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ABSTRACT

In the present work, a novel combined system based on the biomass-based solid oxide fuel cell and gas
turbine system combined with the organic flash cycle is regarded for power generation aim. The main
objective of this work is to investigate the feasibility of the proposed system from the economic and
environmental viewpoints. The optimum performance of all optimization scenarios is found by applying
the multi-objective particle swarm optimization algorithm and using the technique for order of pref-
erence by similarity to ideal solution (TOPSIS) method. Regarding the obtained results, for fuel cost of 6$/
GJ and electricity price of 0.10$/kWh, the total net present value at the end of plant lifetime is 9.8 x 10> $
and the payback period is 4.25 years, which means that the plant is feasible for construction from the
economic perspective. Also, the simulation results indicate that the proposed hybrid system can yield to
the energy and exergy efficiencies of 49.37% and 42.50%, respectively. Also, the net output electrical
power and is obtained 425.39kW. Moreover, the final optimum solution selected by the decision-making
method is obtained by n; = 47.12%, LTE = 23.24 t/MWh, and c¢p ¢ = 5.50 $/GJ.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

As energy demands continue to increase, researchers continue
to seek alternative energy resources to generate electricity and
improve conventional methods to maximize efficiency. A greater
reliance on electricity generated from renewable energy sources
such as biomass and hydrogen fuel will become essential to meet
global energy demands. Therefore, biomass utilization in renew-
able energy systems has a high importance in future renewable
energy sources. Biomass is regarded as a feasible route to realizing a
sustainable future since biomass is a carbon-neutral energy source
and can reduce our dependence on fossil fuels [1].

1.1. Biomass gasification
Gasification is one of the most effective methods for using the
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https://doi.org/10.1016/j.energy.2021.120134
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

latent energy of biomass. During this process, decomposition is
made by heating, and the final potential efficiency of this method is
higher than combustion [2]. Gasifiers are designed and produced in
various capacities and sizes for different aims. Gasification pro-
cesses are categorized into three different classes based on the
mass transfer mechanism and reactor design, including fixed-bed,
fluidized-bed, and the continuous laminar flow. Gasification agent
can be steam or air for performing the biomass gasification in the
auto-thermal process. Air gasification is an exothermic process,
while steam gasification is an endothermic process that requires an
external heat source [3].

Several methods are proposed for utilizing different types of
biomass in energy systems [4]. One of these methods is to burn
biomass to supply the energy of the boiler in power and heat
generation systems. The utilization of biomass in the gasification
reactor is an efficient approach that can produce a mixture of
flammable and high-quality gases that can be applied in high-
efficiency plants [5]. Shayan et al. [6] studied hydrogen produc-
tion from biomass gasification employing different agents and
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Nomenclature

Symbols

Ac Active surface area of cell [m?]

c Cost per exergy unit [$/GJ]

¢ Cost rate [$/h |

CRF Capital recovery ratio [ — |

E exergy rate [KW]

F Faraday constant [C/mol]

fie Exergoeconomic metric [ — |

G Gibbs free energy [kJ]

HHV Higher heating value [M]/kg]

h specific enthalpy [k]/kg]

interest rate [ — |

j Current density (A/m?)

K Equilibrium constant [ — ]

L Thickness of SOFC layers, [mm|

LHV Lower heating value [k]/kg]

LTE Levelized total emission [t/MWh]

M Molar weight [kg/kmol]

m mass flow rate [kg/s]

n molar rate [mol/s]

Ne Number of electrons participating in the reaction [ —
|

n Lifetime [years]

Nc¢ Number of cells in the stack [ — ]

P Pressure [kPa]

PR Pressure Ratio [ — ]

PH,0 H,O partial pressure [kPa]

Py, H, partial pressure [kPa]

O, partial pressure [kPa]

Heat transfer rate[kW]

Universal gas constant [J/mol -K]
Rar Recycling ratio of anode [ — |
Rer Recycling ratio of cathode [ — |

S specific entropy [kJ/kg -K]

T temperature [°C]

8] Overall heat transfer coefficient [W/m?-K]
Uy Fuel utilization factor [—]
Ve

"

w

Xr

~ oD

Cell voltage [V]

Electrical power [kW]

Moisture content [kmol/kmol]

extent of steam-methane reforming reaction [mol/ s]

Vr extent of water gas shift reaction [mol/s]

Zr extent of overall electrochemical reaction [mol/ s]
Z Investment cost [$]

Z Investment cost rate [$/h]

Subscripts and superscripts

AB Afterburner

AC Air compressor
act activation

conc concentration

D destruction

eff Effective

en Energy

ex Exergy

f Formation

F Fuel

FC Fuel compressor
GT Gas turbine

g Gasification

in Inlet

inv DC to AC inverter
mix Mixer

N Nernst

net net value

ohm Ohmic

out Outlet

P product

ph Physical

pum Pump

TPB Triple phase boundary
Tur Turbine

tot Total value

th Thermal

1,2,... cycle locations

0 dead state
Greek Symbols

£ effectiveness

n efficiency

4 difference

T Annual number of hours

Abbreviations

EES Engineering Equation Solver

GT Gas Turbine

NPV Net Present Value

OFC Organic Flash Cycle

PSO Particle Swarm Optimizer

PP Payback Period

SOFC Solid Oxide Fuel Cell

TOPSIS  Technique for Order of Preference by Similarity to
Ideal Solution

WHR Waste Heat Recovery

compared theoretically, from the energy and exergy viewpoints.
Based on their obtained results, the highest energy efficiency value
is obtained for air gasification, while the highest exergy efficiency is
obtained for steam gasification. Also, they resulted that the incre-
ment of the gasification temperature leads to a flat curve for
hydrogen concentration in the case of steam gasification.

The quality of the produced gas through the gasification process
can be affected by several parameters, including the gasification
temperature, biomass moisture, type of gasification agent, and
mass flow rate of gasification agent. Several studies are conducted
on different gasification agents, including utilization of the air,

oxygen, mixture of air and steam, and pure steam. An experimental
study is presented by Sharma et al. [7]. For different equivalence
ratios in the downdraft gasifier. They reported the effects of the
steam to biomass ratio and as well as effects of direct insertion of
the steam to the reduction zone on the output gas composition. A
thermodynamic model is developed by Balu et al. [8] for high-
temperature wood gasification with steam as the gasification
agent for the prediction of the syngas compositions and solid car-
bon deposition. They obtained an optimum range for the steam to
biomass molar ratio. Schuster et al. [9] presented a model for steam
gasification through thermodynamic equilibrium equations. They
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carried out a sensitivity study and concluded that two factors have
a considerable effect on gasification chemical efficiency, including
gasification temperature and the oxygen content in the fuel.
Meantime, several studies have also been done on syngas utiliza-
tion in high-efficiency and sustainable energy plants. For instance,
an analysis is performed by Bartela et al. [10] from the economic
aspect for utilization of the Stirling engine in a combined system
based on biomass gasification. Based on their obtained results, the
gasification-based system with a Stirling engine is more justified for
a higher ratio of the sale price of electricity to the sale price of heat.

