

cell includes reversible cell efficiency, voltage efficiency, conversion efficiency and
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inverter efficiency as defined in Equation 3.18. The effects of pressure ratio and mass

ratio on electrical efficiency of SOFC are given in Fig. 5.3.

Maximum electrical efficiency for SOFC is at P=8 atm. Increase of pressure
increases the electrical efficiency of the SOFC at constant mass ratio. Increase in the

mass ratio at constant pressure line decreases the electrical efficiency of the SOFC.

Fig. 5.4 shows the results of first law efficiency calculation of SOFC. The definition
of first law efficiency for a system is given in Equation 5.1. For SOFC, the same
definition is valid. Maximum first law efficiency for SOFC is at P=4 and
Mr=0.4665. Increasing the mass ratio at constant pressure ratio line, decreases the

first law efficiency of the SOFC.
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Figure 5. 4 : SOFC first law efficiency vs mass ratio
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Total system work output is given in Fig. 5.5. Maximum work output is at P, =8, Mg
=0.6411. System electrical efficiency was also the highest at this point for same
amount of fuel in Fig. 5.2. System 1 includes a GT so higher power output is as
predicted when compared to System 2 results. As can be seen from the figure, P=1 is

System 1 work output line and it has the minimum work output.

When change of mass ratio is considered, at constant pressure ratio line, as the mass

ratio increases, the total power output of the system does not change.

For SOFC and GT, the power output figures are given in Fig. 5.6, 5.7 and 5.8
respectively. SOFC power output has its maxima at P,=8 Mr=0.6411. Mass ratio
increase leads to decrease in power output of fuel cell for same amount of reacting
fuel at constant pressure line. Increasing the air amount inlet to the SOFC, decreases

the air inlet to the gasifier since the total air inlet to the system is kept constant.
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Figure 5. 5 : System total power output vs mass ratio
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Figure 5. 7 : SOFC power output vs mass ratio
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Then the amount of gases outlet from the gasifier decreases as in Table 3.2. Inlet gas
amount into the SOFC anode decreases.Reacting H, amount does not change based
on the assumption of constant fuel inlet to the system and constant fuel utilization in
SOFC. This increases the partial pressure of fuel H, in anode side. The product H,O
partial pressure increases in same amount in anode with increasing mass ratio. Since
reacting O, amount in cathode side of SOFC also does not change, increasing the
mass ratio decreases the partial pressure of reacting O,. Decrease in partial pressure
of reacting O, decreases the reversible cell potential of SOFC from Equation 3.20.
Since polarization amount does not change because of constant operating current
density assumption, actual cell voltage decreases. Therefore, power output decreases

from Equation 3.27.

For pressure change in SOFC, it can be sait that, at constant mass ratio, increase in
pressure increases the partial pressure of O, which causes an incease in reversible
cell potential and for constant polarization voltage, an increase in actual cell voltage.

From Equation 3.27, the power output increases.

GT power output results are only avaliable for System 1 as given in Fig. 5.8.
Maximum power output for the GT is at P, =8, Mg = 0.6411. As the mass ratio
increases, at constant pressure ratio line, air inlet to SOFC increases. This increases
the outlet flow rate of SOFC cathode. However, SOFC anode outlet flow rate
decreases because of the gasifier air inlet decrease. At the end, the inlet and exit flow
rates to compressor and turbine does not change. This means mass ratio does not

have any effect on GT work output.

For the first law analysis, heat transfer values should also be considered. SOFC,
combustor and gasifier inlet heat transfer values can be seen in Fig. 5.9, 5.10 and

5.11 respectively.
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Figure 5. 8 : GT work vs mass ratio

For fuel cell in Fig. 5.9, required heat transfer does not change considerably with
pressure since the species are all assumed to be ideal gases. However, mass ratio
increase causes an increase in heat input rate. Increase in mass ratio decreases the
outlet temperature of second heat exchanger flow inlet to the SOFC cathode. Since
outlet temperatures of SOFC anode and cathode flows are the same for all cases
being Tsorc and inlet temperature of anode from first heat exchanger does not change

considerably, this is the reason for increase in heat input to SOFC.

