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Abstract In this article, a hybrid cogeneration scheme based on a solid oxide fuel
cell (SOFC)—gas turbine system and utilizing syngas derived from municipal solid
wastes (MSW)—has been investigated thermodynamically. Steam gasification of
municipal solid wastes produces hydrogen-rich gas that is consumed by the SOFC
stack as fuel. An externally fired air turbine (EFAT) draws the heat of combustion of
the SOFC exhaust via a heat exchanger, while the clean turbine exhaust air itself is
fed to the cathode of the SOFC. A bottoming heat recovery steam generator (HRSG)
further recovers waste heat to produce process steam required for the gasifier as well
as for process heater. Results of the study for base case parameters show that the
integrated system can have a maximum electrical efficiency of about 50%, while
substantial fuel saving (more than 51% when compared with separate power and
steam plants) because of cogeneration of steam required for gasification system.
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1 Introduction

Municipal solid waste (MSW) is considered as one of the most favorable forms of
renewable sources, and currently, it has emerged as a preferable choice for fossil
fuel alternative. Alarming situation of environmental condition across the globe is
the reason for growing interest of renewable power plant with higher efficiency with
lower environmental impact. Solid oxide fuel cell (SOFC) which operates at very
high-temperature (600–1000 °C) [1] is an ideal alternative to conventional power
generation plant. Lesser CO2 emission and higher efficiency make high-temperature
fuel cells more appealing as a power generating unit [2]. Different SOFC-based
systems were modelled and investigated by previous researchers. Roy et al. [2]
investigated a biomass-based SOFC-externally fired gas turbine-organic Rankine
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cycle (ORC) integrated system and it was observed that the highest efficiency of
the system near 50%. Mishra et al. [3] investigated a reversible solid oxide fuel cell
(RSOFC) plant integrated with solar PV/T and they reported highest efficiency to
be 77%. Ghosh et al. [4] investigated proton-conducting RSOFC integrated solar
thermal power plant and they found that maximum efficiency around 65% at cell
operation temperature 873 K and current density of 500 A/m2. Wang et al. [5]
investigated integration of SOFC with process utility plant and they reported the
improvement in efficiency and reduction in emission as fuel cell is added to indus-
tries. Biomass gasification-based modelling and analyzing have been done before
by previous researchers. Pilatau et al. [6] investigated performance of an integrated
gasification combined cycle (IGCC) plant coupled with diesel engine and they found
the possibility of CO2 exhaust reduction to atmosphere by 1.5 times in combined
cycle system with biomass gasifier. Matelli [7] investigated performance assessment
of a biomass-based cogeneration system in which he used a shell for quick proto-
typing. Pande et al. [8] performed experimental and numerical analyses for designing
two-pot biomass cookstove and they found that combined mathematical and compu-
tational helps designing cookstove. Keche et al. [9] simulated air gasification process
employing ASPEN PLUS software and they reported higher conversion efficiency
with babul wood. Cebrucean et al. [10] investigated the performance assessment of
coal-based power systems co-fired with biomass and they reported negative values
of CO2 exhaust capturing carbon from the plant. Rivera-Tinoco and Bouallou [11]
investigated biomass incineration process related to CO2 emissions and reduction of
135Mt of carbonwas observed to produce hydrogen using steammethane reforming.

In this paper, preliminary thermodynamic assessment of a steam gasification-
based SOFC-externally fired air turbine (EFAT) integrated cogeneration plant has
been carried out. Syngas is produced from municipal solid wastes and power is
generated utilizing a SOFC and EFATmodule. Required steam for steam gasification
is obtained by utilizing the heat content of outlet gas stream using a HRSG, from
where we also get additional process heat.

2 Model Description

The simplified flow diagram of the proposed system is shown in Fig. 1.The integrated
systemmainly consists of two subunits: steam gasification unit and power generation
unit.

Municipal waste management (MSWM) system is used to pre-process the MSW
before feeding it to the gasifier. MSWMencompasses production, storage, gathering,
transfer, transport, processing, and disposal sequentially. A detailed discussion of
MSWM system can be found in the work of Das and Bhattacharyya [12].