1.2. Biomass gasification-based solid oxide fuel cell

Fuel cells, such as solid oxide fuel cells (SOFCs), are efficient
systems that can directly convert chemical substrates into elec-
tricity. The most important advantages of the fuel cells are
vibration-free and noise-free operation, high efficiency, and low
environmental contamination [11]. Accordingly, many researchers
devised and analyzed integrated energy systems consisting of a
biomass-based SOFC. Li et al. [12] performed a techno-economic
analysis on tubular SOFC, where N, O is considered as the oxidant
instead of air. They revealed that the power density is increased
about 50% where a considerable decrement in greenhouse gas
emissions was observed. Doherty et al. [ 13] evaluated the feasibility
of an integrated biomass gasification SOFC system. Based on their
results, the steam to carbon ratio and steam content of the biomass
should be as low as possible, while hot syngas cleaning is preferred.
Tan et al. [14] proposed an integrated biomass-based SOFC system
consisting of gas expanders and a Kalina system. The results
showed that total exergy destruction might be 397 kW for the base
condition, and the hybrid system’s efficiency would be 64.20%.
Panopoulos [15] designed and analyzed an integrated biomass
gasification-SOFC system where steam is utilized as the gasification
agent. They obtained the values of 36% and 32% for energy and
exergy efficiencies, where the current density is considered
2500 A/m2. Perna et al. [16] experimentally investigated the
biomass-based SOFC system, and they resulted that at the best
operating condition, the power output may be 262 kW.

1.3. Waste heat recovery of solid oxide fuel cell stack

For improving the efficiency of the thermodynamic systems and
decline the pollutants emission to the environment and decline the
fuel utilization, waste heat recovery (WHR) approaches can be
employed. The exhaust off-gases of the SOFC-GT contain a higher
level of waste energy, which can drive the bottoming cycles within
a waste heat recovery unit. Various WHR methods are recom-
mended to reuse the waste heat of the exhaust gases [17]. Some
researchers proposed new configurations for exploiting the exhaust
gases of SOFCs in other systems, e.g., gas turbine (GT), Stirling en-
gine, organic Rankine cycle, and Kalina cycle to provide further
power from the waste heat of the exhaust gases [18]. Ranjbar et al.
[19] studied and compared two configurations consisting of a SOFC/
Kalina and a SOFC/organic Rankine cycle for waste heat recovery of
the SOFC unit. They concluded that the combined system'’s effi-
ciency could be increased by about 33% compared to the stand-
alone SOFC unit. Oryshchyn et al. [20] evaluated fuel consump-
tion in a hybrid system of a gas turbine and an SOFC. The results
revealed that the maximum efficiency of the system might be
75.60%, and for minimized degradation of SOFC, the efficiency de-
creases by about 7%. Ahmadi et al. [21] proposed and analyzed two
different configurations of SOFC-driven combined systems for po-
wer and heating production. They evaluated the proposed systems
from the energy and exergy viewpoints. The results indicated that
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the energy efficiency could be enhanced by 60.05% compared to the
stand-alone SOFC system by utilization of solid oxide fuel cell-
Absorption refrigeration cycle-Domestic hot water (SOFC-APC-
DHW) configuration. Haseli et al. [22] analyzed an integrated sys-
tem consisting of a SOFC and GT from the energy and exergy
viewpoints. The results revealed that by raising the gas turbine inlet
temperature, the energy efficiency of the system decreases but
power output increases.

1.4. Organic flash cycle

One of the main challenges in cycles using organic fluids as the
working fluid is the high exergy destruction (chiefly in evapora-
tors), where the temperature mismatch of hot flow and cold flow is
the main reason for the exergy dissipation. Some methods are
presented to reduce the exergy destruction rate, such as the
application of the transcritical, trilateral, and two-stage systems
and utilization of the zeotropic mixture as the working fluid.
Organic flash cycles (OFCs) are another solution to avoid the pinch
limitation of the conventional ORCs in which the working fluid
becomes a saturated liquid in the heat absorber during the heat
addition process; the saturated working is then flashed to produce
a two-phase mixture. Ho et al. [23] studied the power generation
capacity of the organic flash cycle compared to the basic ORC sys-
tem. They resulted that the OFC power generation capacity is
comparable to the power generation capacity of the ORC unit. A
comparison is presented by Lee et al. [24] from the thermodynamic
viewpoint for three different configurations, including the basic
OFC, OFC with a two-phase expander, and an ORC cycle. Regarding
their results, the OFC system can efficiently generate higher power
from low-temperature heat sources compared to the other two
systems. Hedelu and Boyaghchi [25] proposed four novel configu-
rations of two-stage expander organic flash cycles (EOFCs) based on
the ejector. They analyzed the devised systems from the exergy,
exergoeconomic, and exergoenvironmental perspectives. A per-
formance comparison revealed that the net output power, energy
efficiency, and exergy efficiency are improved by 16.83%, 13.05%,
and 10.99%, receptively, in EF1-EOFC, E-EOFC, and DE-EOFC relative
to the base EOFC. Wu et al. [26] proposed a novel combined cooling
and power (CCP) system consisting of an OFC cycle and an
ammonia-water absorption refrigeration cycle. They also studied
the effect of eight different organic flash cycle working fluids.
Among the eight considered organic fluids, the n-Nonane brings
the lowest total product unit cost and highest exergy efficiency.

1.5. Main contributions and novelties

To the best of the authors’ knowledge and based on the
reviewed literature in the above paragraphs, many investigations
have been devoted to devising and studying new hybrid systems
based on the SOFC system; however, there is no study on biomass-
based SOFC integrated with a GT and OFC. Accordingly, a novel
configuration of biomass gasification and SOFC/GT/OFC is devised
for power generation purposes. Exploiting the organic flash cycle
for the waste heat recovery of the SOFC is another novelty of the
devised plant for decreasing the environmental impacts and
increasing power generation capacity. The main objective of this
work is to investigate the feasibility of the proposed system from
thermodynamic, economic, and environmental viewpoints. Hence,
the proposed power generation plant is analyzed thoroughly from
the energy, exergy, exergoeconomic, and environmental (4E)
viewpoints. Also, a multi-objective particle swarm optimizer is
applied for the proposed system in which air is considered as the
gasifier agent to maximize the exergy efficiency and minimize total
product cost and Levelized total emission at the same time.
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The main objectives and novelties of the present work can be
summarized as:

e To devise a novel configuration for power generation aims,
employing Gasifier, SOFC, gas turbine, and OFC systems.

e To study the energy, exergy, environmental, and economic as-
pects of the devised system.

e To decrease the environmental impacts and increase the power
generation capacity by exploiting the waste energy of the
topping system in the OFC system.

o To investigate the feasibility of the proposed system using net
present value and payback period concepts.

e To obtain the optimum solution points as Pareto frontiers and
calculate the most favorable solution points from various
perspectives.

e To study the scatter distribution of the decision variables and
determine the best operating range of the decision variables.

