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The production of fuel cell technology for commercial purposes is hindered by limited
durability and cost. Hence, we focused on the thermo-economic analysis of solid oxide
fuel cell (SOFC) that is fuelled with hydrogen produced from human waste to generate
200 kW power. This was achieved through computer simulation using Thermolib 5.4 ver-
sion (a MATLAB/Simulink’s software). Two configurations were adopted for biomass pro-
duction and are based on gasification and slow pyrolysis. The results obtained revealed
that producer gas from gasification and slow pyrolysis have a thermal efficiency of 82.2
% and 34.69 respectively. Lower heating value (LHV) of 113.14 k]J/mole and 466.37 kJ/mole
accounted for the variation. Additional energy requirements of 571.50 kW for gasification
and 353.04 kW for slow pyrolysis would be needed to achieve the set power output. Ex-
ergy analysis further showed that producer gas (slow pyrolysis) had the highest exergy in-
put of 11848.86 kW and corresponding output of 11160.91 kW which was far higher than
that of producer gas (gasification) with exergy input as 5,992.17 kW, and exergy output
of 5698.44 kW. The difference was due to the presence of ethane which had the highest
standard exergy of 1437.2 kJ/mole in addition to the methane content of the gas. The ex-
ergy efficiency indicated that auto-thermal reformer (ATR) had an efficiency of 99.71% and
99.6% for gasification and slow pyrolysis respectively. The SOFC from producer gas gasifi-
cation had an efficiency of 57.59 % with the reformate stream having a mole fraction of
0.3543 and 0.0028 for hydrogen and carbon monoxide respectively whereas producer gas
from slow pyrolysis had 72.50% exergy efficiency with mole fractions of 0.5194 of hydrogen
and 0.1288 of carbon monoxide in the reformate. The cost analysis indicated that the to-
tal annual cost for producer gas from slow pyrolysis configuration was $190,380.70, which
is higher than that of producer gas from gasification configuration by 52.66%. Exergy and
economic performance favoured the choice of gasification configuration as the preferred
route to produce hydrogen gas for Solid Oxide Fuel Cell configuration. We concluded that
fuelling of Solid Oxide Fuel Cell with producer gas from human waste is viable, efficient,
and highly economical.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of African Institute of
Mathematical Sciences | Next Einstein Initiative.
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Introduction

Hydrogen is a candidate fuel that is gradually replacing the traditional fossil fuel. It is making energy systems more re-
liable, cleaner, and effective, thereby engendering energy security and environmental sustainability. Hydrogen is generated
from partial oxidation, auto-thermal reforming, and steam reforming [2,30]. High reactivity of hydrogen at the electrochem-
ical anode usually triggers the oxidation reaction of hydrogen to yield water as a by-product which is more suitable than
carbon dioxide [12]. Hydrogen production, however, has suffered some setbacks. These include energy density, high cost of
production, storage, and transportation [19]. Nevertheless, hydrogen for electricity remains the leading energy carrier for
future sustainable energy supply thereby motivating the search for pathways for generating hydrogen from readily available
sources [19]. The inadequate supply of electricity in Africa, especially the sub-Saharan Africa is compounded by high loss
and inefficiency of overly centralized grid system resulting in unaffordable high energy cost in Africa. The per capital of
electrical energy consumption in Africa compared to the rest part of the word is not encouraging. The fossil fuel which
is the main source of hydrogen for electricity generation is depleting because of the growing demand for energy and the
rising challenges posed by ecological solution created from release of greenhouse gases into the environment from burning
of fossil fuel has raised significant concern. Results of this research will contribute goal number 7 priority areas number
1 of Africa Union agenda 2063, which focus on environmentally and climate resilient economies and communities, with
biodiversity, conservative and sustainable resource management.

Among the hydrocarbon sources, biomass is a natural resource that is readily available for hydrogen gas production and
remains the major fuel for fuel cell operation. It is classified as the third energy source after coal and oil. The renewability
and neutrality of biomass with respect to carbon dioxide and ease of exploitation could ameliorate the effect of carbon
emission and fossil fuel depletion associated with global energy consumption. However, the extent of hydrogen gas from
biomass depends on the economic and available technology [3,22]. Utilization of biomass - derived fuel as a source of fuel
in a fuel cell technology led to lower cost of operation and availability of fuel cell technology for commercial application
[22].