MSW is fed to the gasifier unit after being processed by the MSWM system.
H2-rich syngas is obtained from the steam gasification unit, which is then fed to the
anode of the SOFC after being processed and conditioned at the high-temperature
gas cleaning unit. Syngas is heated to the required inlet temperature of SOFC by a
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Fig. 1 Schematic of MSW-based SOFC-EFAT cogeneration plant

heat exchanger (HX1). Air is compressed and is preheated through heat exchanger
(HX2), which then drives an air turbine and then is fed to the cathode of SOFC. The
combustible outlet gases from the anode channel and the unutilized air from cathode
outlet are fed to an afterburner (AB). The gas stream departing the after burner is
passed through both heat exchangers HX1 and HX2, respectively. And finally, a
HRSG utilizes the heat content of the gas stream from where steam for gasification
and process heat is generated.

3 Thermodynamic Modeling and Analysis

The composition of biomass used (municipal solid wastes) is shown in Table 1
Thermodynamic equilibrium model is used in steam gasification. The major

chemical reactions considered in the steam gasification process are as shown below
[13]



300 S. A. Zaman et al.

Table 1 Composition of MSW [13]

Parameters Value Unit Parameters Value Unit

Ultimate analysis Proximate analysis

C 30.77 % FC 7.70 %

O 17.30 % VM 46.15 %

H 4.62 % LHV 13.31 MJ/kg

S 0.39 % – – –

N 0.77 % – – –

ASH 46.15 % ASH 46.15 %

C + CO2 → 2CO (1)

C + H2O → CO + H2 (2)

CO + H2O → CO2 + H2 (3)

C + 2H2 → CH4 (4)

CH4 + H2O → CO + 3H2 (5)

SOFC considered for this analysis is of internal reforming type. The reactions
which take place are as shown below [14]

CH4 + H2O → CO + 3H2 (6)

CO + H2O → H2 + CO2 (7)

H2 + 0.5O2 → H2O (8)

The reversible cell voltage is calculated employing Nernst equation as in Eq. (9).

VN = −�g

2F
− RT

2F
ln

PH2O

PH2 P
0.5
O2

(9)

The actual cell voltage (V act) is obtained by deducting the total polarization losses
from the reversible voltage as shown in Eq. (10)

Vact = VN − Vloss (10)

The equations to calculate different voltage losses can be found in [14]
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Total power generated at the SOFC unit (or array) is estimated as Eq. (11)

PSOFC = Ncell ∗ Vact ∗ icell ∗ Nstack (11)

where

NStack Total number of stacks.
Ncell Total number of cells.

Auxiliary power required by the pump is calculated as shown in Eq. (12).

Ppump = mwater ∗ (h16 − h15) (12)

Power generation from the air turbine is computed using Eq. (13).

PT = mair ∗ (h8 − h9) (13)

Auxiliary power required by the air compressor is given by Eq. (14) as shown
below.

PCOMP = mair ∗ (h7 − h6) (14)

The total power output from plant generated is computed by Eq. (15).

Pnet = PSOFC + PT − PCOMP − Ppump (15)

System electrical efficiency can be obtained as shown below employing Eq. (16).

ηelec = Pnet
(mb ∗ LHVb) + (msteam ∗ LHVsteam)

(16)

wheremb andmsteam are themass flow rate of biomass and steam, respectively; LHVb,

LHVsteam are the lower heating values of biomass and steam, respectively
Total process heat is computed employing Eq. (17).

Q
heat

= m19 ∗ h19 (17)

The fuel energy saving ratio (FESR) when compared with separate power and
steam plants is estimated as shown below [15] using Eq. (18).

FESR = �F
Pnet
ηe

+ Qheat
ηb

(18)

where
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�F = Pnet
ηe

+ Qheat

ηb
− (mb ∗ LHVb) (19)

where ηe and ηb are the efficiencies of the standard power system and boiler plant
which are assumed to be 40% and 90%, respectively [15].

4 Results and Discussion

The volume concentration on dry basis of syngas produced after steam gasification
is shown in Table 2

The base case input parameters employed are given in Table 3
In this segment, the effect of main operating and designing plant parameter, viz.

current density of solid oxide fuel cell and pressure ratio of compressor on plant
performance has been discussed.