2. System description and presumptions

The schematic diagram of the proposed power generation plant
is presented in Fig. 1. A downdraft gasifier is employed to prepare
the syngas for the SOFC, and a GT and OFC is selected to exploit the
waste heat of the SOFC. Initially, the air compressor is used to
compress the ambient air (state 1) into the heat exchanger (state 2).
Then, the compressed air is heated up by afterburner output gases
(state 3a) and mixed with the recirculated gases of the cathode
(state 3b) in the mixer and delivered to the cathode-side channel
(state 3). On the other side, biomass is supplied as the fuel into the
gasifier (state 5). The high-temperature air heated up in the air
preheater by the afterburner exhaust gases is fed as the gasification
agent (process 15 to 16). In the gasifier, considering all phenomena
and reactions, the produced syngas is blown by the blower into the
mixer (process 6 — 7). In the mixer, the recirculated gases of the
anode (state 8b) are mixed in the mixer with the syngas, and the
output mixed gases are fed into the anode (state 8). Regarding the
electrochemical reactions in the SOFC stack, the SOFC stack can
generate DC, which can be further converted to AC by inverter. After
completing all phenomena in the SOFC stack, part of the un-reacted
off-gases in the anode and cathode (states 3b and 8b) are recircu-
lated, and part of off-gases are burnt in the afterburner (states 4a
and 9b). Following that, the outlet gases of the afterburner (state
10) pass within an air preheater to heat the input air of the gasifier
unit. Subsequently, after heating the air in the air preheater, the off-
gases (state 11) pass within the air heat exchanger to heat the inlet
air of the cathode. Afterward, the exhaust high-temperature off-
gases pass through a gas turbine to improve the power generation
capacity (process 12 — 13). Eventually, the exhaust gases of the GT
are delivered to the OFC system in the heat exchanger for further
electricity generation.

Gasification

Fig. 1. Schematic of the proposed combined SOFC/GT-OFC system.
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On the other hand, the organic flash cycle operates by obtaining
the energy from the gas turbine off-gases in the heat exchanger. The
OFC detailed layout and the corresponding T-s diagram with
Toluene as the working fluid are shown in Fig. 2.

The working process of the OFC cycle is described as follows:
after being heated in the heat exchanger to saturated liquid (pro-
cess 17 — 18), the working fluid undergoes an expansion process in
the throttling valve to produce a two-phase flow (process 18 — 19).
Following the expansion valve, the two-phase working fluid is
divided into two streams; saturated liquid and vapor flow (states 22
and 20). The saturated vapor flow is delivered to the steam turbine
to be expanded within the turbine for power generation (process
20 — 21). The saturated flow leaving the flash evaporator throttles
in the low-pressure throttling valve (process 22 — 23). Then, the
flows leaving the turbine and throttling valve are mixed in the
mixer. Subsequently, the working fluid is condensed to a saturated
liquid using cooling water in the condenser (process 24 — 25).
Ultimately, the saturated liquid is pressurized by the circulating
pump to the heat exchanger pressure (state 17) and completes the
cycle.

Main assumptions and limitations of this study are as follows
[21]:

e The ideal gas assumption is considered for the air, syngas, and
flue gases.

e For the simplified analysis, the steady-state condition is
assumed for the analyses.

¢ Kinetic and potential energy changes are neglected.

e Heat loss from the boundary of each component is neglected.

e The contact resistance in the SOFC layers is negligible.

Also, some main input parameters for the steady-state simula-
tion are presented in Table 1.

3. Mathematical modeling of system components

Here, the proposed power generation system is comprehen-
sively analyzed from the energy, exergy, economic, exer-
goeconomic, and environmental perspectives. The Engineering
equation solver (EES) software is used to calculate the corre-
sponding equations based on energy, exergy, and exergoeconomic
analyses [27]. EES is a general equation-solving program that can
numerically solve thousands of coupled non-linear algebraic and
differential equations. A major feature of EES is high accuracy
thermodynamic and transport property database that is provided
for hundreds of substances in a manner that allows it to be used
with the equation solving capability.

3.1. Mass, energy, and exergy analysis

In this subsection, mass, energy, and exergy balance equations
are employed for assessment of the suggested cycle as follows
[28,29]:

meZmzo (1)

out
Q*W = Zmouthout - Zminhin (2)

ED = ZEin - Z E.':out (3)

Where m is the mass flow rate, h denotes the specific enthalpy, Q
and W are the heat transfer rate and mechanical powers, and in and
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Fig. 2. Demonstrative outline of the organic flash cycle with corresponding T-S diagram.

Table 1
Some of the main input parameters for the steady-state simulation of the devised
system.

Parameter Value Parameter Value
Tg[°C] 600 A,[m?2] 0.01
Tinlet,air["C] 25 Tsorcintet|C] 726.85
Tinlet biomass[*C] 25 Janode[A /m?] 6500
Nis GT[%] 80 Jcathode A /m?] 2500
Tcond [OC] 15 Lanode [mm] 0.5
Tis [O C] 286 Lcathode [mm] 0.05
ATPP,H.X. [D C] 20 Lelectrolyte [mm] 0.01
Tio[°C] 230 Linterconnect[Mmm] 3

Nis st(%] 85 Neens [ =] 11000
Mis,Pump %] 85 MEc = Nac [%] 85
jA/ m?] 5000 Rer [—] 04
Ug[ — ] 0.85 PRac [ — ] 1.21
Ragl ] 0.4 PRec| — | 121
ATtack [O q 100 Niny[%] 95

out refers to the input and output streams in each component. Also,
the exergy rate includes chemical and physical exergy, and Ep, de-
notes for exergy destruction rate. Exergy balance equations as well
as exergetic efficiency for different components in the system is
presented in Table 2.

3.1.1. Gasification analysis

In this paper, the downdraft gasifier is considered to supply the
required fuel of the SOFC stack. The equilibrium condition is
considered regarding the thermodynamic equilibrium for all re-
actions. Relevant reactions to the gasification process are pre-
sented, in which air is considered as the gasification agent [30,31]:

Boudouard reaction C+ CO; <> 2CO; AH = +172 MJ/kmol (4)

Water — gas heterogeneous reaction C +H;0«+ CO + Hy; AH
= +131 MJ/kmol

(5)
Methane formation reaction C + 2H, < CH,; AH
= —75 MJ/kmol (6)
Water — gas shift reaction CO +H,0 < CO, + Hy; AH
= —41 MJ/kmol (7)

Additionally, the global gasification reaction for the air as the
gasification agent is [32]:

CHaObNC —+ WHzo —+ nair[Oz + 376N2] R HHZ H2 + ncoco (8)
+ ¢, COz + ny,oHy0 + ney, CHy + n, Ny
Where CH,0, N, is the biomass fuel, w is the moisture content of
biomass, n,;; indicates the kmol of the gasification agent. Mass
balance for Carbon, Oxygen, Hydrogen, and Nitrogen is imple-
mented to determine the relevant coefficients. The ultimate anal-
ysis of biomass is considered as:
50% C; 6% H; 0% N; 0% S;44% 0;0% Ash, and HHV = 19.97 MJ/kg.
The equilibrium condition is assumed for the reactions. In this
regard, the equilibrium constants for methane formation and
water-gas shift reactions are presented as [30]:

K :%(P/Po)f1 9)

l’la2 Ntot

0
K, — 1, 1co, (—P/ PO) (10)

NcoNy,o \ Dtot

Accordingly, the equilibrium constants should be computed
using Gibbs function [33]:

0
_% — Ik, (11)

g

0
A6 ik, (12)

RT,

Where Tg denotes the gasification temperature based on Kelvin.

