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Abstract

Two new cogeneration systems (producing power and heating) based on solid oxide fuel cell
fed by either the syngas or biogas is proposed. The performance of systems is analyzed and
compared with each other from the thermodynamic and economic viewpoints. Applying the
conservation of mass and energy as well as the exergy and cost balance for each system
component and using the engineering equation solver software, the systems are modeled.
Through a parametric study, effect of some key variables such as the current density and the
stack temperature difference on the systems’ performance is investigated. It is found that for
power generation, digester based solid oxide fuel cell shows better performance of first law
efficiency (40.14% vs 20.31%); however considering the combined power and heating system,
the difference becomes less (51.05% vs 58.75%). In addition, it is found that the digester based
SOFC is more cost-efficient and has 54% less unit product cost compared to that of the gasifier
based system. Results of exergy analysis reveal that the air heat exchangers and the gasifier are
the two major sources of irreversibility in the systems. Finally, a method of choosing the systems

based on the need and the cost is presented.
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Nomenclature

AD

AHX

D-SOFC

G-SOFC

SOFC

HRSG

EES

FHX

FuelB

AirB

AG

Anaerobic digester Subscript and abbreviations
Air heat exchanger 0 dead state
Digester coupled SOFC 1,2,3,... state points

Gasifier coupled SOFC

Solid oxide fuel cell Greek Symbols

Heat recovery steam generator N

Engineering Equation Solver

thermal efficiency

exergy efficiency

energy efficiency

isentropic efficiency

Fuel heat exchanger N
Fuel blower N
Air blower Nis
pump

equilibrium constant

Change in Gibbs function

entropy

enthalpy

Power

Heating load
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1. Introduction

Since the world’s energy consumption is forecast to rise remarkably during the next two
decades, no one can deny the importance of renewable energy sources. In addition, continued
demand for fossil fuels means the world will not be able to reduce greenhouse gases in the
atmosphere. In this regard, implementing the power plants utilizing the renewable energy sources
such as geothermal, solar, biofuel, biomass and so on, is supposed to be of governments’ and

researchers’ interest.

Recent developments in solid oxide fuel cell (SOFC) technology have increased interest in the
application toward electricity generation particularly the distributed one. In addition to the
advantages of SOFC system over conventional power generation methods, heat from SOFC
exhaust can be recovered for combined heat and power (CHP) operations to improve the overall

system efficiency.

Undoubtedly, the hydrogen is the genuine fuel for the stack; however, considering its cost and
availability, using the natural gas could be more viable, practical and economical in addition to
the reforming process of the fuel. Nevertheless, feeding the SOFC with fuels such as biogas,
biofuels, syngas and alcohols has become of great interest as they could be suitable alternatives
for the natural gas. There are numerous solid waste gasification facilities operating or under
construction around the world. Gasification has several advantages over traditional combustion
processes for municipal solid waste (MSW) treatment. It takes place in a low oxygen
environment that limits the formation of dioxins and of large quantities of SOx and NOy.
Furthermore, it requires just a fraction of the stoichiometric amount of oxygen necessary for
combustion (partial oxidation). As a result, the volume of process gas is low, requiring smaller

and less expensive gas cleaning equipment. The lower gas volume also means higher partial
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pressure of contaminants in the off-gas, which favors more complete adsorption and particulate
capture. Finally, gasification generates a fuel gas that can be integrated with combined cycle
turbines, reciprocating engines and, potentially, with fuel cells converting fuel energy to
electricity more efficiently than conventional steam boilers[1,2]. Renewability and less CO,
emission are the greatest advantages of commonly used biomass fuels such as paper, wood,
waste straw, saw dust, paddy husk, MSW, etc. [3-6].Three processes are usually involved in
thermochemical conversion of biomass into usable fuels for power plants: combustion,
gasification and pyrolysis [7,8]. The gasification process proves to be an efficient technique as it
transforms biomass into easily usable fuels to be used for electricity generation [9-11]. There are
different types of gasifiers based on the types of moving fluid and solid inside[12]. From the
availability view point however, 75% percent of the gasifiers are downdraft, 20% is circulating
fluidized bed, 2.5% updraft and 2.5% the other kinds [13].

A 200kW SOFC combined heat and power system has been developed by Omosun et al. [14]
to evaluate the system efficiency and its cost analysis. Two different options were investigated;
one of them involved cold gas cleaning and the other used hot gas cleaning. The results revealed
that system efficiency for the hot process is higher than that for the cold process due to the better
heat management in the cleaning process and higher gasification temperature. Despite the capital
cost for the hot process is marginally higher, income earned from selling the extra heat produced
may justify the additional cost. Singh et al. [15] analyzed the carbon deposition in a solid oxide
fuel cell (SOFC) fueled by a biomass. It is reported that carbon deposition decreased to zero as
the operating conditions were varied to get a fuel mixture with higher water content (about 15%).
The conjunction of biomass gasification with solid oxide fuel cells is investigated by Athanasiou

et al. [16] and the results showed that the electrical efficiency of the integrated gasification-
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SOFC-steam turbine is about 68% higher than that for the conventional gasification-steam
turbine system. A direct internal reforming-SOFC (IR-SOFC) operating with syngas was
modeled thermodynamically by Colpan et al [17]. The results showed that recirculation ratio
does not have a significant effect for low current density conditions. However, at higher current
densities, increasing the recirculation ratio decreases the output power and electrical efficiency
of the cell. Jang et al. [18] studied a direct power generation from waste coffee grounds
in a biomass fed fuel cell. Results show that biomass type has crucial effect on cell performance.
They used waste coffee ground (WCG) as biomass with the benefit of not needing any pre-
reformer in the system. It is reported that at cell operating temperature of 900°C the system
shows maximum power density twice than that of the carbon black. Pieratti et al. [19]
investigated experimentally and theoretically the syngas suitability for solid oxide fuel cell
applications. Considering environmental aspects of biomass combustion, steam gasification is
used to produce syngas. Experimental data is used to generate and calibrate a 2D theoretical
equilibrium model. It is found that the thermodynamic approach is a simple engineering useful
tool to obtain reliable results of the gasification model. It is declared that considering the syngas
composition and energy content, the obtained syngas is a suitable fuel for fuel cells.
Nevertheless, the gas cleaning is still one of the main critical issues. In particular the tar and the
H,S in the gas can rapidly decrease the life of the fuel cells. A new small cogeneration system
consisting of a fluidized bed gasifier, coupled to a SOFC and a micro gas turbine is proposed by
Di Carlo et al. [20]. Results disclosed that the best case occurs with a temperature of the cathode
gas of 800 °C and moisture of 10%, in this case the fuel utilization could be set equal to 0.79 and
the electrical efficiency of the overall system is 48%. Focusing on the anode gas recycling,

Lorenzo and Fragiacomo [21] analyzed the performance of syngas fed SOFC power plant from