Human faeces have been proven to be a feasible source of energy [11]. Faeces can be converted into energy primarily
through thermal and biochemical method [21]. Human faeces, on dry basis, is made up of carbon (27.16%), hydrogen (4.62%),
nitrogen (4.91%), oxygen (22.37%) and sulphur (1%) [17].

Thermodynamics is the science of thermal engineering and energy concerned with making the best use of accessible
energy resource. It is established on two fundamental laws and principles. The first law provides the concept of an energy
(or enthalpy) balance in terms of thermodynamic quantity applied to a system [4] and it is called the conservation of energy
principle [7]. The second states that energy has both thermodynamic quality and quantity, with processes occurring in the
path of decreased value of energy [7]. The quality of a fuel is a measure of the heating value which is the amount of energy
content per unit mass. Heating value is expressed in MJ/kg.It is of two forms for solid fuel; the lower heating value (LHV)
and the higher heating value (HHV) [17]. The heating values of the gas obtained from human waste can be calculated based
on the combustible content of the gas. However, a report [32] indicated that human faeces, based on the experimental
elemental composition, has a heating value of 19.31 M]/kg.

Energy analysis, on the one hand, is a thermodynamic technique that allows the assessment of heat loss (enthalpy).
However, such analysis does not give information about the ideal conversion of energy [4]. Exergy analysis on the other
hand, is based on the second law of thermodynamics providing insight into different ways of evaluating and comparing
processes and systems with their efficiency yield which is a true measure of how close a real performance approaches the
ideal. This analysis gives a clear reason and locations of thermodynamic losses and effect for the established environment
in relation to the natural existing environment [14].

Consequently, with exergy analysis, designs can be improved and optimized. Exergy can be transferred to a system via
mass, heat, and work [14]. According to Meyer et al. [20], and Lee [16]; exergo-economic methodology is applied in de-
sign of energy conversion systems to estimate the cost of the final products and the exergy destroyed within each system
component. This information is essential to detect cost-ineffective processes and identify technical options which could im-
prove the cost efficiency of the overall energy conversion system. Solid Oxide Fuel Cell (SOFC) converts energy by trans-
forming fuel in the form of chemical energy into electrical energy with the aid of an oxide ion conductor known as
an electrolyte [25]. These cells present a pure technology with little pollution and the ability to electrochemically pro-
duce electricity at elevated efficiencies not restricted by the Carnot cycle limit of heat engines [27]. SOFCs have remark-
able advantages over conventional energy conversion systems and these advantages include high efficiency, dependabil-
ity, modularity, fuel flexibility, and exceptionally low-level emission of nitrate and sulphur oxides [27]. Solid oxide fuel
cells operate in a silent vibration-free mode which removes the sound associated with conventional power generation
systems [15,27].

Galvagno et al. [10] from their simulation model revealed that heat that could be recovered from SOFC unit was 135
kW with a net efficiency of 70%. Abdulkareem et al. [1] showed that the SOFC stacked in methane configuration had bet-
ter performance with economic and exergetic efficiency. The thermo-economic modelling and parametric study of hybrid
solid oxide fuel cell-gas turbine-steam power plants developed by Arsalis [5] indicated that cost was modelled to include
procurement, operating, capital and total cost per annum. Producer gases were generated from human faeces through sim-
ulation using Aspen plus [23] and experimentally reported [32]. Onabanjo et al. [23] used Aspen Plus to develop a thermo-
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dynamic equilibrium of the gasification scheme. The group also investigated the sustainability of human faces involving a
non-stoichiometric as a feedstock for gasification process. Results of their findings indicated that human faces are a suitable
valuable source of energy recovery. From the various literature reviewed, it is obvious that producer gas has been generated
from human faces-derived solid through gasification and slow pyrolysis processes. Though the thermo-economic analysis
of the processes has not been carried out by Onabanjo et al. [23], however, gasification process was simulated using data
extracted from the work of [23].