AGY = (Hm, - Tg§8H4) 2 (HHZ - Tgﬁﬁz) (13)

~AGY = (HC02 - nggoz) + (HHZ - nggz) - (Hco - ng(c)o)

- (HHZO - nggzo)
(14)

Finally, the energy balance is used for the gasification system for
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Table 2

Exergy balance equations as well as exergetic efficiency for different components in the system.
Component Exergy balance Exergy efficiency
Gasifier Epc =Es+ Eg— Es mic = Ee/(Es + Eqg)
Fuel blower Eprc = Wec-(E7 — Eg) miec = (E7 — E6)/Wec

Air Heat exchanger
Anode mixer
Cathode mixer
SOFC Stack
Afterburner
Inverter

Air preheater
Gas turbine

Air compressor
Heat exchanger
Flash evaporator
Turbine

Mixer
Throttling valve
Condenser
Pump

Epanx = E11 — Er — (Esa — E2)
Epam = E7 + Egp — Es
Epcm = E3p + Esa — E3

Epsorc = E3 + Es — (E4 + Eg) — Wsorc stack.pe

Epap = E4a + Egp — Eqq

Epinv = Wsorc stack pc — WsoFc stack.AC

Epap = E10— E11 — (E6 — Eis)
Epcr =E1z2 — (B3 + Wer)

Epac =Wac— (E2 — Eq)

Epnx = Ei3 — E1g — (E1s — Eq7)
Epkva = E1s — (Exo + E2)

Epr = Ezo — (E21 + Wsr)

Epm = Ez1 + Eo3 — Ens

Ephv = Ez3 — Ex

Ep.cond = (Ez4 + Ea5) — (E27 — Eae)
Eppm = Wpm — (E17 — Eos)

Manx = (Esa — E2)/(E11 — Eq2)
Mam = Eg/(E7 + Egp)
Miem = E3/(Esp + Esa)

Misorcstack = (Ea + Es — Weorc stacknc)/(Es + Es)

Miag = E11/(Esa + Egp)

MmNy = Wsorc stack ac/ Wsorc stack.pc
Miap = (Eie — E15)/(Ero — Eq1)
Mmicr = (B3 + War)/Er2

Miac = (B2 — Eq)/Wac

mpx = (Eis — E7)/(E13 — E1g)
Mgva = (E20 + E22)/Ers

mir = (Ea1 + Wer)/Ezo

Mmim = E2a/(Ex1 + E3)

Mithy = E22/E23

Micond = (E27 — E2g)/(Ea + Ezs)
Mipm = (E17 — E25)/Wpm

obtaining the air to fuel ratio.

Regarding performed works in the literature, H, dominates over
CO from the charge transfer viewpoint. Main part of the current is

- —0 —0 — —0 — —0 — —0 —
D P biomass + W x Nt 1,0 = N, (hmz + Ath) +Nco (hf,co + Ahco) +Nco, (hf,COZ + Ahcoz) +Ny,0 (hfinzO + Atho)

—0 — —0 —
+ Ncy, (hf.CH4 + AhCH4) + N, (hf.,N2 + Ath)

3.1.2. Solid oxide fuel cell

Solid oxide fuel cell is an electrochemical device which converts
the chemical energy to electricity directly. Different range of fuels
can be employed to drive the SOFC. In this work, the product syngas

(15)

generated by H, oxidation and effect of the CO oxidation is negli-
gible [34]. Therefore, based on an acceptable approximation, it is
assumed that CO only contributes in the water-gas-shift reaction.
Accordingly, the equilibrium constants of the reforming reaction

and shifting reactions can be determined by Ref. [34]:

AgY [flco +Xr — Yr} X {th +3Xr +Yr — Zr} p2
InKg = — = =In 2
FC, e : : n:. .+ 2Xp
: Ncy, +Xr| X |Ng0 —Xr — Yr + Zr tot, in
of the gasifier is used to fed into stack. The related reforming and
shifting reactions of the SOFC stack are respectively defined as [16]:
Reforming reaction x; — CH4 + H,O—CO + 3H, (16) Ago (ﬁcoz +Yr) « (ﬁHz 3%y — Zr)
InKg=——55_=In
Shifting reactiony ; — CO + H,0—CO, + H, (17) RTec e

In addition, the overall reaction is presented by:

Overall reaction z; — H, + 0.50, - H,0 (18)

(19)

(ﬁco +Xr — Yr> X (ﬁHzo —Xr—Yr+ Zr)

(20)

Furthermore, according to the Faraday’s law, the current density
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can be defined as [21]:

. neFzp

T NeAC

(21)

Where A¢ and N. indicate the cell’s area and the number of cells in
the stack. F denotes the Faraday constant, and n. refers to the
number of electrons that participate in the electrochemical re-
actions of SOFC which is equal to 2 here [34]. Also, in these equation
the temperature unit is considered K.

Moreover, the fuel utilization factor that shows the amount of
the consumed fuel (or reacted hydrogen) is calculated as [34]:

Zr

_ 22
Ny, +3X; + Vi (22)

Uy

Furthermore, the generated electrical power by the SOFC stack is
given by Ref. [19]:

Wiorc, stackpc =NeAcjVe (23)

Wisorc stack, Ac = Wsorc, stack, DC X Tiny (24)
The net electrical power generated in the SOFC system is defined

by:

Wsorc =Wsorc, stack, ac — Wre — Wac (25)
The cell voltage is expressed as [34]:

Ve :VN - vloss (26)
The Nernst equation is applied to compute the reversible cell

voltage as [20]:

A R

Vy = —
N neF  neF

n [szo } 27)
szm

Herein, T¢[K] is the stack’s operating temperature and py,, Po,.
and py,o refer to partial pressures. Moreover, the polarization
losses can be defined by Ref. [20]:

Vioss = Vohm + Vact + Veonc (28)

There are other useful relations to calculate the activation,
concentration, and Ohmic polarizations that are comprehensively
presented in Refs. [35—37].