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

the viewpoint of thermodynamics. It is reported that there is an optimum value for anode gas
recycle ratio in which the thermal efficiency is maximized. An integrated SOFC and biomass
(wood) gasification system using air, enriched air, and steam as gasification agent is investigated
by Jia et al. [22]. It is found that when using air or oxygen-enriched air as gasification agent, the
gasifier reactor caused the greatest exergy destruction while for steam gasification power
systems the largest exergy destruction lies in air heat exchanger. Also, for the efficient CHP case
the exergy efficiency is calculated to be 36%. In another work, Jia et al. [23] studied the effects
of various parameters such as moisture content in biomass, equivalence ratio and mass flow rate
of dry biomass on the overall performance of SOFC based CHP system. It is reported that char in
the biomass tends to be converted with decreasing of moisture content and increasing of
equivalence ratio due to higher temperature in reduction zone of gasifier. Kartha et al. [24]
studied a small-scale biomass fuel cell/gas turbine power systems for rural areas. A downdraft
gasifier is used to produce syngas because it is reported to be commercialized and simple in
design which has very little amounts of tar (the excessive production of which needs a separate
reactor for tar removal and dissipates amounts of flue gas energy) and has simple method of gas
cleaning. Also, the efficiency of the studied SOFC-GT was found to be 43.4%. Federico
Ghirardo et al. [25] studied heat recovery options for fuel cells. It is found that about 181 kW of
heat can be recovered in an ORC to produce 35 kW of electricity. The overall efficiency
increases from 44% to 49% when the recovery system is used and the cost of energy drops from

25 c$/kWh (isolated SOFC system) to 22 c$/kWh.

Even though continued progress has been made with other alternative treatment technologies
(gasification, pyrolysis, plasma, biological drying, etc.), these technologies have by far not seen

the same widespread implementation that anaerobic digestion has been able to achieve. In
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Europe alone, 244 installations dealing with the organic fraction of municipal solid waste as a
significant portion of the feedstock have been constructed or are permitted to be constructed.
Feeding SOFCs by biogas is investigated by researchers in the recent years. The performance of
biogas-fed solid oxide fuel cell system utilizing different reforming agents (steam, air and
combined air/steam) was investigated by Piroonlerkgul et al. [26]. It is observed that for the
steam-fed SOFC, there is an optimal amount of steam which provides a maximum power
density. However, for the air-fed SOFC system, the power density always decreases with the
increase of amount of air due to the dilution effect of nitrogen in air. Three configurations of
biogas fed solid oxide fuel cell micro-combined heat and power (micro-CHP) systems are
studied with a particular emphasis on the application for single-family detached dwellings by
Farhad et al. [27]. Tjaden et al. [28] investigated a small scale biogas-SOFC plant in 2014.
Results show that the maximum electrical efficiency is calculated 56.55% which is 15% higher
than that of the combustion engines fueled by biogas. Also, the advantages and disadvantages of
different reforming process such as steam reforming and auto thermal reforming are reported.
The results revealed that the cell design voltage is higher than the cell voltage at which the
minimum number of cells is obtained for the SOFC stack. Also, the maximum electrical
efficiency of 42.7% is obtained for one of the configurations. Producing biogas from biomass
and then feeding either the SOFC or internal combustion engine is studied by Santarelli et al.
[29]. Optimization results revealed that produced electrical energy for the SOFC is higher than
that for the internal combustion engine where the consumed thermal energy is the same for both
systems. Papurello et al. [30] studied the performance of a biogas-fed SOFC power plant
experimentally. A 500 W, SOFC stack was installed at a biomass digester pilot plant and was

fed with real biogas for more than 400 hours, after which a stable voltage was achieved under
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partial oxidation reforming conditions. The fuel utilization was approximately 55% and the
electrical efficiency was close to 34%. The biogas which is obtained from organic waste
collection from local municipal areas via digester consists of methane and carbon dioxide
concentrations ranging from 60-70% and 30-40% vol., respectively. Trendewicz and Braun [31]
analyzed a biogas-fueled solid oxide fuel cell (SOFC) system for producing heat and power from
the view point of techno-economic. They estimated that the baseline cost of electricity for the
small, the medium, and the large plants is 0.079 $/kWh, 0.058 $/kWh and 0.05 $/kWh,
respectively. Gandiglio et al. [32] proposed a model to analyze the integration of waste water
treatment (WWT) biogas and solid oxide fuel cell considering both the internal and external
reforming. The influence of fuel utilization, internal reforming, biogas composition and steam-
to-carbon ratio on both the SOFC and overall plant performance is investigated. It is observed
that an increase in the methane concentration of biogas would increase the electrical efficiency of
the plant slightly. Siefert and Litster [33] investigated the performance of a biogas-fed SOFC
from the viewpoint of economics. Their interesting result may be the one revealing that the
anaerobic digestion-SOFC system is significantly more economic than the systems in which the
biogas is sent to internal combustion engines or micro gas turbines. An exergoeconomic analysis
of biogas-fed SOFC power systems focusing on the (anode/cathode) gas recycling investigated
by Mehr et al. [34]. It is reported that, the solid oxide fuel cell system with anode and cathode
recycling is superior to the other configurations and its efficiency is calculated as 46.09% being
6.81% higher than that of the simple solid oxide fuel cell fed by natural gas. The unit product
cost of the solid oxide fuel cell system with anode and cathode gas recycling is calculated as
19.07$/GJ which is about 35% lower than the corresponding value for the simple natural gas fed

solid oxide fuel cell system.
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As discussed above, there are two common ways to produce gas from the biomass, using
gasifier or digester. In the present work, a downdraft gasifier and a thermophilic digester are
used to produce syngas and biogas from the municipal solid waste, respectively. The produced
gases are supposed to drive the SOFC system to produce power. As the compositions of biogas
and syngas are quite different, and also the exhaust of SOFC is hot enough, the CHP system
would be an interesting choice to utilize the hot exhaust of SOFC stack to produce heating. Also,
it would be interesting to reveal which system is more efficient and more economical with the
almost same working conditions. Modeling of the systems is performed in EES software and the
performance of systems is compared with each other from the thermodynamics and thermo-

economics viewpoints.

2. System description and assumptions

2.1 Systems configuration

Schematic diagram of the proposed cogeneration system based on the digester unit system is
illustrated in Fig.1a. The system consists of a biogas production unit, a SOFC with anode
recycling and heat recovery steam generator (HRSG). Biomass is sent to the digester at
environmental conditions and as the digester is considered thermophilic one the temperature of
biogas exiting the digester will be higher than environment temperature. Then the biogas is sent
to the cleanup unit, in which H,S is coldly removed and then the clean biogas is sent to the
blower. The biogas and air are preheated through the fuel heat exchanger and air heat exchanger,
respectively, after being pressurized with the help of fuel and air blowers (the pressure is just to
make a flow of fuel and air and compensate the pressure drops within the system). The heated air

is sent to the cathode of the stack. On the other hand, the biogas is sent to the anode after mixing
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with the recycling of anode stream (statel5). The mixed stream experiences the internal
reforming process which brings hydrogen-rich products participating in the electrochemical
reaction inside the fuel cell stack. An inverter is used to convert the DC power generated by the
stack into grid quality electricity. The electrochemical reaction generates thermal energy a part of
which is used to deliver the required heat of the internal reforming reaction, another part is
employed to heat up the cell products and residual reactants, and the remaining small amount is
transferred to the environment as a heat loss (in the present modeling heat loss is neglected).
After the finishing of electrochemical reaction in the SOFC stack, the excess air out of the
cathode and the unreacted fuel out of the anode combust completely in an after-burner to
generate the combustion gas under high temperature. The exhaust gas from the afterburner is
sequentially used to preheat the fuel and air, respectively. The exhaust (state 15) is still hot
enough to be utilized to produce hot steam. Therefore, a HRSG unit is considered to be coupled
with SOFC system. For the maintenance of the digester temperature in the thermophiles
condition, the produce hot water can be used to compensate the heat demand of digester. Fig. 1b
depicts the use of syngas produced in the gasification process to produce power and heating by
means of SOFC power plant and HRSG unit. The description of the process for the system is
almost the same as described for the Fig. 1a. The air from environment is brought to the gasifier
along with the biomass in the atmospheric pressure. The equilibrium model is presumed in
modeling the gasifier. The equilibrium modeling assumes that all the reactions are in
thermodynamic equilibrium and that the pyrolysis product (gas) which is product of interest
burns and achieves equilibrium in the reduction zone before leaving the downdraft gasifier.
Meanwhile, the high temperature syngas produced in gasifier first used to preheat the air before

sending it to the mixer to be mixed with anode gas recycle.