In Fig. 5.10, combustor gives out heat and this amount increases with increasing
mass ratio and pressure. The maxima is at P,=8 and Mg=0.6411. When the results are
investigated, it is observed that the outlet enthalpy of combustor does not change
since the outlet temperature is assumed to be constant in all cases as Tcombustor-
However, when the mass ratio increases, the inlet enthalpy decreases. Therefore, the
inlet heat transfer to the combustor increases with increasing mass ratio. Same

consideration applies for increasing pressure ratio.
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Figure 5. 11 : Gasifier required heat transfer vs mass ratio

In Fig. 5.11, gasifier has its minimum required heat input at Mg = 0.6411 at P,=8.
Since the inlet temperature and amount of biomass into the gasifier and outlet flow
temperature do not change, the inlet air amount and temperature is important in input
heat rate to the gasifier. For constant pressure ratio line, as the mass ratio increases
the air amount inlet to the gasifier decreases. This decreases the required heat input
for gasifier. For constant mass ratio, as the pressure ratio increases the outlet
temperature of compressor air increases, which decreases the required heat input to

the gasifier.

5.2 Second Law Analyses Results

Second law efficiency is defined as;

W
(74 ym = ¥ _:1) (5.3)

system
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where A;, and A,, are total inlet and outlet exergies. This efficiency definition

shows how much of exergy in the system is utilized. The second law efficiencies are

given in Fig. 5.12.

In Fig. 5.12, system second law efficiency is maximum at System 1, P,=8 and Mg =
0.6411. The inlet exergy to the system does not change for none of the cases.
Therefore, the main point is the irreversibility and outlet exergy for the systems
analyses. At maximum second law efficiency, the irreversibility should be minimum
and/or outlet exergy and work ouput should be maximum. As given in Fig. 5.5, the

maximum work output is at same point P,=8 and My = 0.6411.
The irreversibility graph is given for all cases in Fig. 5.13. When considered together

with the Fig. 5.12, for this study, at maximum second law efficiency, the total

irreversibility is the minimum (P, =8 and My =0.6411).
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Figure 5. 12 : System second law efficiency vs mass ratio
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Figure 5. 13 : System total irreversibility vs mass ratio

When SOFC is considered, the maximum second law efficiency is at atmospheric
pressure at System 2 and does not considerably change with mass ratio (Fig. 5.14). In
Fig. 5.15, for SOFC irreversibility, minimum irreversibility is at System 2 as for the
second law efficiency and the minimum is at Mr=0.4539. This point is the

maximum work output point for System 2 as given in Fig. 5.7.

For the combustor and gasifier the irreversibility values for all cases are given in Fig.
5.16 and 5.17. Combustor irreversibility is maximum at P,=8 and Mg=0.6411. The
irreversibility increases with increasing mass and pressure ratio. This is because the
heat exergy increases and exergy difference decreases with increasing mass and

pressure ratio.
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47

0,7



Combustor irreversibility (kJ/kg biomass)

4500,00

4450,00

4400,00

4350,00

4300,00

——

//
//
/

4250,00

4200,00

4150,00

Pr=4//
i
P'r=1

0,4

2400,00

2300,00

2200,00

2100,00

2000,00

1900,00

1800,00

Gasifier Irreversibility (kJ/kg biomass)

1700,00

1600,00

1500,00

0,45 0,5 0,55 0,6 0,65 0,7
Mass ratio
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Figure 5. 17 : Gasifier irreversibility vs mass ratio
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For gasifier, the maximum irreversibility is at atmospheric pressure at System 2 and
My = 0.4539. As mass and pressure ratios increase, the irreversibility decreases. This
is because the heat input exergy decreases and exergy difference between inlet and
outlet increases with these increasing mass and pressure ratios because of same

considirations of Fig. 5.11.

For the GT, the second law efficiency and irreversibility values can be seen in Fig.
5.18 and 5.19. There is no GT for System 2. Therefore, results have four pressure
ratio lines changing from Mg =0.4665 to My =0.6411. Maximum second law
efficiency occurs at P,=4 and My =0.4665. This point is the minima for irreversibility
which explains the case for maximum power output, maximum second law

efficiency and minimum irreversibility interaction.
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Figure 5. 18 : GT second law efficiency vs mass ratio
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As a result, the calculated enthalpy and exergy values for System 1 is given as an

example for optimum operating point Mg=0.6411 and P,=8 in Table 5.1.