3.2. Thermoeconomic analysisde

To evaluate the exergoeconomic performance of the energy
systems, especially thermodynamic plants, several methods have
been proposed, among which the specific exergy costing (SPECO)
methodology has been extensively employed to assess the exer-
goeconomic performance. So, for applying the SPECO method on
the energy systems, the cost balance equations and auxiliary
equations are used for all elements for obtaining the cost for exergy

flows. Following equations is given for cost balance of Kk compo-
nent of the system [38]:

Z Cout, kT Cw k = Z Cin, k+ Cq k+ Zk (29)

Also, Eq. (29) can be rewritten as:

E E + W, = E E). + B, +2Z
out, f , s
(C ) ut,k Cw kWK (C )m,k qu q.k k (30)
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Where C represents the corresponding cost rate for the inlet and

outlet exergy flows, heat and work. Also, Z denotes the capital cost
which is defined as [38]:

. .Cl  -0M
Le=2Z + 2 (31)
. .OM . . .
In these equations, Z,  is the operational. and maintenance

costs. Also, ZE[ is the annual Levelized capital investing cost of each
element, and it’s computed by Ref. [38]:

2= (32)

Where 7 indicates the annual operational hours of the cycle and
CRF is the capital recovery factor that is defined as follows [39]:

ir(1+ ir)n

CRF=_"- T 1)
(1+i)" —1

(33)

Where i; is the interest rate and n is the number of operating years.

Moreover, cost of k™ component for the year 2018 is considered in

the following form [40]:
B CEPCl,ef

Zief=Zg x [CTCIO (34)

The related cost equations for each component of the proposed
system are listed in Table 3.

Furthermore, cost balances as well as the relevant auxiliary re-
lations of each element are provided in Table 4.

For attaining the overall area of the heat exchangers in the
proposed system, the total heat transfer coefficient and logarithmic
mean temperature difference (LMTD) are considered, hence the
total heat transfer area is calculated as follows [41]:

Qk

A= U ATpmrp

(35)
The overall coefficients of heat transfer for the year 2000 for the
heat exchanging components are given in Table 5.

3.3. Evaluation metrics of the suggested system

The first-law efficiency is actually the proportion of the entire
generated power to the inlet energy of the cycle. This metric is
given by:

_ Total Product  Wyet (36)
"= Total Input Energy _ iy x LHV

Whet = Wsorc + War + Wore — Wac — Wie (37)

The exergy performance and the second law performance are
two different concepts. The second law performance is actually the
proportion of the real generator work of the cycle to the max
plausible work that is happened in the reversible procedure. While
the exergy performance is defined as the proportion of the useful or
generated exergy to the input exergy and is presented by:

Total Generated Exergy Wiet
Total Input Exergy ~ Exs + Exqg

= (38)

Also, the sum unit cost of the product for the devised system is
calculated as:
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Cost rate balances and auxiliary equations for components of proposed system.

Table 3
Cost function equations for components of proposed system.
Components Cost functions Ref. year Cost index
Gasifier Zc = 1600 x (mdrybiomass)om 2014 576.1
Air preheater Anp\ 078 2005 468
Zpp = 130 x ﬁ)
Air compressor . 0.67 2003 402
-~ Wiac
Zpc = 91562 (E
Air heat exchanger Ann 078 2005 468
Zanx = 130 x (%)
Fuel compressor . 0.67 2003 402
- Wac
Zpc = 91562 455
Mixer Zyixer = 0 - -
SOFC stack Zsorc = AactNee (29T — 1907) 2007 525
Inverter . 0.7 2002 396
W,
Afterburner . 1994 368
-~ 46.08 x myg
Zec = (m> {1 + exp(0.018Txp) — 26.4]
Gas turbine . 1994 368
479.34 x my; (P13>
Zer = | —ne——=|In( =) x [1 + exp(0.036T;,) — 54.4
cT ( 092 ey ) Pry [ p( 12) ]
Heat exchanger Zux. = 309.14( Agx )% 2001 394.1
i ., 05
Turbine Zrurorc = 4750 x Waar 2001 394.1
Mixer Zpgixer =0 — —
Flash evaporator Zgash =0 - -
Pump Zpu = 200(Wpu)0~55 2001 394.1
Throttling valve Zgy = 114.5 x my, 2001 394.1
Condenser Zeond = 516.62 x (Aong)®® 2001 394.1
Table 4

Component

Cost balance

Auxiliary equations

Gasifier
Fuel blower

Air Heat exchanger

Anode mixer
Cathode mixer
SOFC Stack
Afterburner

Inverter
Air preheater
Gas turbine

ZG.PY + G5+ Cig =Gg

Zeepy + Co+ Cwre = G

Zanxpy + C11+ G = (Gaa + Cp2)

Zampy + 7+ Cgp = Gg

Zempy(0) + Cap+ G4 = G5

Zsorcstackpy + (C3 + Cs) = (C4 + Co) + Cu sorcstack
Zpppy + Caa + Cop = Cro

Zinvpy + Cwsorcoe = Cw sorcac
Zpppy + Cro+ Ci5 = Ci1+ Cie
Zgrpy + C12 = (Ci3 + Cwer)

5 =28/G],cig =0

Cw,Fc = Cw SOFC,AC
€11 =C2

N/A

N/A

C9 = Cw,soFc,DC» €4 = Cw,SOFC,DC

Cop = Cgp » C4a = C3p

Cogp =Cg,Cqa =C4
N/A

Ci6 = C15,C10 = C11

Ci3 =C2

Compressor Zacry + €1 = (€ + Cwac) ¢ =0, cwac = Cw.sorcac
Heat exchanger Zuxpy + C13+ C17 = (Ci4 + Cig) C17 = Cig
Flash evaporator Zevapy + Cig = (Coo + C2) C0 =C22
Turbine Zrpy + Coo = (Co1 + Cwr) C0 = C21
Mixer Znpy(0)+ Co1 + Co3 = Cog N/A
Throttling valve Zinwpy + Coo = Co3 € =C23
Condenser Zeonapy + Caa+ Cos = (Cas + Ca7) €24 = Ca5
Pump Zpmpy + Cwpm + Cos = C17 N/A
Table 5
Heat transfer coefficients for heat exchangers of the proposed
system.
Components U W/m? K] Z?f1zk + Z?ﬁ CFi 39
C =
Air preheater 1000 p.tot ( )
Air heat exchanger 1000
Heat exchanger 900 Throughout the system’s lifetime, the total investment gain is
Condenser 1100

presented as the net present value (NPV), which is expressed as [1]:
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1+nN-1

NPV = — Co + CF
0 r(1+ )V

(40)

Where N denotes the project’s lifetime, which is considered 20
years in this study, CF is the annual income cash flow, Cy is the
investment cost of total system, and r represents the discount
factor, which is considered 3%.

A new criterion is defined for evaluating the system perfor-
mance from the environmental viewpoint in the present work.
Levelized total emissions (LTE) expresses the ratio of the pollutants
and greenhouse gasses emissions during the considered lifetime to
the net produced power.

Total Emissions During The Cycle Lifetime
Net Generated Power

_ l‘hCOz, emmited

V.\/Net

LTE=

(41)

3.4. Multi-objective optimization

A common problem in designing energy systems is facing
various conflicting objectives. Optimizing the energy system can
resolve this issue and help engineers devise high-efficient and
economical energy systems. Typically, the conflicting objectives
may be exergy efficiency, power generation, total product cost, total
cost rate, Levelized emissions, and hydrogen production rate.
Selecting the conflicting objectives correlates with the perspective
of the decision-makers. The system operates at a wide range of
operating points. Accordingly, the system should be optimized for
efficient and affordable operation; so the system can be designed
based on the optimum operating conditions. For the optimization
process in the present study, a robust computational code is
developed in Matlab software. In the present work, the proposed
multi-objective problem (MOP) is solved by the multi-objective
particle swarm optimization (MOPSO) approach in Matlab to find
the most preferred solutions. Finally, the Technique for Order Per-
formance by Similarity to Ideal Solution (TOPSIS) method is applied
to select the final optimal solution [31].