Obtained results from the system under base case configurations are given in
Table 4

Figure 2 shows the variation of current density on voltage and power density
of SOFC. It can be observed that power density of SOFC first increases and then
decreases after 7000 A/m2 with the increase in current density and voltage output

Table 2 Composition of syngas components

Components Volume concentration (%) Components Volume concentration (%)

CO 23.92 N2 0.24

CO2 21.07 CH4 0.03

H2 54.74 – –

Table 3 Base case input parameters for the system [14]

Parameters Value Parameters Value

Current density of (A/m2) 2000 Gasification temperature (°C) 800

Cell area (Acell) (m2) 0.01 S/B 1

SOFC operating temperature (°C) 850 Number of cells (Ncell) 500

Fuel utilization ratio of SOFC 0.80 Number of stacks (N stack) 20

Oxygen utilization ratio of SOFC 0.17 Pressure ratio of compressor 1.6

– –

Table 4 Base case
performance indicators

Parameters Value Parameters Value

Pnet (kW) 176.62 Electrical efficiency (%) 47.70

Qheat (kW) 162.64 FESR (%) 50.27
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from SOFC decreases with the rise in current density. Operating voltage of SOFC
decreases with the rise in current density as the voltage polarization losses also with
the rise in current density. And the power density increases with the rise in current
density because more syngas is drawn by the anode of SOFC as current density
increases, which results in increased SOFC power output.

Figure 3 shows the effect of current density on process heat output and net power
output. The process heat output of the system increases linearlywith the rise in current
density of SOFC from 1000 to 9000 A/m2 and the net power output increases in a
nonlinear fashion [2, 16] as shown in Fig. 3. The compressor power also increases as
current density increases. But the combined effect of SOFC andGT power increase is
much more than compressor power increase. The range of net power output obtained
is 93.5–406.47 kWand the range of process heat output obtained is 80.62–729.88 kW.

Figure 4 shows the variation of electrical efficiency and fuel energy saving ratio
of the system with varying current density of SOFC for a constant pressure ratio of
compressor. It is observed that both electrical efficiency and FESR decreases in a
similar manner with the increase in current density. This is because though the net

Fig. 2 Effect of current
density of SOFC on voltage
and power density of SOFC
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Fig. 3 Effect of current
density of SOFC on net
power of plant and process
heat
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Fig. 4 Impact of SOFC
current density on FESR and
electrical efficiency of plant
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output power increases with the increase in current density, the energy input to the
system in the form of biomass and steam increases as their mass flow rate increases
with the rise in current density. The electrical efficiency obtained for the system is
in the range of 24.22–49.34% and FESR obtained is in the range of 23.22–51.01%.

Figure 5 shows the effect of pressure ratio of compressor on FESR and electrical
efficiency for a constant current density. Compression ratio beyond 4.4 has not been
taken into account as it results in lower cathode channel temperature of air [17]. As
pressure ratio increases, both FESR and electrical efficiency increases. The reason
for this is as pressure ratio increases, net power and process heat output from the
system increase, leading to increase in both electrical efficiency and FESR.

Fig. 5 Influence of pressure
ratio of compressor on FESR
and electrical efficiency of
plant
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5 Conclusion

Thermodynamic study of a hybrid cogeneration system based on a solid oxide fuel
cell (SOFC)—gas turbine system and utilizing syngas produced frommunicipal solid
wastes (MSW)—has been carried out. The influence of major operating parameters
is examined on performance parameters of the plant. The main findings are as shown
below

• At higher current density, the values of both process heat output and net power
output increase and their maximum values are 729.88 kW and 406.47 kW,
respectively.

• At elevated levels of current density, the values of electrical efficiency and fuel
energy saving ratio decrease and their maximum values are found to be 49.34%
and 51.01%, respectively.

• As current density of SOFC increases, power density of SOFC increases for a
while and then decreases and voltage output from SOFC decreases linearly and
their maximum values are 2.7 and 0.8045, respectively.

• With the rise of pressure ratio, both electrical efficiency and FESR increase in
a similar manner for a constant current density and their maximum values are
57.07% and 60.35%, respectively.
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