Table 5. 1 : Energy, exergy and their normalized values for System 1 at Mg=0.6411 P,=8

Work Output (kJ/kg biomass)

Heat Input (kJ/kg biomass)

Exhaust from System (kJ/kg biomass)

Inlet Flow to System (kJ/kg biomass)

Irreversibility (kJ/kg biomass)

" output from the system

Energy Normalized Exergy
Energy
3091.40 0.208" 3091.40
4173.42 0.2817 2586.70
11788.57 0.792° 813.38
10706.55 0.719” 12892.85
11574.78

50

" input to the system  destructed in the system

Normalized

Exergy
0.199"

0.167"
0.053"

0.833"

0.748™"



5.3  Optimum Point For System

Hybrid system is a complex system and may work at many operating conditions. The
parameters chosen for the hybrid system performance investigation were mass ratio,

that is related to the air fraction of fuel cell and pressure ratio of the bottoming GT.

Optimum point for this study is the point where the system has its maximum power
output among all operating points for same inlet fuel mass flow rate, same fuel

utilization and same amount of inlet air.

The results for power output vs mass ratio were given in Fig. 5.5. To be able to see
the optimum point among all cases, the power outputs should be redrawn vs pressure

ratios.

The system power output values are given in Fig. 5.20 at different mass ratio values.
The maximum power output point is at P, =8, Mr=0.6411 at System 1. This point is

the optimum operating point for the system for maximum power output.

For the electrical efficiency of the system Fig. 5.21 is given. The maximum electrical
efficiency for the system is at the same point as the power output P, =8, Mg=0.6411.
System 2 efficiency value is far below System 1 values similar to the power output

values in Fig. 5.20. Therefore, System 1 seems to be more efficient than System?2.

When we consider the fuel cell, the maximum power output is at P,.=8, Mg=0.6411 as
given in Fig. 5.22. This figure shows that the performance of SOFC increases with
increasing operating pressure for constant mass ratio. Maximum work output point

for SOFC is also the optimum point for the system.
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Figure 5. 20 : Total system power output vs pressure ratio
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Figure 5. 21 : System electrical efficiency vs pressure ratio
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Figure 5. 22 : SOFC power output vs pressure ratio

Electrical efficiency of the fuel cell as given in Fig. 5.23 has the same characteristics
as work output. The maximum electrical efficiency is at P,=8, Mg=0.6411 which is
the optimum point for system. It can be claimed that the maximum electrical
efficiency for fuel cell at constant mass ratio occurs at maximum possible operating
pressure for that mass ratio. The maximum electrical efficiency of SOFC at

Mgr=0.6411 is at maximum possible pressure ratio which is P,=8.

The difference of total system work output and fuel cell work output originates from
the GT. Since System 1 has an advantage of more power output because of having a
GT, System 2 power output and efficiency values are lower. GT power output is
given in Fig. 5.24. When Fig. 5.24 is investigated, the maximum power output can be
seen at P, =8, Myr=0.6411 for System 1. This point is the optimum point for the

system.
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Figure 5. 23 : SOFC electrical efficiency vs pressure ratio

\

| pm—

r=0.6411

|

Mr=0.5330

Mr=0.4665

/

1 2 3 4 5 6 7

Pressure ratio

Figure 5. 24 : GT power output vs pressur

54

€ ratio




Considering the total inlet heat transfer required for the system, the minimum point is
at P, =8, Mr=0.6411 as given in Fig. 5.25. The inlet heat transfer required for the
system is an important parameter to investigate for both first and second law
analysis. This minimum heat rate point is the optimum point for the system. Inlet
enthalpy to the system does not change for cases, at optimum point the work output

is maximum and outlet enthalpy is thus minimum.

System first law efficiency values can be seen in Fig. 5.26. The total inlet heat
transfer and total power output values play important roles in this parameter. As the
pressure ratio increases at constant mass ratio, the first law efficiency increases. This

originates from the decreasing inlet heat transfer rate and increasing work ouput.