10



212 2.2 Assumptions

213 Some meaningful assumptions are considered for the systems modeling as listed below
214 [35,36];
215 e The atmospheric air is composed of 79% N, and 21% O,, on a volume basis.

216 e Gasification temperature is assumed to be 1073 K and the syngas is in thermodynamic

217 equilibrium

218 e A thermophilic digester is used in the modeling

219 e Fan work in the digester is negligible

220 e All gases are treated as ideal gases and gas leakage from the components and the connecting
221 pipes is negligible.

222 e Theanalysis is carried out under thermodynamic equilibrium and steady state conditions.
223 e Changes in kinetic and potential energies are neglected.

224 e Temperatures at channel inlets are the same and, similarly, temperatures at the channel exits
225 are the same.

226 o The fuel cell is insulated perfectly so that there is no heat interaction with the environment
227 e Contact resistances are negligible.

228 e Unreacted gases are assumed to be fully oxidized in the afterburner. [37]

229 The input data for systems' simulation are listed in Table 1.

230 3. Energy analysis

231 3.1 Gasifier modeling

232 The equilibrium model presumed in gasifier modeling assumes that all the reactions are in

233  thermodynamic equilibrium and that the pyrolysis product burns and achieves equilibrium in the

11
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reduction zone before leaving the downdraft gasifier [36]. The reactions in the reduction zone

are as stated in the literature [36,38,39].

CH,O,N, +WH,0+m(0O, +3.76N,) 1)
—nH,+n,CO+n,CO, +n,H,0+n.CH, +n,N,

For a biomass, the global gasification reaction is as follows [40]:

The equilibrium constants for methane formation reaction and for the water-gas reaction (shift

% - )
n re
|

nl tot

P/ Y (3)
Pref
z

K2 — nlnS
n,n,

tot
reaction) are given by Egs. 2 and 3, respectively [38]:

where n; to ns are the number of moles in the gasification products in eg. 1. and K; and K; are
the equilibrium constants which can be related to the change in the Gibbs function as follows

[38]:

~AG/
— =InK 4
2T ) (4)

9
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éGZ:InK2 ©)
RT

g

Where —AGY and —AG are the change in the Gibbs free function of methane formation equation

and shift reaction respectively[36].

In Eq. 1, CH,OpN, denotes the biomass, w is the biomass moisture content and m is the kmol of
oxygen per kmol of biomass. The parameter m is actually the air fuel ratio and can be determined
if the gasification temperature is known (or vice versa). The coefficients n, to ng are determined
through applying the mass balance for H, C, O and N. Based on the ultimate analysis of the

MSW as given in Table 2.
The moisture content per mole of biomass can be expressed in terms of mass based moisture

content (MC) as follows [36]:

W = M biomass MC (6)
18 (1-MC)
where,

MC = (mass of water/mass of wet biomass)x 100

Assuming an adiabatic gasification at a temperature of 1073 K, the energy balance equation, as

ﬁo—Msw W (ﬁfO—HZO) =N (HfO—H 2t AﬁH2 ) +N, (ﬁfo—co + Aﬁco ) )

Ny (ﬁfo£oz + Aﬁcoz)"‘ n, (h_fO—H 0T AﬁH 20 ) N5 (ﬁfo£h4 + Aﬁcm)"‘ Ng (ﬁfo—N 2t AﬁN 2)
indicated below, is solved to find the air fuel ratio.

In order to validate the gasification model, the experimental and theoretical data reported in

13
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the literature are used for gasification temperature of 1100K and moisture content of 16%. The
comparison is shown in Table 3. Referring to Table 3, the sum of hydrogen and carbon
monoxide content percentages predicted by the present model is 36.43%, which agrees with the
experimental data (35.4%) reported by Jayeh [41]. It is found that the obtained results for the

present model agree well with those reported by Jarungthammachote [42] as well.

In order to validate the simulation results of SOFC, the available experimental data reported
by Tao et al. [43] is used. Table 4 compares the cell voltage and power density obtained in the
present model developed by the authors and those reported by Tao et al. [43]. The comparison

shows a good agreement between them.

3.2 Digester modeling

In modeling of digester, a thermophilic anaerobic digester with a temperature of 55°C is used.
Note that, it is necessary that temperature fluctuations do not occur in the digester to maintain the

microbial activity.

With knowledge of chemical composition of MSW outlined as ultimate analysis in Table 2
the biogas composition can be predicted following the method proposed by Baswell and Hatfield

[44]. The global reaction occurring in the digester to produce biogas is:

C,H.0, +wH, 0 -»nCO, +n,CH, (8)

In the present work, it is assumed that 0.95 of the OFMSW is volatile. A well designed
digester aims to destruct at minimum 0.7 of the volatile solid. Following the procedure presented
by Murphy[45] the methane and carbon dioxide mass is found. Knowing that the number of
molecules in a unit volume under standard conditions is the same for all gases (This volume is

22.412m%kg) one may find that the 58% of the biogas is methane and 42% of biogas is carbon

14
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dioxide in volume.

3.3 SOFC with anode recycle model

Energy analysis and molar balance for the SOFC with anode and cathode recycle is used in
the present work. [46][46]The biogas is converted into a hydrogen-rich synthesis gas inside the
fuel cell by making use of internal reforming and shifting reactions [35]. Also syngas (with
hydrogen gas) which does not need any reforming and less methane and carbon monoxide gas is
reformed inside the SOFC with the same processes as for biogas. The use of an internal reformer
also reduces the dependence of the fuel cell on a cooling system. The chemical reactions in the

cells are as follows; [47]
CH,+H, 0 —>CO +3H, (Reforming) ©)

CO +H,0 -CO,+H, (Shifting) (10)

Equation 9 is reforming reaction and equation 10 is shifting reaction, carbon monoxide in the
reforming reaction, reacts with the water which is brought to the SOFC by means of either

recycling or externals means such as pump, to produce hydrogen. Hydrogen from shifting
1 ) ) (11)

H, +§O2 —H. O (overall electrochemical reaction)

reaction is used in the electrochemical reaction as below:

The molar conversion rates for reforming, shifting and electrochemical reactions are
considered to be X, Yy, and z,, respectively. Therefore, rates of consumption and production of

the components can be achieved by the following model:

15
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x, >[CH,+H,0 ->CO +3H,] (Reforming) (12)
y, >[CO +H,0 &>CO,+H,]| (shifting) (13)

: : (14)
zZ, > [H , + %Oz —>H ZO} (Overall electrochemical reaction)

zr, could be found with the help of current density, Faraday constant, cell number, and active

_iNgA, (15)
' 2F

surface area, as followed by equation (16)

Applying mass balance equations along with considering equations 13-16 for the mixing units
and the whole SOFC model the flowing gas compositions may be achieved. In order to solve the
system of equations, 3 more equations are needed to complete the system of the equations.