This present study focused on the development of model that simulate solid oxide fuel cell fuelled with hydrogen
produced from human waste through gasification and slow pyrolysis. The process consisted of gasification, slow pyrol-
ysis plant and a solid oxide fuel cell. Each of the process was simulated individually or collectively. The potential de-
sign issues can be identified through the simulation of the model. The works developed by Dincer and Ratlamwala, [8],
Querol et al. [24], Vosough et al. [33], Soeno et al. [29], Gundersn (2009) [37] and Lee [16] give the basis for the ex-
ergy calculations. [36] carried out the optimization of SOFC fuelled with biogas using a thermodynamic mathematical
simulation model in which the effect of hydrogen optimization was ascertained to impact SOFC performance. Galvagno
et al. [10] reported analysis of integrated agro-waste gasification and 120 kW solid fuel cell combined heat and power
(CHP) system with modelling and experimental investigation. The group used Aspen Plus software to carry out the vi-
ability of energy generation from citrus peel air/steam gasification coupled with a 120 kW SOFC unit. Results of their
findings revealed that 135 kW of heat could be recovered from the SOFC with net efficiency of 70%. Ay et al. (2006) re-
ported exergetic performance analysis for a proton exchange membrane fuel cell. Influence of operating temperature and
pressure on the efficiency and irreversibility’s was reported and the results of their findings revealed that exergetic effi-
ciency of proton exchange membrane fuel cell is reduced with increase in the thickness of membrane and current den-
sity, while at the same membrane thickness, increase in operating pressure and reduction in current resulted to lowered
efficiency.

From the reports reviewed, trade-off between the most efficient and economic route for the generation of Hydrogen
from Human waste for SOFC application has not been fully explored and the application of thermo-economic analysis of
a SOFC is required for the selection of the best route for generating a rich hydrogen stream from producer gas. However,
human faeces as raw material for producer gas - derived hydrogen to produce 200 kW electricity has not been fully inves-
tigated. Also, the application of Thermolib software for the selected configurations is yet to be explored in the literature.
This current study considered optimizing hydrogen production through auto-thermal reforming of hydrocarbon contents of
producer gas from human wastes. The thermo-economic analysis of the SOFC fuelled with the reformate stream was equally
carried out. Considering the huge quantity of waste generated by human activities and concept of waste utilization as a
viable and efficient alternative resource for green energy production which is the key to the development of a sustainable
global energy mix for the future and high cost of production of hydrogen from hydrocarbon source for fuel cell system
which hinder the availability of fuel cell at commercial scale. The novelty of this research is therefore on simulation of hy-
drogen rich gas from human waste as a fuel for solid fuel cell to generate 200 kW of electricity. This was achieved through
optimization of hydrogen production by auto-thermal reforming of hydrocarbon contents of producer gas from human
waste.

Materials and methodology

The main material used for the simulation work is the producer gas derived from sample of human faeces. Simulation
was carried out with the help of Thermodynamic Library software (Thermolib). The adopted producer gases (syngas) were
obtained by simulation at 979K [23] and experimentally at 723K [32]. The modified form of the configuration from the work
of Suzuki et al. [31] was adopted for simulation process using the SOFC Demo and Reforming process found in the Thermolib
5.4 a. (MATLAB/Simulink’s toolbox one-month trial version was downloaded from www.eutech-scientific.de).TableSM1 shows
adopted compositions for the simulation while the parameters that were used for simulation and cost analysis are presented
in Table SM2.

Simulation and thermo-economic analysis

Description of process

FigureSM1 represents a summary of the entire simulation configuration for this work. Figs. 1 and 2 were obtained from
the Thermolib software during simulation of each process. Thermolib model simulation for the gasification and slow pyroly-
sis configurations comprised of a reforming process coupled with a solid oxide fuel cell, fuelled with a rich hydrogen stream
of producer gas from human waste. The producer gas (fuel) was compressed and mixed with steam from a water source and
channelled to heat exchanger 1 to raise the temperature and preheat the fuel mixture before being pumped to a reformer
operated at 1,173 K. At the reformer, conversion of the hydrocarbons took place yielding a high fraction of hydrogen as fuel
and lower carbon monoxide alongside non- combustible element within the reformate gas and the increased CO, diluents.
The reformate gas was channelled to anode inlet port of SOFC operated at 973 K where the hydrogen gas, carbon monoxide
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Fig. 1. Configuration for simulated producer gas (Gasification) at 979K.

and trace of methane were oxidized, while the oxygen from air (reduction process) produced is used to yield electricity and
water as by products.

However, before the electrochemical process took place, preheated air from heat exchanger 2 comprising of 79% nitrogen
and 21% oxygen was fed to the cathode inlet port. Afterwards, both reactions took place in the electrolyte of the stack.
Waste heat from the solid oxide fuel cell exhaust stack outlet was recycled back to the system through a three-way valve
that split the afterburner exhaust gas stream into two equal parts. These exhaust streams were channelled back to the
heat exchangers 1 and 2 where heat was extracted to preheat the air stream supplied to the cathode side of the SOFC and
provide additional heat for the mixed feed stream. Various lower heating values of the gases were also calculated based on
the combustible gases as adopted from Onabanjo et al. [23] and Tesfayohanes et al. [32].