The required heat transfer values at different mass ratios are given for fuel cell,
combustor and gasifier in Fig. 5.27, 5.28 and 5.29 respectively. As figures are
investigated, for the SOFC, minimum heat transfer is required at atmospheric

pressure at minimum mass ratio.
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Figure 5. 25 : Total inlet heat transfer vs pressure ratio
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Figure 5. 26 : System first law efficiency vs pressure ratio
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Figure 5. 27 : SOFC required heat transfer vs pressure ratio
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Figure 5. 28 : Combustor required heat transfer vs pressure ratio

For the combustor, the maximum required heat is at System 1 optimum point. As the

pressure increases, the required heat transfer rate increases for the combustor.

Gasifier has its minimum heat transfer required at P, =8, Mg=0.6411 at System]
which is the optimum point for system. As pressure increases at constant mass ratio,

the required heat transfer decreases.

System second law efficiency values can be seen in Fig. 5.30. Maximum second law
efficiency is at the optimum point for system as P, =8, Mr=0.6411. Second law

analyses then give the same optima for the system.

Since the inlet exergy is same for all cases, the irreversibility and power output
values determine the outlet exergy from the system. Outlet exergy is related to the
temperature of exhaust since the outlet mixture species amounts are the same for all
cases. Having a low exhaust temperature shows minimum exergy outlet from the

system. Exhaust temperature variation at different mass ratios of the system is given
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in Fig. 5.31. The minimum value of exhaust temperature is at P, =8, Mr=0.6411; at

optimum point of the system which is expected.
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Figure 5. 31: Exhaust temperature vs pressure ratio

The irreversibility of total system can be seen in Fig. 5.32. For System 1, the
irreversibility decreases with increasing pressure ratio. Utilizing the definition of
second law efficiency in Equation 5.3, for high efficiency, the work should be at
maximum and/or irreversibility should be minimum. The system irreversibility is
minimum and work output is maximum at maximum second law efficiency point,

which is the optimum point for the system.

When equipments are investigated separately, SOFC second law efficiency can be
seen in Fig. 5.33. It shows that the maximum second law efficiency for fuel cell is at
atmospheric pressure at System 2 at minimum mass ratio. At optimum point for
system (P, =8, Mgr=0.6411), the fuel cell second law efficiency is minimum. As the
pressure increases, exergy difference and work output increase and heat transfer
exergy decreases. However, exergy difference increase is more than the increase in
work output and decrease in heat transfer exergy. Therefore, the irreversibility
decreases. This is the main reason for second law efficiency decrease of SOFC with

increase in pressure.
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The irreversibility for fuel cell is given in Fig. 5.34. The irreversibilities in SOFC are
originated from reforming reaction, cracks, polarizations and incomplete reactions.
In this study the polarization irreversibilities are constant because of constant
polarization (constant current density) values. Main irreversibility reasons are
chemical reactions taking place in SOFC. SOFC has its minimum irreversibility at its
maximum second law efficiency point. The power output is minimum at this point.
However, when the power output values are compared, it can be visualized that the
difference is not so much. Therefore, irreversibility determines the second law
efficiency variation at most. At optimum point of system (P,=8, Mg=0.6411), the

irreversibility of fuel cell is maximum.

For combustor, the irreversibility graph is given in Fig. 5.35. The maximum
irreversibility of combustor is at P, =8 at System 1 and minimum is at System 2. At
optimum point of system (P,=8, Mg=0.6411), the irreversibility is the maximum.
Exergy difference and heat transfer exergy increases with increasing pressure so this

is the main reason for increase in irreversibility.
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Figure 5. 34 : SOFC irreversibility vs pressure ratio
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For gasifier, the irreversibility graph is given in Fig. 5.36. The minimum
irreversibility value is at P,=8, Mr=0.6411, the optimum point of the system. The
maxima is at System 2. When the pressure ratio increases, the exergy difference for
the gasifier increases but the heat transfer exergy decrease is more. Therefore,

irreversibility decreases with increasing pressure ratio.