The decision parameters varied in particular intervals to attain
the best solution points, and along with the decision parameters,
the other parameters of the system are calculated. Six primary
decision parameters are assumed to achieve the optimal values
under the proposed multi-objective optimization approach. In this
paper, three factors are considered as objectives, including total
product cost, Levelized total emission, and exergy efficiency as:

Min{ — 1, LTE , Cp ot} (42)

The range of decision variables for the parametric analysis is
given in Table 6.

Table 6
Domain of major decision parameters.

Parameter Range

3000 <j <4000 [A/m?]
95 < ATpe < 120 [°C]
0.60 <Ug <0.86[ — |
0.10<Rpg <042 [ ]
1.25<PRpc <250 [ — ]
1.25<PRpc <250 [ — |

Current density (j)

Stack temperature difference (ATgg,q)
Utilization factor (Ug)

Anode recyling ratio (Rag)

Air blower pressure ratio (PRac)

Fuel blower pressure ratio (PRgc)

Energy 224 (2021) 120134

4. Result and discussion

In this section, the effort has been made to present the modeling
results via EES for the proposed power generation system. Firstly,
for verifying the validity of the modeling procedure, the results are
compared with the available data in the literature. Then, to deliver
the parametric study, the base system with basic operating pa-
rameters is defined, and subsequently, the effect of various pa-
rameters on the system performance is determined. Afterward, the
results of the optimization procedure are comprehensively
presented.

4.1. Model validation

Any energy system’s validity will be proven when the outputs
related to each of its sub-systems be validated. Accordingly, in the
present study, results reported by Tao et al. [42] are considered to
validate the SOFC component. On the other hand, to ensure the
obtained data for the biomass gasification unit, the results of three
reliable reference works, including Gholamian et al. [43], Zainal
et al. [44], and Alauddin [45], are considered. In the validation
procedure, all of the problem conditions and assumptions are
considered similar between the current investigation and reference
investigations.

The results of the validation are presented in Fig. 3a and b for
SOFC and gasifier units, respectively. As Fig. 3a demonstrates, the
results of the present modeling fit well on available experimental
results with a maximum relative error of 4.77%. Also, as indicated in
Fig. 3b for the gasification process and considering the root mean
squared deviation (RMSD) metric, the results obtained here are in
excellent agreement with those of experimental and other nu-
merical works. The reason for the deviation could be found in the
method of problem modeling and the difference of softwares in
which the computational codes have been developed.

—0—V,: Present model
@ V. Taoetel

W/A:Present model
@ W/A: Taoetal

V
/
[
L]

Cell volta
L \

t
0.0 02 04 0.6

J[A/em?)

(a)
2 Present work [ Gholamian et al. [B88 Zainal etal. [ | Experiment

504
RMSD

Present work = 0.463
Gholamian et al. = 1.086

w r'S
8 3
n n

W
"

Molar fraction [%]

10 4

\\\\
O 0 o &

CH4 I
Component

(b)

Fig. 3. Validation of modeling results for the a) SOFC stack and b) Gasification unit.



C. Cheng, J. Cherian, M.S. Sial et al.
4.2. Results of the modeling for the base system

In this sub-section, the effort has been made to present the re-
sults of the base system with input parameters as listed in Table 1.
Thermodynamic modeling is started by calculating all the required
thermophysical characteristics of the state points in the system. The
outputs of the thermophysical characteristics are presented in
Table 7.

The main performance criteria for the suggested power gener-
ation system are presented in Table 8, where the net output power
is obtained 425.39 kW.

The power generation and utilization of the power-based
components of the system are presented in Fig. 4. As shown, due
to the high flow rate of air, the air compressor is contributed to the
highest power utilization rate by 34.45 kW. The electrical power
consumption rate of the fuel blower, pump, and compressor is
atoned by the power generated within the turbine in the OFC sub-
system, which bolsters the idea of the combination of the SOFC/GT
with OFC. More from Table 8, the energetic and exergetic effi-
ciencies of the proposed plant is calculated by 49.37% and 42.50%,
respectively. Also, the total cost of products and Levelized total
emission for are obtained as 5.52 $/GJ and 29.62 t/MWh.

The exergy flow, as well as the exergy destruction rate of each
component in the devised system is shown in Fig. 5. According to
the second-law principle of the thermodynamic, the term irre-
versibility is defined as the destruction of the exergy. The main
reasons for the irreversibility of any process are the heat transfer
and pressure drop within the components of the plant. Based on
Fig. 5, the maximum rate of exergy destruction belongs to air heat
exchanger. From 1001 kW input exergy, 229.60 kW is destructed in
the air heat exchanger. Also, it can be seen that the OFC subsystem
holds a lower exergy destruction rate, where, from the total input

Table 7
Characteristics at state points of the system.

State  T[°C] PlkPa] Ex [kW] m [kg /5] c[$/G]] C[$/h]
1 25.00 101.32 7.30 1.67 0.00 0.00
2 45.82 122.60 35.27 1.67 5.53 0.70
3a 661.10 120.20 516.70 1.67 7.18 13.35
3 726.85 117.80 1050 2.70 5.08 22.18
3b 826.85 115.40 534.60 1.03 4.59 8.83
4 826.85 115.40 1249 2.65 4.59 20.63
4a 826.85 115.40 749.50 1.59 4.59 12.38
5 25.00 101.32 1001 0.05 2.00 7.21
6 610 101.30 862.70 0.09 244 7.59
7 640.10 122.60 850.30 0.09 2.56 7.99
8 726.85 122.60 1042 0.18 291 10.90
8b 826.85 120.10 178 0.09 294 4.59
9 826.85 120.10 445 0.23 4.59 7.35
9b 826.85 120.10 267 0.14 4.59 441
10 902.10 109.70 954.60 1.73 4.90 16.80
11 893.70 107.50 938.40 1.73 4.90 16.60
12 356.10 105.30 227.40 1.73 4.90 4.01
13 328.10 84.05 171.90 1.73 4.90 3.03
14 43.39 85.30 248 1.73 4.90 14.50
15 25 101.30 0.00 0.04 0.00 0.00
16 500 101.30 7.16 0.04 1.84 0.30
17 35.95 2735 3.395 0.92 5.00 0.06
18 285.90 2735 152.4 0.92 3.92 2.14
19 230 1231 147.5 0.93 3.05 1.62
20 230 1231 108.6 0.55 0.25 0.097
21 90 2.21 4932 0.55 0.25 0.004
22 230 1231 38.89 0.38 0.53 0.074
23 37.48 2.21 0.24 0.38 2.52 0.002
24 69.56 2.21 432 0.92 0.32 0.004
25 35 6.25 0.81 0.92 0.32 0.001
26 15 100 0.00 9.97 0.00 0.00
27 25 100 0.025 9.97 3.99 0.82