A.E. Afolabi, K. Sunday, A.S. Abdulkareem et al.

Scientific African 14 (2021) e01024

SIMULATIONFORPYROLYSIS(AT723K)
ModelSetu
p
starttime: 1
0
Inl
Oml-—D STO13 STO12
STO15 STO14
Cathod 4 Ou STO11
1 Ou Inl Ou
MixtureSourceFB
. P_C
Al cr Me HeatExcl d 90.04 I Airl ——EI
Outletpres ~ Mdo —EI HeatExhanger
0
Compressor SOFC catExchange
Tank CH4 \Hml:EEnwl:omgnem
Burne (W)
n STO3
Oul
H € ]
Outletpressmdnt >E| Inl Oull—EI
Inl .—‘ E ,.» ouz
Compressor
Ou n doH
stoa| " “
Pure Source Water FB <402 HeatExchanger
WATER Mixe
STO
ST06 STO10
STO8 out Stat |-
e -
LEGENDS
lous I outletpres M
STO1ProducerGas n2 -
STO2Water E) | o HeatExchangewit Pump
STO3CompressedProducerGas
STO4Mixedstreamoutlet e tBxchangewit ClidAuto F—
STOS5 Heated Producer Gas erme ST09
STO6PumpedProducer Gas ou i ou =400
STO7RformateStream STO7
STO8Reformereffluent
STO9StackexhaustGas res Positio
STO10StackexhaustGas b rorairoreheat ’
STO11Burneroutput ypassiorairpreneate 3WayValve
STO 12 Stack Outlet
STO13Heatedair
STO14Compressedair
STO 15 Air

Exergy calculation

Fig. 2. Configuration for simulated producer gas (slow pyrolysis) at 723K.

The following assumptions were relied upon to obtain these model equations:

1. The potential and kinetic exergies were considered negligible; this the because the effect of kinetic and potential exergy
is insignificant to the result (i.e No moving part)

2. The reaction process was adiabatic.

3. Air source mixture comprised 79 % nitrogen and 21% oxygen; because the air is filtered, and other composition of air are

insignificant.

4, Simulation was carried out on a steady state basis; the software is incapable of dynamic system because a trial version

was installed.

5. All gases were assumed to have ideal gas behaviour to simplify the simulation.
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. No leakage of gas as this could reduce the pressure significantly in reality.

. The lower heating value (LHV) of the producer gas was calculated and used based on the combustible gases.
. The reaction was free of char and tar.

. These assumptions were made to simplify the simulation and get results that are close to reality.

O 0o go;

The following equations were used for the calculation of exergy:
For a system, the physical exergy is given by the relationship presented in Eq. 1 (Suleiman et al., 2016):

T P
bony =Cp[(T—TO) —Toln<f)>] +RToln(E)) (1)
The basic exergy expression for a steady flow stream is presented in Eq. 2 (Suleiman et al., 2016):
e(T, p,x) = [H(T, p) — Ho(To, p°)] = To[S(T. p) — So(To, p°)] 2)

The environmental parameters were assumed as:

p°=101.325 kPa and T,=298.15 K. The exergy of a stream (specified temperature T, pressure p, and composition X)
(Suleiman et al., 2016):

For a mixture, the chemical exergy is represented by Eq. 3.

n
b = inbch. i (3)
i=1

While the exergy efficiency () calculation is represented by Eq. 4:

Exergy in product
Total exergy input

V= (4)

Cost analysis

To carry out the thermo-economic analysis of the adopted designs to be used for the configurations, the cost components
must be expressed to include:

e Procurement cost for all components.
e Capital cost per annum.

e Operating cost per annum; and

e Total cost per annum [5].

The component of cost model is presented in Table SM3
Where the efficiency correction factor is given as

0.8
S =1+ (1 ==57 - = n'pump)) (5)

Result and discussion

This paper covers the thermodynamic and economic analysis of a solid oxide fuel cell that is fuelled with hydrogen
carbon monoxide. These were generated from producer gas obtained from human faeces via simulation of gasification and
slow pyrolysis process routes configurations. The parameters considered included the physical and chemical exergy, the lost
exergy (work), energy flow and the economic performance of the fuel cell. The paper sought to simulate two configurations
representing the two routes using Thermolib software. This involved generation of more hydrogen from the gases via auto-
thermal reforming to target 200 kW worth of electricity with the aid of a SOFC. Gasification route targeted at generating
producer gas in the presence of a gasifying agent (oxygen enriched air) was compared to the performance of the producer
gas trapped as a gaseous product from slow pyrolysis even though slow pyrolysis is known to produce more char. There-
fore, from the data obtained, thermo- economic analysis of both configurations was carried out to ascertain which of the
processes was economical. The thermodynamics was also calculated to find out the energy and exergy value for both con-
figurations. The obtained simulated results on the energy and exergy analysis for the producer gas are presented in Tables 1
and 2 respectively.