Looking again in the equilibrium reactions of shifting and reforming, the equilibrium constants

. . 16
AG? (nCOZ,11+yr)(nH2,11+3Xr +yr_zr) (10
InKy =—=—"—=In| ~ :
Trcee (nCO,11+Xr_yr)(nHZO,ll_Xr_yr+Zr)
. . 3 (17)
AGR (nCO,11+Xr_yr)(nH2,11+3Xr +yr_zr) P, )
INKg =—="R—=1In| ~ . | 52
RTrc e (nCH4,ll+Xr)(nH20,11_Xr_yr+zr)xn12 Pret

can be written as follows respectively:

Where, R and T.., are the universal gas constant and the temperature at the exit of the

SOFC, respectively. Also, Ag°is the change in the Gibbs free function of shifting and reforming

16
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reactions[35].

The last equation needed for solving the system equations is obtained using the energy

balance for the whole stack. Neglecting the heat loss from the stack, the energy balance can be

. _ _ _ _ (18)
WFC stack — an,lzhk 12T ZnL,4hL,4 ) an,llhm,ll B Znn,shn,s
k L m n

written as follows;

Where, k, L, m and n are the corresponding gas compositions in each states (e.g. gas

composition at state 12 (L) is CO,, CO, H,0, CHy4, N and Hy)). On the other hand, the work rate

WFC,stack = N FC J AaVc (19)

produced by the SOFC stack V\'/chstack can be expressed as:

V, =V, -V (20)

loss

Where cell voltage is defined as:

Here, Vv, is the Nernst voltage and V,., the voltage loss, which is the sum of three separate

0ss

voltage losses; Ohmic, Activation and Concentration losses:

Vi =V Vo HV (21)

loss conc

Looking again in the comprehensive analysis of the cell voltage and voltage losses it is found

that voltages strongly depend on molar fractions, pressures, electrolyte types and cell operating

17
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temperature that need to be verified very precisely. For the sake of brevity detailed voltage

modeling used in the present work has been presented in Appendix A.

3.4 Heat recovery steam generator analysis

One of the determinant parts of the proposed systems is HRSG, which affects the final system
specifications and has crucial effect on determining whether to choose gasifier or digester. Gas
flow from the AHX is hot enough that can be utilized to generate saturated steam in HRSG. As
shown in Fig. 1a and Fig. 1b the HRSG involves economizer (Eco) and evaporator (Eva) parts.

Water is pressurized by a pump (P) to meet the required steam pressure for the HRSG.

Applying the energy balance as well as the pinch point temperature difference for the whole
HRSG system the mass flow rate of steam and temperature of exhaust can be determined. Energy

balance for the economizer and the evaporator parts are as follows:

0 — - _ 0 — — 22
jznj (hfj +Ah >exhaust gas.in + r-1wa1er,in I«l/vater,in - jznj (hfj +Ah )exhaust gas out + nwater out |’Lvater out ( )
Where the amount of heat used for generating hot steam is defined as;

QHeating = mproduct gas(hls — hq7) (23)

3.5. First law efficiency for proposed system

Finally with regarding the above mentioned analysis, the first law efficiency for the power

generation (electrical efficiency) mode and CHP mode could be defined as follows respectively:

W FC ,stack ,ac _W FC _WAC _W pump (24)
m LHV

The =

biomass biomass

18



330

331

332

333

334

335

336

337

338

339

340

341

342

WFC,stack,ac _WFC _WAC _Wpump + QHeating (25)
rhbiomalss LHV,

biomass

Mchp =

Where Wec, Wye and Wp is the amount of fuel compressor power and air compressor power

required to blow the fuel and air to the SOFC and pump required power respectively.

4. Exergy analysis

An effective use of energy can be assessed by means of exergy analysis for energy converting
systems. Exergy can be divided into four parts: physical, chemical, kinetic and potential
exergies. For the processes involved in this paper, the latter two are neglected since the changes
in elevation and velocity are negligible [48,49]. Thus, the specific exergy of any stream is

expressed as

e=e, +8&;, (26)
where the physical exergy is defined as [48] :

i =N —h =Ty (s —5,) (27)

The specific chemical exergy of a solid biomass fuel can be expressed as follows [36]:

h
etfiomass = ﬂ LHVbiomass (28)
where the factor g in Eqg. 28 denotes the ratio of the chemical exergy to the lower heating value

(LHV) for the organic fraction of the biomass. A statistical correlation for the g is provided by

Szargut and Styrylska [36]:
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1.044+0.16 21 —0.34493

°(1+ o.ossleJ
ZC ZC
p= (29)

Z

Z
Z,
Z

1-0.4142 =

where zy , z., z, are the weight fractions of the hydrogen, carbon and oxygen in the biomass,

respectively. The chemical exergy of an ideal gas mixture can be expressed as [48]:
"= xesh +RT, > xInx (30)

where x; is the mole fraction of i;;, component and eg_’; is the standard chemical exergy of that

component [38]. The exergy balance for a system component is expressed as:

ZEIn = ZEout + E‘D (31)
With the aid of eq. 31 one may find the exergy destruction in system components in order to

define the most probable candidate of optimizing for higher efficiency.

Finally, exergy analysis can be completed by defining the efficiency of second law for the power

generation (electrical efficiency) mode and CHP mode as follows:

V\./FC stack,ac _WFC _WAC _Wpump (32)
Thip = E.
WFC stack ,ac _W FC _WAC _W pump ( .22 - Ezo) (33)
Thiche =

E.

n

where E;, is the rate of input exergy and can be defined as below for gasifier coupled SOFC

and digester coupled SOFC respectively:

E =el +wel +476med +E,+E, (34)
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water

E. =el +wel +E, (35)

in

5. Economic analysis

5.1. Methodology

It seems that investigating the performance of a system without looking at its product cost will
not be accomplished. Integration of economic point of view with thermodynamic seems to be
appealing. Exergoeconomic method firstly introduced by Tsatsaronis et al. [50] gets the interest
of researchers who use the method to analyze the thermodynamic systems from the viewpoint of
economic. The purpose of exergoeconomic analysis for a system is to disclose the cost formation
processes and calculate the cost per unit exergy of product streams. To calculate the cost of each
unit exergy stream, the cost balance equation along with the required auxiliary equations are
applied to each component of the systems. For a system component receiving thermal energy and

generating power, the cost balance is written as:

ZCout,k +Cw,k :zcin,k +Cq,k +Zk,PY (36)
C =c EX (37)

Where, c is the cost per exergy unit and EX is the total exergy rate.