10
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Table 8

Main simulation outputs of proposed system at base conditions.
Performance index Value Unit
Net output power (Whet) 425.39 [kw]
Energy efficiency (n;) 49.37 %]
Exergy efficiency (ny) 42.45 [%]
Levelized total emission of the system (LTE) 29.62 [t/MWh]
Total exergy destruction (Ep o) 575.61 [kw]
Total product cost (Cp. tot) 5.52 [$/G]J]

500 T T T T | |
Produced power 4253
i I Consumed power ==
] Total output power
326.506
300
=
=
= 2004
[
z \
£
100 105.4
52.73 \
N
I 30
-100 | |
‘\)“d\“\" ‘\“‘0'\“c ~:_,0‘eL %\o\“‘c‘ Qu® st o
S & <o ® o
G W P‘“ C \ oW

Fig. 4. Generated and consumed electricity in the proposed system.

exergy, only 41.55 KW is destroyed in the OFC cycle. The rate of
exergy loss is also considered in the Grossman diagram, which is
calculated by 2.48 kW. The total useful exergy is obtained by
425.39 kW, thus, the exergetic efficiency calculated as 42.50%.

Moreover, the contribution of each component in the total
exergy destruction rate is plotted in Fig. 6. As can be seen from Fig. 6
that the air heat exchanger is responsible for 40% of total exergy
destruction as the highest value. Also, the OFC subsystem holds
7.25% of the total exergy destruction rate. Among different com-
ponents of the OFC unit, the turbine holds the maximum irre-
versibility by 2.67%, which is followed by the condenser with 1.94%
of the total exergy destruction rate. The lowest irreversibility rate is
associated with the OFC heat exchanger, with 0.16% of the total
exergy destruction rate.

Table 9 presents the results of the exergy and exergoeconomic
analysis for each component of the proposed system. The highest
investment cost (Z) amongst various components in the system
refers to SOFC stack by 0.54 $/h. Another parameter of Table 9 is the
cost of exergy destruction, in which the greatest rate of exergy
destruction cost lies in the gas turbine by 4.05 $/h. This is due to
the fact that the turbine has a relatively great exergy destruction
rate and fuel cost.

4.3. Parametric analysis

Parametric analysis is performed to study the effect of the
leading effective parameters on performance, economic, and
emissions indicators and compare the results. The range of decision
variables for the parametric analysis is given in Table 6. The main
findings of the parametric study are presented in Figs. 7—12.
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Fig. 5. Exergy flow and share of exergy destruction from total input exergy for each component of the system.

Cycle [kW]
Gasifier
W Fucl blower
. Airpreheater
I Mixer
| Air heat exchanger
I Compressor
Afterburner
W sorc
© Gas trbine
. orC

Exergy loss
OFC [kW]
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Fig. 6. Contribution of each component of the system to total exergy destruction.

Table 9

Results of exergy and exergoeconomic analyses.
Component Er [KW] Ep [KW] Ep (kW] Ny (%] e [$/GJ] cp [$/GJ] Gy [$/h) Cp [$/h] Z[$/h]
Gasifier 1008 862.70 146.18 85.57 2.07 2.44 0 1.09 0.07
Fuel blower 21.33 532 16.01 24.92 4.98 1.78 0 0.29 0.026
Air Compressor 34.45 27.96 6.49 81.16 4.98 5.77 0 0.12 0.03
Air heat exchenger 711.00 481.40 229.60 67.71 4.90 7.30 4.05 4.05 0.10
Gas turbine 55.53 52.73 2.81 94.94 4.90 4.39 0.05 0.05 0.04
Cathode mixer 1051 1040 11.02 99.90 5.86 4.74 0 0.02 0
Anode mixer 1046 1042 3.99 99.66 2.90 291 0 0.03 0
Inverter 321.50 310.40 11.10 95.00 4.59 4.09 0 0.28 0.17
SOFC stack 2093 2038 54.95 97.37 4.40 4.59 0 0.87 0.54
After burner 1017 954.60 61.96 93.90 4.59 4.90 0 1.02 0.06
Heat exchenger 16.13 7.16 8.98 44.36 4.90 11.84 0.15 0.16 0.02
Pump 9.49 2.99 6.45 85.93 6.84 6.64 0 0.16 0.0006
Flash Evaporator 174.30 173.40 0.94 99.90 4.90 4.94 0 0.02 0.0080
Turbine 120.70 105.40 15.29 87.33 5.44 6.84 0 0.30 0.23
Condenser 7.08 4.08 2.99 57.73 31.79 35.41 0 0.34 0.0050
Mixer 11.20 433 6.87 99.90 5.82 6.35 0 0.23 0.02
System 7697.74 7112.47 585.66 42.50 34.45 128.58 4.25 8.80 1.31

4.3.1. Effect of the SOFC stack’s temperature difference on the main
performance criteria

Fig. 7 presents the effect of temperature difference of the SOFC
stack (ATs,q) on the main performance criteria. As shown, by the

1

increment of ATy, from 95 to 120°C, net output power, and
consequently, the energy and exergy efficiencies increase. The main
reason for these trends is that with consideration of a constant
temperature value at the SOFC inlet, by augmentation of AT, the
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Fig. 7. Effect of the SOFC stack’s temperature difference on the main performance
criteria.
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Fig. 9. Effect of the air compressor pressure ratio mass on the main performance
criteria.

outlet temperature of the SOFC stack increases; hence, the inlet
temperature of the gas turbine and OFC heat exchanger increases;
as a result, the power generated by the gas turbine and OFC turbine
increases. Thus, the net output power, energy efficiency, and exergy
efficiency increase subsequently. With the increment of net output
power, the total cost of product and Levelized total emission values
decrease.

4.3.2. Effect of the current density on the main performance criteria
Fig. 8 represents the effect of the current density on the net
output power, energy efficiency, exergy efficiency, total cost of
products, and Levelized total emission. As Fig. 8 demonstrates, by
the increment of current density, the SOFC power output decreases

12
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Fig. 10. Effect of the fuel blower pressure ratio on the main performance criteria.
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Fig. 11. Effect of the anode recycling ratio on the main performance criteria.
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Fig. 12. Effect of the fuel utilization factor on the main performance criteria.

due to the increment of overpotentials. As a result, the net output
power decreases, which is proportional to the changes in the
output power of the SOFC stack, which has a direct effect on the
power capacity according to the net power equation. Similarly,
according to total energy efficiency and exergy relations, the energy
and exergy efficiency of the whole system decrease. With the
decrement of net output power, the total cost of product and Lev-
elized total emission values increase.