From Tables 1 and 2, the energy analysis for both simulations indicated that the energy flows (in terms of enthalpy)
from the equipment were negative except for streams through which compressed air flowed in, having their energy flow as
positive. The negative values indicated that the equipment in which the reactions took place lost energy to the environment.
This implies that the reactants energy was higher than that of the product which resulted to an exothermic reaction. There
was an exception from the SOFC and compressor 1 where the output energy was higher. For the positive values, endothermic
reaction took place with energy gained into the system. Thus, with increased output energy flow for an exothermic reaction,
energy was produced and required for a decreased output energy flow.

6
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Equipment Energy ratein (kW)  Energy rateout (kW)  Energy rate Absorbed (kW)  Energy rateproduced (kW)

Compressorl -92.01 -463.74 - -371.73

Mixer -923.66 -923.66 - -

Heat Exchanger1 -1073.71 -734.16 339.55 -

Pump -734.16 -197.31 536.85 -

ATR -297.34 -297.13 0.21 -

SOFC -48.14 -248.15 - -200.01

Lambda burner -248.15 -249.39 - -1.24

3 Way valve -250.08 -250.08 - -

Heat Exchanger2  -89.41 148.96 238.37 -

CompressorTotal 12.03 10.62 -1,114.98 -1.41
Table 2

Exergy analysis for producer gas (Slow pyrolysis at 723 K).

Equipment Energy ratein (kW)  Energy rateout (kW)  Energy rate Absorbed (kW)  Energy rateproduced (kW)
Compressor1 -131.88 -674.11 - -542.23
Mixer -1070.66 -1070.66 - -

Heat Exchanger1 -1295.34 -998.10 297.25 -

Pump -998.10 -212.70 785.40 -

ATR -276.08 -275.97 0.11 -

SOFC -82.12 -282.14 - -200.02
Lambda burner -282.14 -287.91 - -5.77

3 Way valve -288.05 -288.05 - -

Heat Exchanger2 -11.58 11.40 22.98 -
CompressorTotal 72.90 68.23 -1,105.74 -4.67

The results also indicated that among the equipment, both pumps required high energy of 536.85 and 785.40kW respec-
tively while that of slow pyrolysis is higher and followed by heat exchanger. The conservation of energy of the procedure
involved in the heat exchanger states that the energy detached from the gas line must be equal to that absorbed by the
airline [3]. Thus, from the results, the heat exchangers 1 of gasification and slow pyrolysis configuration required additional
heat of 339.55 and 297.25 kW respectively. Furthermore, energy required for heat exchanger 1 to preheat the feed com-
position to raise its temperature was higher compared to heat exchanger 2 used for preheating air alone. ATR energy flow
indicated that the reformers needed negligible amount of energy of 0.21 and 0.11 kW as shown in the tables, which are
attested to by the slight increase in molar output flow rate of the streams compared to what was reported by Skerbergene
[28] that ATR does not require additional heat (energy). However, compressor1 used for the feed compression for both sim-
ulations produced a higher energy with that of pyrolysis of producer gas having the higher value of 542.23 kW because of
the presence of heavier hydrocarbon content (C;Hg) whose compression yielded more energy. The compressor energy input
represents the power required to compress the feed and air up to the desired level before entering the next equipment [28].
The lambda burner was required for the conversion of the chemical energy of the unreacted moles of fuel in the stack to
generate more thermal energy [3] of 1.24 and 5.77 kW respectively.

Hence, based on the energy balance, the energy requirement for the two configurations were 1,114.98 and 1,105.74 kW
for PG gasification and PG slow pyrolysis respectively while the energy produced by the fuels were 574.39 and 752.69
kW respectively, thus, making the PG gasification the most energy requiring process and PG slow pyrolysis the most energy
producing process with four equipment generating energy to both configurations namely; compressor1, SOFC, lambda burner
and compressor (air). Table SM4 gives the overall energy efficiency for the two configurations.