In equation (36), Z'k]PY is the appropriate charge due to capital investment and operating and

maintenance expenses for each component in a reference year. Note that, the cost of the system
components which are available in an original year is converted from that original time to a same
reference year (year 2013 for present work) with the help of Chemical Engineering Plant Cost

Index (CEPEI).
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7o 7o | 7 oou (39

Cost index for the reference year
Cost index for the original year

Cost at reference year=0riginal costx

Or
: . ClI (39)
Zyoy =2 i k'ZY
’ Cl
The term Z¢ 7, in Eq. (38) can be calculated as [48]:
_Z,CRF ¢ (40)

Z, N
Where ¢ is the maintenance factor, N is the number of system operating hours in a year and
CRF is the Capital Recovery Factor, which can be expressed as [51]:

i, (L+i, )" 4l

CRF = .
(1+i,) -1

Here, i, is the interest rate and n is the system life. The input data used in economic
evaluations along with the cost and auxiliary equations for each component of the systems is

gathered in Table 5.

5.2 Cost evaluation

To obtain the cost of all unit exergy streams, the linear system of equations is solved

assuming that the cost of unit exergies associated with the input fuel is an input.

The exergoeconomic evaluation of the systems is carried out using the thermoeconomic
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variables, namely, the unit cost of the fuel (cgx), the unit cost of the product (cp ), the cost rate of
exergy destruction (CD’k), the cost rate of exergy loss (CL’k) and the thermoeconomic factor (fy).

These parameters are calculated using the following relations [48]:

6. Results and discussions

The effect of decision parameters such as the current density, the temperature difference of
SOFC stack on efficiencies of power generating system and CHP system along with net power
output, heating capacity and unit product cost of the systems is investigated. Nominal values of
current density, where maximum power is achieved, are found to be 0.6 mA/cm? and 0.2

mA/cm? for the D-SOFC and G-SOFC systems respectively.

Fig. 2 shows the effect of current density on the first and second law efficiencies of the power
generating system. Referring to Fig. 2, the current density range is lower for G-SOFC system
because of N, presence in the gasifier exit, which causes partial pressure of components in stack
exit to become less than the D-SOFC system and it affects the cell voltage due to decrease in Joa.
Looking again in Fig 2, for constant value of fuel utilization factor both first and second law
efficiencies tend to decrease with increasing current density. With increasing 0.6 A/cm? in
current density for the D-SOFC system, first and second law efficiencies tend to decrease by an
almost 40%. While the reduction is about 30% for the G-SOFC system (with a possible increase

of 0.2 Alcm?).

Fig. 3a shows the effect of current density on the first and second law efficiencies of the CHP
system. The results show that the first law efficiency for the G-SOFC system is in the range of
50%- 74% while the efficiency for the D-SOFC system is obtained in the range of 35%-84%.

The great difference between the first and second law efficiency values for G-SOFC system is
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due to the exergy rate within the HRSG system (exergy related to heating).

Fig. 3b shows the effect of current density on both the net power output and heating capacity.
First important point is that, the net power output is maximized for specific values of current
density for both the D-SOFC and G-SOFC systems. The optimum current density value for G-
SOFC system is found to be 0.199 A/cm? and the corresponding net power output is calculated
46.98 KW. For the D-SOFC system the optimum current density and net power values are 0.64
Alcm? and 159.7 kW, respectively. In addition, it is observed that an increase in the current
density increases the heating capacity with an almost same trend of power. At the optimum
working points (where the net power output is maximized) the heating capacity values are
88.3kW and 43.31kW for the G-SOFC and D-SOFC systems, respectively. Another important
aspect of Fig 3b is that although the net power output is higher for the digester based system, the
heating capacity is higher for the gasifier system which could be interfered from contemplating
in Figs 3a and 3b. Also by an increase in current density, the value of heating capacity increases

by up to 83% and 45% for the G-SOFC system and D-SOFC system respectively.

Fig. 4 shows the effect of current density on the unit exergy cost of power output (c,) and hot
steam (cy) for both the D-SOFC and G-SOFC systems. It is revealed that besides the efficiency
of D-SOFC is higher it has come at the price of lower unit product cost. Also it is unfolded that
for both cases the unit product cost is minimized at some specific point. For the G-SOFC system,
the minimum value of unit exergy cost of heating (24.67$/GJ) occurs at current density of 0.203
Alcm? while for the case of D-SOFC system the values are 14.17 $/GJ and 0.602 A/cm?,
respectively. It can be seen that even in the minimum values, the D-SOFC system is cost-
efficient by 41.6% and 70.2% for heating unit exergy cost and power unit exergy cost,

respectively.
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Another key parameter having effect on the system performance is the stack temperature
difference. Fig. 5 shows the effect of stack temperature difference on second law efficiency of
CHP and power generation systems for both the D-SOFC and G-SOFC systems. Second law
efficiency for the D-SOFC system is always higher than that for the G-SOFC system but
important aspect of this figure is that variation of second law efficiency for power generation
mode and CHP mode of G-SOFC tends to decrease after a specific value of temperature. This is
actually due to the different composition of inlet gas sent to the anode and consequently different
partial pressure of H, and H,O at the anode exit. As the stack temperature difference increases
110 °C, exergetic efficiency for D-SOFC system (in the CHP mode) rises by 52.9% while with
an increase of 90°C the efficiency of the G-SOFC system increases by 75.3%. In addition, as the
temperature difference increases by 80 °C the second law efficiency of power generation system
for the G-SOFC system rises by 25%, the change is an almost the same for the case of D-SOFC

with a value of 25.4%.

Fig. 6a shows the effect of stack temperature difference on the net power output and heating
capacity for the D-SOFC and G-SOFC systems. Comparing the G-SOFC and D-SOFC systems,
net power output of G-SOFC system increases by 27.60% with an increase in stack temperature
difference and for the D-SOFC system the increase is 25.5%. The trend of heat duty is different
as with an increase in temperature of stack results in an increase of exhaust potential of SOFC
system which would be utilized in HRSG system. Although the trend seems to be similar for two
cases, for the D-SOFC system the percentage of increase is much higher compared to the G-

SOFC system.

Fig. 6b shows the effect of stack temperature difference on unit exergy costs of heating

capacity and power output for both the D-SOFC and G-SOFC systems. It is revealed that for the
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D-SOFC system unit heating product cost is minimized at stack temperature difference of 183 K
which corresponds to unit cost of 9.18 $/GJ while the stack temperature difference and unit cost
values are 135.6 K and 16.1 $/GJ for the G-SOFC system. Also, at the minimum point the D-
SOFC system has 75.3% less unit product cost in heating and 91.31% in power unit product cost

compared to the G-SOFC system.

Finally to give an insight of overall product cost variation with terminal temperature
differences of SOFC stack Fig. 6¢ is presented. It shows that the with a change of about 100 °C in
stack temperature difference, the minimum unit product cost of G-SOFC system is more than the

maximum unit product cost of D-SOFC system.

Fig. 7a and Fig. 7b illustrate the G-SOFC and D-SOFC systems’ calculated parameters at
nominal operating condition and stack temperature difference equal to 100 °C. According to Fig.
7a the second law efficiency for the D-SOFC system is higher with a value of 97.8% in power
generation system and 57.7% in CHP system. The difference becomes less in CHP system due to
higher heating capacity in G-SOFC system, moreover considering the results illustrated in Fig.
7b it is found that the unit product cost for G-SOFC system for power generation system and
CHP system is 42.6% and 24.5% more than those for the D-SOFC system respectively. Fig. 7b
shows the value of net output power and heating capacity as well as the unit product cost for
power and heating for the two proposed systems at the same working conditions. Fig.7b shows
that the G-SOFC system has 111 kW less power output and 45.9kW more heating load than the

D-SOFC system.