For the GT, the second law efficiency values are given in Fig. 5.37. The maximum
second law efficiency is at P, =4, Mg=0.4665. Since there is no GT in System 2, the
results are given only for System 1 pressure ratio values. The maximum second law
efficiency is related to the work output and irreversibility. The irreversibility for GT
is in Fig. 5.38. The minimum irreversibility value is at maximum second law
efficiency point of GT (P, =4, Mr=0.4665). Since the work output does not change
considerably with mass ratio for GT, irreversibility determines the gas turbine second

law efficiency.
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CHAPTER 6

CONCLUSION

System 1 in this study is a hybrid system consisting of a SOFC and a bottoming GT
and System 2 is set without a GT. The first and second law analyses of all
equipments with electrochemistry analyses of fuel cell are performed with a code
written in MATLAB editor. The overall investigation of the system shows that the
electrical efficiency is between 0.25-0.40 and first law efficiency is between 0.40-
0.75. In literature, the system electrical and first law efficiency values vary between
0.20-0.80 [2, 8, 25, 26, 27]. The results may change according to the biomass type
used and gasification results. The electrical efficiency definition term in Equation 5.2
may show either the producer gas LHV after gasification process as the fuel or the
biomass LHV at the inlet of system. In this study it is taken to be the producer gas
after gasification. The gasification results of literature are different since the
operating conditions and types of gasifiers are different than this study. Gasification
in this study is an air gasification while in literature steam gasification is mostly
utilized. Also LHVs of literature studies fuel types are different. Mostly natural gas
fed systems are investigated. Biomass fed systems have lower efficiencies because of
gasification processes. If systems have more recuperators and compressors to have
more efficient use of heat and pressure, the electrical efficiencies become higher
[26]. All these parameters determine the difference on electrical efficiency of whole

system. However, the values of this study are in acceptable range.

For the first and second law analysis results, the exhaust temperature shows the
difference of the effect of the gas turbine in the system. In System 1, the exhaust
temperatures are lower than System 2. This difference of exhaust temperatures of
System 1 and System 2 may be compared by increasing the amount of hot water flow

in System 2. Therefore, it can be said that System 1 has higher first law and electrical
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efficicencies in terms of net work output. However, in terms of hot water gain,

System 2 seems more efficient.

For SOFC, the electrical efficiency values in this study change between 0.39-0.43.
The corresponding results in literature are between 0.50-0.75 for 50-85% fuel
utilisation values mostly higher than that is used in this study as 60% [8, 15, 18, 25,
28, 29]. In electrical efficiency of fuel cell, fuel utilisation is an important factor. If in
this study, the fuel utilisation would be higher like 85 %, the efficiency would be as
57 % (nearly 15 % more). The overpotentials are constant in all cases because fuel
utilisation and fuel amount (reacted hydrogen, carbon monoxide and methane) are
the same for all analyses cases. That means the operating current density is the same.
Therefore, there is no difference in overpotentials of study cases. In literature the
overpotentials are in the range 0.16- 0.35 V for fuel cell at 1073 K [1, 3, 30]. In this
study the total overpotential is 0.202 V. The operating voltage values of this study
are between 0.68-0.74 V and in literature they are between 0.65-0.75 V at same
current density value of this study [3]. The values in this study are in acceptable

ranges according to literature.

The second law efficiency of the system is between 0.16-0.26. There are not so many
studies investigating the second law analyses of hybrid systems. However, there are
results for SOFC second law efficiencies. In this study, SOFC second law efficiency
varies between 0.59-0.73. These limits are not far away from the literature results
being 0.50-0.73 for different fuel and reforming types and air amount for fuel cells

[15, 18]. The values are in acceptable ranges.

For GT performance, the second law efficiency values in literature change between
10-80 % [1, 31, 32, 33]. For present study, the values are between 0.30-0.95. The
difference originates from the fuel utilized and combustion integration into the GT.

In this study the GT includes a heat exchanger instead of a combustor. The
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combustor is outside the GT. The outlet of combustor enters the turbine however

compressor outlet air enters the fuel cell instead of combustor.