4.3.3. Effect of the air compressor pressure ratio mass on the main
performance criteria

Fig. 9 illustrates the effect of the air compressor pressure ratio
on the main performance indicators. This figure indicates that by
incrementing the air compressor pressure ratio from 1.25 to 2.50,
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Fig. 13. Effect of a) electricity price and b) fuel cost on net present value in all of the years during system’s lifetime.
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net output power, energy efficiency, and exergy efficiency increase
while the total cost of products and Levelized total emission
decrease significantly. The main reason for this variation is that as
the PRyc increases, the power generation capacity of the SOFC and
gas turbine increases; therefore, the electrical power increases.
Considering the total cost and LTE relations with the total power of
the system, total cost and LTE decrease.

4.3.4. Effect of the fuel blower pressure ratio on the main
performance criteria

Fig. 10 shows the effects of fuel blower pressure ratio on net
output power, energy and exergy efficiencies, the total cost of
products, and Levelized total emission. By incrementing the fuel
blower pressure ratio, the output power of the gas turbine in-
creases; thus, the net output power increases. By increasing the
total output power, energy and exergy efficiencies increase.
Moreover, by the increment of net output power, the unit cost of
the product decreases, and then the total cost of the product de-
creases. Finally, the Levelized total emission decreases with the
increment of the fuel blower pressure ratio.

4.3.5. Effect of the anode recycling ratio on the main performance
criteria

As a key parameter in the system analysis, the anode recycling
ratio (Ragr) can affect the system'’s performance indices, including
net output power, energy efficiency, exergy efficiency, the total cost
of products, and Levelized total emission, as illustrated in Fig. 11.
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Fig. 15. Scatter distribution of the effective parameters.

The figure indicates that by incrementing of the anode recycling
ratio (Rag), the output power of the SOFC increases, and the power
consumption of fuel blower decreases; thus, the net output power
of the system increases considerably. By increment of the total
output power, energetic and exergetic efficiencies increase subse-
quently. Furthermore, the figure indicates that augmentation of Rag
would decrease the total product costs and Levelized total
emission.

4.3.6. Effect of the fuel utilization factor on the main performance
criteria

Fig. 12 shows the effects of the fuel utilization factor (Us) on the
main performance indicators. According to Fig. 12, as the Us in-
creases from 0.60 to 0.86, the power generation capacity of the
system initially increases and then decreases. Following the power
trend and concerning the power the energy and exergy efficiencies,
these values reach a maximum value and drops then. Due to the
power generation variation trend, the corresponding cost and since
the exergy of generated power increased and after that decreased,
so according to the total cost relation, the total cost of products of
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the entire system is reduced and then increased. Moreover, from
Fig. 12, the LTE value is decreased to a minimum value and
increased after that.

4.4. Net present value and payback period

In this sub-section, a sensitivity analysis is performed for
investigating two economic methods, including payback period
and net present value.

Fig. 13a and b illustrate the effect of electricity selling price
(Celec) and fuel purchasing cost (cge;) on the NPV in plant lifetime,
respectively. Fig. 13a illustrates the NPV variation for cqe; = 6 $/GJ
and different electricity selling value. Based on this figure, it can be
seen for electricity selling price of 0.04 $/kWhand lower, the total
value of NPV at the end of plant is negative, so, the construction of
such plant is not feasible from the economic viewpoint. However,
considering cqe; = 6 $/GJ for purchasing the fuel and cejec = 0.06 —
0.10 $/kWh for selling the electricity, it would be stated that the
construction of such plant is available from the economic
perspective in most countries. For instance, for cg,e = 6 $/GJ and
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Celec = 0.10 $/kWh, the total NPV value for the plant lifetime is
9.8 x 10° $. Also, based on this figure, the payback period (PP)
drops from 9.75 years for ceec = 0.06 $/kWh to 4.25 years for
Celec = 0.10 $/kWh.

Also, the effect of fuel purchase price at ceec = 0.06 $/kWh is
shown in Fig. 13b. For fuel price higher than 10 $/GJ , the value of
the total NPV is negative at the end of plant lifetime. So, for this
plant it takes more than 20years to be profitable, hence, it is not
feasible economically to set up such plant. However, for fuel cost of
6 $/GJ and lower, the plant can be profitable after some years of
working. Moreover, the payback period increases from 6.5 years to
9.8 years as the fuel cost increases from cge = 2 $/GJ O Cre) =
6 $/GJ.

4.5. Optimization results

The Pareto frontier obtained by MOPSO is demonstrated in
Fig. 14. As can be seen, none of Pareto’s results dominates the other.
Each of the points in the Pareto frontier could be considered as an
optimal solution. Hence, a decision-making method should be used
for selecting the appropriate point based on the design re-
quirements. The final optimal solution selected by the TOPSIS
decision-making method is n;; =47.12%, LTE = 23.24 t/ MWh, and
Cp,tot = 5.50 $/G_]

The scatter distribution of six decision variables for the pro-
posed power generation system is presented in Fig. 15. As pictured
in this figure, scatter distribution gives a suitable visual overview of
the results obtained by MOPSO, related to the design parameter of
the last population in the feasible set. 15a presents the distribution
of ATiack, almost all of the optimum solutions are concentrated
around the lower boundary, which means that at this temperature
(close to 94°C) the proposed system has the optimum efficiency.
Fig. 15b shows the distribution of current density on the whole
interval between 2500 <j <4000, in which most of the solution
points are focused below 4000. According to Fig. 15¢, it is observed
that the optimal points of PRc are located between 1.75 and 2.3.
The distribution of the optimal points for the PRgc is presented in
Fig. 15d. As is observed, the optimum points are located at the
ranges of 1.5 and 2. Fig. 15e shows Rpg distribution; most of the
optimum solution points are located between 0.30 and 0.40. Fuel
utilization factor distribution is shown in Fig. 15f, the most of the
optimum points values are between 0.68 and 0.75, which means
the optimum power generation can be obtained in this range.

5. Conclusion

In the present paper, a combined biomass-based solid oxide fuel
cell/gas turbine/organic flash cycle is proposed considering air as
the gasification agent. The thermal energy of the solid oxide fuel
cell’s exhaust gases is recovered in a gas turbine and organic flash
cycle to enhance the power generation. The devised power gener-
ation system is then thoroughly studied from the energy, exergy,
economic, and environmental viewpoints. Ultimately, the proposed
system is optimized by a multi-objective optimization method
considering exergy efficiency, total product cost, and Levelized total
emissions as objective functions. The main conclusions of this study
may be summarized as:

e For the base simulation inputs, the energy and exergy effi-
ciencies of the proposed system is obtained by 49.37% and
42.50%, respectively. Also, net output power, Levelized total
emission, and total product cost are computed by425.39 kW,
29.62 t/MWh, and 5.52 $/G], respectively.
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e By increasing the temperature difference of the fuel cell, the net
output power increases; as a result, the energy and exergy ef-
ficiencies increase to the highest point.

e For the fuel cost of 6 $/GJ and electricity price of 0.10 $/kWh,
the total net present value at the end of plant lifetime is
9.8 x 10° $ and the payback period is 4.25 years.

e The optimal solution selected by the TOPSIS method is obtained
by n; = 47.12%, LTE = 23.24 t/MWHh, and cp ot = 5.50 $/GJ.
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