One method to illustrate exergy accounting graphically is the Grassman diagram [48]. The
width of the arrows entering or leaving the control volume is a quantitative measure of

designated parameter. Also for the sake of brevity, values of exergy destruction along with
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entering and leaving exergy to the whole system are presented in Table 6. According to the Figs.
8a and 8b and Table 6, one may conclude that the air heat exchanger and the gasifier are the
main sources of irreversibility due to the existence of three sources of irreversibility (temperature
difference, chemical reaction along with system friction) within these components in the D-

SOFC and G-SOFC systems respectively.

Table 7 and Table 8 show the exergoeconomic analysis results for the G-SOFC and D-SOFC
systems. Last column of these tables is exergoeconomic factor which a low value of this factor
calculated for a major component suggests that cost saving in the entire system might be
achieved by improving the component efficiency (reducing exergy destruction) even if the
capital investment for the component will increase. However, the exergoeconomic factor is not
sufficient to explain if a component has to be modified or not. As an example: even if a
component has a too low value of exergoeconomic factor (suggesting therefore its substitution
with a component of higher performance and higher cost) if the same component elaborates a
quantity of fuel which is negligible (and so it has a low value of the so called exergetic factor) it
is not worth at all to substitute this component with a better one, as its “exergy role” on the
system is simply negligible. The most important components to discuss are the components
elaborating a large amount of inlet fuel (so, which have a high value of exergetic factor): only in
their case it is interesting to analyze the values of their exergoeconomic factor. Referring to first
column of Tables 7 and 8, it can be noted that for the gasifier based system, among the
components having higher inlet exergy (SOFC stack, gasfier, after burner and AHX respectively)
the SOFC stack and AHX have the highest (88.75%) and lowest (16.02%) exergoeconomic
factors, respectively. Therefore, for the case of G-SOFC system, on the one hand, engineers

should focus on reducing the investment and operation costs of SOFC stack and on the other
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hand, they are to reduce the costs associated with exergy destruction for the AHX. The same
point can be stated for the case of D-SOFC. Therefore, for the D-SOFC and G-SOFC systems,
not only designers should emphasize on decreasing the investment cost of SOFC stack but also
reducing the cost associated with exergy destruction within the air heat exchangers should be in

priority.

Finally at the end, a summary of plant type, fuel type and technology of using biomass to
produce gas to feed SOFC power plant in some published works as well as those proposed and
obtained in the present work are listed in Table 9. Comparison shows that most of the published
works focused on just one technology (gasification to produce syngas or digestion to produce
biogas) to utilize the biomass. Also there are few works that comprehensively analyzed the
system from the both of thermodynamic and techno economic point of view. However, in the
present work, the investigation has been made to fulfill this gap and the thermodynamic and
economic analyses are performed to compare two well-known technologies of using biomass in

the SOFC system.

7. Conclusion

A comprehensive thermodynamic and thermoeconomic modeling are performed for two
proposed cogeneration systems based on SOFC system fed by municipal solid waste. The inlet
fuel for the SOFC is a type of syngas produced by gasification process of municipal solid waste
or a biogas produced by digestion process. For the comparison purposes, the systems analyzed in
two modes; one-generation system (produce power) and a CHP mode (producing power and
heating simultaneously). Parametric studies revealed that stack temperature difference along with

current density has crucial effect on systems’ performance. Additional conclusions are as
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519 follows:

520 e D-SOFC system has higher efficiency from the viewpoints of energy and exergy when
521 the systems run to produce power.

522 e D-SOFC system has higher second law efficiency in CHP mode; however the first law
523 efficiency for the G-SOFC is higher in this mode.

524 e D-SOFC system has more power output but less heating capacity compared to those of
525 the G-SOFC system.

526 e For the case of G-SOFC system the gasifier is the main source of irreversibility due to
527 temperature difference and chemical reaction. Meanwhile, air heat exchanger is the
528 second source of irreversibility because of large temperature difference on the both sides
529 of heat exchanger. For the D-SOFC system, air heat exchanger has the most distribution
530 in exergy destruction within the system, the stack and digester are the second and third
531 respectively.

532

533

534

535 Appendix A

536 Here, the electrochemical model (for calculating the cell voltage) programing in EES is given

537 indetails. The cell voltage can be defined as;
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V, =V, -V

loss

where, V  is the Nernst voltage and V  is the voltage loss which is the sum of three

loss

+V A

act conc

Vi =V, +V

loss

separate voltage losses (ohmic, activation, and concentration losses):

. = Anode exit Cathode ,exit A3
V __Ago + RTFC,e In aHz aoz
N T Anode exit
2F 2F a0
2

The Nernst voltage which is accounted as the ideal voltage can be expressed as;
In equation (A3), the Gibbs energy difference is related to the overall electrochemical
reaction. To determine the actual cell voltage, the voltage losses should be calculated. To

calculate the Ohmic loss the following formula is used [52];
Vo = (Rlnt + Panlan + Peabear + Pely Lely )] A4

where, p, L and R, denote electrical resistivity of a cell component, thickness of a cell

Int
component and interconnection resistivity, respectively (See Table A.1).
The activation polarization is the sum of those defined for both the anode and cathode as

follows;
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Vact :Vact a +Vact c A5

RTeco oo 0 |
Vo = ——2& (sinh™ (==—
ate =5 ( (2j )

A6

oa

RT . j
Vit o = ——22(sinh ™ (——
wte =T ¢ (2j )

A7

oc

Where j, is the exchange current density. Egs. (A8) and (A9) are used to evaluate the values

of the exchange current density for the anode and the cathode, (see variables in Table A.2),

_ Eaam A8
I (%)e( W)
RT, [~ A9

L RT,,
Jog = Vear (ZF)

respectively [52].
Concentration loss is sum of the losses related to gas concentration occurring in the anode
Vconc :VCOI']C a +VCOFIC .C AIO

and cathode.

v _ RT In (PH2 PHZO,TPB) All
conen 2F PHQO PHZ,TPB
Where
Veonc cat = ﬁlog(i) Al2
€onc 4F PO -
»
And

where the subscript TPB denotes the three-phase boundary. To calculate the pressure at the
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556  reaction sites, the following equations have been used [52,53]:

RT L, Al4
2F D;:fHZO

P, 8 =Pr,an ]

RT L, Al5

I:)Oz,TPB = Pcat _(Pcat - Poz,cat) EXp(j 4F D P )
0, Mcat

557

558 where, Dy} , D, and D are the effective gaseous diffusivity through the anode (for Hy),

559 anode (for H,O) and the cathode (for O,), respectively. The effective gaseous diffusivity can be

1 & 1 1 Al6
Def :Tln(D + D )

anH, an PH,k H,.H0

1 & 1 1 Al7
Def :Ln(D + D )

anHO Tan H,0,K H,OH,

1 Ecat 1 1 Al8
SE G W Y

cat0, caa Yo,k 0,.N,

560 calculated as [52,53];

561  Where the porosity (¢ ) and tortuosity ( 7 ) of electrode materials are estimated to be 0.48 and
562 5.4, respectively. To calculate the effective gaseous diffusivity, combined ordinary and Knudsen