The irreversibilities in the system originates mostly from the gasification, SOFC and
combustion sections. That result shows the same inference as literature. This is
unavoidable due to the irreversible nature of high temperature reactions far from
chemical equilibrium like combustion and gasification [8]. The irreversibility of
system decreases with increasing pressure ratio of the GT. For irreversibility of fuel
cell, the condition is the opposite. Increase in pressure causes increase in

irreversibility of the fuel cell.

The effect of increase of pressure on SOFC performance can also be seen at power
and voltage output results. For higher operating pressures, fuel cell can produce more
electrical power and operating voltages for same fuel amount and fuel utilisation. In

literature, the same conclusion is valid [3, 8, 34, 35].

As the air amount entering the fuel cell increases, for constant fuel utilisation, the
partial pressure of oxygen in the cathode decreases. This results in a lower operating
voltage and thus lower power outputs for constant current density. In the literature,
the plant and fuel cell efficiency increases with decreasing air amount at constant

pressure line [34]. Therefore, the results found in this study are logical.

Increase in the mass ratio (air separated for fuel cell) decreases the air amount for the
gasification for constant air inlet to the system. Using less air for gasification in this
study decreases the heat required for the process and decreases the irreversibility at
constant pressure. Therefore, increasing the mass ratio causes less losses in
gasification. For low air amounts of gasification, the quality of producer gas (LHV of
the gas) is higher [16]. Increase in pressure ratio causes decrease in gasifier
irreversibility. Then, it should be noted that, lower air amounts (to have high quality

producer gas) and pressurized conditions are suitable operating conditions for
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gasifiers. In literature, for air gasification, air/fuel ratio is low for optimization and
half of the producer gas is given to be N, as in this study [36]. The pressure is said to
have a slight increasing effect on gasification efficiency [37]. Therefore, the results

of this study seem valid.

The fuel type used in this study is hybrid poplar. It is a kind of biomass having a
relatively high LHV. It is widely found and grown in Turkey, in coastal areas and
off-the-coast areas up to 800-1000 meters height and around Middle and South-East
Anatolia and can be harvested by 10-12 years [38]. The most important advantage of
biomass is related to the greenhouse gas, CO, emission. When biomass is burnt, CO,
is released. However, as it originates from harvested or processed plants, which have
absorbed it from the atmosphere in the first place, no additional amounts are
involved. However, it should be grown and utilized on a sustainable manner [39].

Therefore, it is a major feature for biomass to be chosen.

When biomass is compared to other types of fuels of hybrid systems, which are
mainly natural gas, pure hydrogen or coal, gasification becomes important. Efficient
gasification may result in more qualified producer gas, more chance of utilisation of
fuel and higher LHV gas. If gasification is not effective and the biomass fuel cannot
be converted efficiently into fuels of fuel cell (i.e Hy, CO and CH,4), lower amounts
of fuel for fuel cell will enter the cell and electrical output will be lower than
expected. Using pure hydrogen is the most efficient and direct way to gain power
from fuel cell. However, storage is a major problem for hydrogen. It is relatively
high cost and problematic. Therefore, instead of producing hydrogen and store it as it
is, natural gas or biomass type fuels are used in producing power to get rid of the
high cost. They are naturally available storage ways for hydrogen with low or no

cost.

Heat rate required for the total system operation decreases with increasing pressure

ratio. Both fuel cell and gasifier heat rate requirements have the similar variations.
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Therefore, total inlet heat transfer is decreasing with increasing pressure ratio.

Similar tendencies exist in literature [35].

As the concluding remarks, System 1 as a hybrid system consisting of a SOFC and a
bottoming GT is more advantageous than System 2 because of its higher power
output and effciency values. The reason is the GT effect on the system. It supplies
more net output and increases the efficiency values. SOFC is an acceptable choice
for the system because of its high operating temperature and less sensitivity to CO
when compared to other kinds of fuel cells. This ability allows fuel cell to use
different kinds of biomasses. Pressure and air effects on the fuel cell and other items
may be observed throughout the study. The results of this study shows that pressure

increases the performance of fuel cell and the system.

The present study is for first and second law analyses of a hybrid system. In future,
the study may be improved in order to decrease the irreversibility and increase the
total power output and the efficiencies of each of the equipments and the overall
system. Different kinds of biomass or different solutions for gasification may be

studied in order to achieve this remark.
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