563  diffusion should be defined and calculated using the following equations as[52];
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23
564
565  Where M is molecular weight of species, V represents diffusion volume of species. Meanwhile,

566  pore radius value (ryore) is estimated to be 0.5 um.
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Tables

Table 1. Input data for the SOFC systems [34,37,45,55]

SOFC system Unit
Temperature difference between stack inlet 100 K
and outlet
Fuel utilization factor for whole SOFC 0.80 -
Active surface area 50 cm?
DC-AC inverter efficiency 97 %
Base inlet temperature to SOFC 973.15 K
Steam to carbon ratio 2 -
Thickness of anode 500 um
Thickness of cathode 50 um
Thickness of electrolyte 10 4m
Fuel blower isentropic efficiency 80 %
Air blower isentropic efficiency 80 %
Pump isentropic efficiency 80 %
Number of cells 11,000 -
Afterburner combustion efficiency 99 %
Stack pressure drop 2 %
Heat exchangers pressure drop 3 %
Afterburner pressure drop 5 %

Digester
Work needed to drive the fan 0 kw
Exit temperature (Thermophilic digester) 328 K
Amount of volatile solid 95 %
Amount of destruction in digester 70 %

Gasifier
Gasification temperature 1073.15 K
Heat loss from gasifier 0 %
Air inlet temperature 298 K
Biomass inlet temperature 298 K

HRSG
Pinch point temperature difference 15 K
Steam pressure 10 bar
Water pump isentropic efficiency 0.75 -
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913

Table 2 Ultimate analysis of MSW [39]

Higher heating

Biomass C H N S 0 Ash value (kJ/kmol)
Municipal - 6 12 0.3 32.9 12 433034
solid waste

Table 3. The comparison of the component percentages in the producer gas obtained from the gasification in the
present work and those reported in the literature, for wood with a moisture content of 16% and for a gasification
temperature of 1100K.

_ Experiment Jaru_n_gtr_\ammachote

Constituent Present model equilibrium model
[40] [42]

Hydrogen 17.15 155 18.04

Carbon monoxide 19.28 19.1 17.86

Methane 0.55 1.1 0.11

Carbon dioxide 10.81 11.4 11.84

Nitrogen 52.21 52.9 52.15

Table 4. Comparison of results obtained from the present work with the experimental values reported by Tao
etal. [43]

Current  Cell voltage  Cell voltage (V)  Error Power density Power density Error (%)
density (V) (Tao etal.) (%) (W/m?) (W/m?)
(A/m?) (Present (Present work) (Taoetal.)

work)
2000 0.742 0.76 -2.368 0.148 0.15 -1.333
3000 0.684 0.68 0.588 0.205 0.21 -2.381
4000 0.634 0.62 2.258 0.253 0.26 -2.692
5000 0.582 0.57 2.105 0.294 0.295 -0.339
6000 0.547 0.52 5.192 0.328 0.315 4.127
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914

915
916
917
Table 5 Input data” and cost and auxiliary equations for each component [11,33]
Auxiliary equations Cost equations Component
Chiomass =2 . 0.67 Gasifier
Z gasifier =1600 (mdrybiomass ]
Chiomass =2 . 0.75 Digester
VT
Zpjigester =350000 21000
Ci4/E14=Ca3/Ess Zsorc =Aa Nic (2.96 Trc e —1907) SOFC stack
Cs/Es=C3/Egs
) g =008 _ 4608m7 (1 +o(0018T,; 26, 4)) Afterburner
(o 955 (P7/P7))
¢,=0 Zpc=91562 (Wpc /455)0 Air compressor
C10=Cr Zrc=91562 (WFC /455)0 67 Fuel compressor
C20=0 Zpy=1785 T, (Wp 1) " Pump
f,=1+(0.2/(1-np))
Crr/E1r=Cig/Eis Zrix =130 (Appx /0.093)" 7 FHX
Cis/E15=Cro/Eso Zax =390 (Appx /0.093)" " AHX
Cro/E10=C20/Ezo . 08 0.8 HRSG
ZHRSG =6570 [Qeco /ATecoJ + {Q eva /ATevaJ +
. 12
21276m_, + 1184.4(m gas ]
' Ziy =100000 (Wsorc e /500) Inverter
* 1,=0.12 , n=20 years, r=8000h ,T=retention time in digester, c;=2$/GJ (biomass)
918
919
920
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Table 6. Exergy and exergy destruction rates for two proposed SOFC systems

Digester Coupled SOFC Gasifier Coupled SOFC
Exergy rate EX (kW) Exergy rate EX (kW)
Input exergy 462.6 Input exergy 290.3
Destruction Destruction
Digester 41.98 Gasifier 74.42
Air blower 7.018 Air blower 3.591
Fuel blower 0.128 Fuel blower 0.3248
AHX 78.67 AHX1 16.29
FHX 4.716 AHX2 35.3
Stack 42.29 Stack 9.304
AB 30.67 AB 12.95
Mixing unit 2.804 Mixing unit 1.018
HRSG 4.840 HRSG 9.786
Pump 0.049 Pump 0.010
Exergy associated with heating  26.27 Exergy associated with heating 54.29
Exergy associated with power 164.3 Exergy associated with power ~ 49.81
Exergy loss 58.7 Exergy loss 26.93

Us=0.80, Tstack = 800 °C

56



930

931

932

933

934

935

936

937

Table 7 Exergoeconomic analysis results for the gasifier coupled SOFC (G-SOFC)

Components E, Crk Cp.k Cox Cri Z, Cox +Cii+Z, fk
(kw) ($/GJ) ($/G)) ($/h) ($/h) ($/h) ($/h) (%)
SOFC stack 437 16.8 20.05 0.5627 0 4.430 5.00 88.75
Air heat exchanger 1 15.36 4.751 27.87 0.2142 0 0.022 0.236 941
Air heat exchanger2 2219 2114  26.52 2.974 0 0.567 3.541 16.02
Air blower 15.62 20.05 34.01 0.2592 0 0.345 0.604 57.15
Fuel blower 6.25 20.05 29.92 0.0234 0 0.187 0.210 88.87
After burner 298.8 20.05 21.14 0.9345 0 0.191 1.126 16.99
Gasifier 260.8 2 3.968 0.5358 0 0.839 1.375 61.04
HRSG 37.06 21.14 33.84 0.7448 2.05 0.502 3.296 15.23
pump 0.0405 20.05 67.06 0.0007 0 0.004 0.005 85.78
U:=0.80, Tstack = 800 °C
Table 8 Exergoeconomic analysis results for the digester coupled SOFC (D-SOFC)
Components E, Crk Cpk Co Ci Z Cox+Ci +Z, fi
(kW) (3/G) ($/GY) ($/h) ($/h) ($/h) ($/h) (%)
SOFC stack 911.8 9172 11.04 1.397 0 5.834 5.846 76.06
Air heat exchanger 441.8 11.87 15.28 3.361 0 1.130 4.452 24,51
fuel heat exchanger 12.81 11.87 19.44  0.2015 0 0.058 0.220 8.732
Air blower 30.53 11.04 20.73 0.2788 0 0.541 0.820 66.01
Fuel blower 0.753 11.04 3346  0.0051 0 0.045 0.050 89.88
After burner 561.5 11.04 11.87 1.219 0 0.370 1.589 23.31
digester 444 .4 2 2.277  0.3039 0 0.097 0.401 24.22
HRSG 18.04 11.87 2523 0.2068 250 0.428 3.143 13.62
pump 0.014 11.04 64.49  0.0001 0 0.002 0.002 93.11

U=0.80, Tstack = 800 °C
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Table 9. Comparison of the published works results with those of the present work

Thermodynamic Economic
, analysis analysis
Research Plant Type; Fuel; Process; Gas 1% law 2" law Unit Year
Plant Scale . -
Efficiency Efficiency Product
(%) (%) Cost
Omosun et al. Cogeneration Biomass; Fluidized bed  Electrical: - 2.9k £/kW, 2004
[14] (Heat and gasification; Syngas 22.6%
power);200kW,  (17%H,,13%C0,11%
CO,,4%CHy,, Total: 1.1k £/kW+
15%H,0,40%N,) 59.6%
Piroonlerkgul et Mono Biogas Electrical: - - 2008
al. [26] generation (60%CH,4,40%CO0,) 59%
(power); small
size (50-60kW)
Farhad et al. Cogeneration Biogas Electrical: - - 2010
[56] (Heat and (60.8%CH,,34.8%C0O,, 22.6%
power);small 2.4%N,,1.2%0,,0.01%
size (~1kW,) water) Total:
59.6%
Bang-Mgller et Cogeneration Wood; two-stage Electrical: Electrical: - 2011
al. [57] (Heat and gasification; syngas 58.2% 50.4%
power)
Hybrid system; Total: Total:
medium size 87.5% 53.4%
(~300kW)
Santarelli et al. Cogeneration Wheat straw; Two- Electrical: - - 2012
[29] (Heat and stage anaerobic 49.2%
power); medium  digester; biogas
size (scale-up (55%CH,,10%H,,35%  Total:
250kW) COy) 75.1%
El-Emam et al. Mono Coal gasification; Electrical: Electrical: - 2012
[58] generation syngas(10.6%C0,,51.6  38.1% 27%
(power) %C0,0.1%CH,4,35.1%
Hybrid system;  Hj,2.6%N,)
Large size
(~30MW)
Wongchanapai Mono Wood; two-stage Electrical: Electrical: - 2012
et al. [59] generation gasification; 38.9% 37.4%
(power); small Syngas(18.7%H,,21.87
scale (5kW) CO,0.22%CH,4,10.51%
CO,,47.3%N,)
Campitellietal. Mono Wood; autothermal Electrical: - - 2013
[60] generation gasification; syngas 24.7%
(power); small (17.8%H,,9.4%C0,14
scale (1-2 kW) %C0,,19.8%H,0,0.1%
CH,)
Arteaga-Pérez et  Cogeneration Sugar cane/rice husk; Total: Total: - 2013
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al. [61] (Heat and bubbling fluidized bed  55.48% 32.01%
power); medium  gasification; syngas
size (456.5kW)  (17.5%H,0,40.1%N,,
0.6%0,,6.5%CHy,
13.6%C0,12.4%CO,,
9.3%H,)
Morandinetal.  Cogeneration Wood; fluidized bed Total:63% - 15000$/kW 2013
[62] (Heat and gasifier/Viking (For Viking (For Viking
power) . . .
Hybrid system; gasifier; syngas gasifier gasifier case)
small size case)
(~40kW)
Total: 8000 $/kwW
58% (For fluidized
(For bed gasifier)
fluidized bed
gasifier)
Trendewicz and  Cogeneration Waste water; anaerobic  Electrical: - 3584 $/kW 2013
Braun [31] (Heat and digestion; biogas 51.6% (large size)
power); small, (56.6%CHy,
medium and 36.7%C0,,5.8%H,0) Total: 3916 $/kW
large sizes 87.5% (medium size)
(330kW,1530k
W,6140kW) 5780 $/kwW
(small size)
Gandiglio et Trigeneration Waste water; anaerobic  Electrical: - - 2014
al.[28] (Heat, power digester; biogas 52.56%
and Algae (60%CH,4,40%CO0,)
production); Total:
small scale 85.93%
(ZkWeI)
Siefert and Mono Waste water; anerobic - Electrical: 3610 $/kW 2014
Litster [33] generation digestion; Biogas 58%
(powver) (45%CH,,40%CO0,,15
%H,0)
Ozcan and Trigeneration ThermoChembubling Electrical: Electrical: - 2014
Dincer [63] (Heat. power fluidized bed gasifier; 42.2% 36.5%
and cooling); syngas (43.3%H,,
medium size 9.2%C0,28%C0,,5.6 Total: Total:
(145.5kW) % H,0,4.7%CH,) 78.8% 50.6%
Caliandroetal.  Mono Wood; fast internally Electrical: - 0.3 $/kwWh 2014
[64] generation circulating fluidized 71% (circulating
(power) bed gasifier/circulating  (circulating fluidized bed-
Hybrid system;  fluidized bed fluidized medium size)
small and gasifier/Viking bed)
medium sizes gasifier; syngas
(103kW and
8000kW) Electrical: 1.1$/kWh
68.7% (Viking
(Viking gasifier-small
gasifier) size)
Jiaetal. [22] Cogeneration Wood; downdraft Electrical: - - 2015
(Heat and gasifier; syngas 42.94%
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power)

Hybrid system; Total:
small size 67.59%
(~40kW)
Curletti et al. Mono Waste water; anaerobic  Electrical: - 2.75 M$ 2015
[65] generation digestion; biogas 58.85% Net present
(power); large value
size (IMW)
Mehretal. [34] Mono Biogas Electrical: Electrical:43  19.53 $/GJ 2015
generation (50-70%CH,,30%- 46.09% .92%
(power); 50%CO0,)
medium size
(~400kW)
Lv et al. [66] Mono Wood; gasification; Electrical: - - 2016
generation syngas(4.53%CH,,23.6  60.78%
(powver) 4%H,,13.87%C0,17.9
Hybrid system;  2%C0,,40.04%N,)
small size
(182kW)
Municipal solid waste;  Electrical: Electrical: 24.69%$/GJ -
downdraft gasifier; 20.31% 18.01%
. Syngas
Cogeneraton Toal:  Totl
Present power); small 58.75% 28.48%
work size ' Municipal solid waste Electrical: Electrical:35 14.17$/GJ -
;anaerobic digestion; 40.14% .61%
biogas
Total: Total:
51.07% 38.58%
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Table A.1. Material Resistivity used for ohmic voltage loss estimation [52]

Component Material Resistivity Thickness (mm)

Anode Ni/YSZ cermet 021 =2.98x10%exp(—3%2 0.5

Cathode LSM-YSZ Pra=8.1 4exp( ) 0.05

Electrolyte YSZ pay—2.94x10%exp(123%0)  0.01

Interconnection Doped LaCrO3 0.0003215 -

Table A.2. Parameters correspond to anode and cathode sides material [52]

Component Parameter Value Unit

Anode Pre-exponential factor for anode, 7, 6.54x10" Alm’
Activation energy for anode, ,,, 140,000 J/mol

Cathode Pre-exponential factor for cathode, v, 2.35x10" Alm’
Activation energy for cathode, € 137,000 J/mol

a,cat
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