From Table SM4, the overall energy efficiency presented was obtained as part of data from the software but can be
calculated using Eq. (4). The result indicated that the producer gas (gasification) showed a better energy efficiency of 82.2 %
due to the producer gas lower heating value (LHV) content of 113,141.4 J/mole for a 200kW power output generation having
methane as its only hydrocarbon content (a hydrocarbon with a single carbon) that efficiently combusted as fuel. For slow
pyrolysis however, the energy efficiency was low due to its lower heating value of 466,372.52 J/mole which was four times
higher than that of producer gas from gasification. The former process had more capacity and fuel quality for generating
more power output higher than 200 kW which was the targeted power generation for the simulation. When the producer
gas from slow pyrolysis was combusted, more heat was generated due to the presence of a heavier hydrocarbon ethane
with high standard chemical exergy value because of the two carbon atoms in its gas composition. This is in addition to the
methane content simulated to generate the same 200 kW power output. From the simulated result, it can be deduced that
the generation of hydrogen from hydrocarbons at high temperature of above 1000 K and pressure of 6 bars had a negative
impact on the thermal efficiency though with higher yield of hydrogen for the set power output.
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Exergy analysis

Presented in Tables SM5 and SM6 are the simulated exergy analysis for the producer gas generated through gasification
and slow pyrolysis respectively.

From Table SM5, the exergy result indicated that the following equipment had high exergies coming into them. The heat
exchanger 1 had the highest as 1,405.42 kW, followed by the pump and mixer which had the exergies of 1,348.26 and
1,238.77 kW respectively. The compressor for air had the least value of 25.66 kW, the heat exchanger 1 had the highest
exergy input of 3,051.58 kW, mixer 2,591.15 kW and pump 2,650.44 kW respectively. Also, the air compressor had the
least exergy of 55.04 kW because the compressor stream had only air as its content with a high physical exergy. The high
exergies showed that the irreversibility of the equipment came along with the corresponding high entropy due to the mixing
of reactants, temperature difference, chemical reaction, and fluid friction in the equipment [7]. For the heat exchangerl, the
obtained exergy was from the high chemical exergy coming into the equipment and the lost exergy between the hot and
the cold fluid streams. The heat exchangers can transfer energy but not exergy. Therefore, the higher the temperature and
the exergy value of the hydrocarbon content of a stream, the higher its corresponding total exergy value obtainable [34].
Furthermore, the high exergy lost in the heat exchanger agrees with the theoretical statement that in thermodynamics,
majority of the exergy loss are found in this type of equipment [13,26].

For the SOFC of both configurations, it can be observed that the PG gasification had an exergy inlet of 502.05 kW and
an output of 289.15 kW with 212.90 kW lost while that of slow pyrolysis had an input exergy of 807.24 kW and an output
of 585.23 kW with a higher exergy destroyed of 222.01 kW. This is an indication of lost exergy due to the irreversibility
of the electrochemical reaction taking place at the electrolyte and heat loss in the solid oxide fuel cell stack [16]. The ATR
from the simulated result indicated that there was less exergy lost basically due to the slight increase in the flow rate of
the reformate stream having high hydrogen converted and significantly simulated temperature range of an output expected
of an ATR reformer as reported in the literature [18].

For the compressor 1, PG (gasification) and PG (slow pyrolysis) had the exergy output value of 1,199.77 kW and 2,509.48
kW respectively higher than the incoming exergy values of 238.00 kW and 490.81 kW respectively. This is because of the
increase in the molar flow rate of the output stream with higher chemical exergy. The three-way valve, also known as a
splitter, that has the function of splitting the stack exhaust stream into two equal halves for recycling back into the system,
for both processes indicated that there was negligible difference between the total exergy in and total exergy out. Also, both
chemical exergies were approximately equal, indicating that there was no reaction taking place in the equipment. This is
not the case for the mixer, as there was a mixing reaction taking place.

For the lambda burner, it was observed that due to its function required in the conversion of unreacted fuel to yield more
thermal energy there was a slight decrease in the chemical exergy of the input stream to the output stream. Thus, for the
exergy analysis, the PG gasification configuration had a total exergy input of 5,992.14 kW and output exergy of 5,698.44 kW
respectively. The PG slow pyrolysis had a total exergy input of 11,848.85 kW and 11,160.92 kW total exergy output. Therefore,
the high standard exergy for methane and ethane accounted for the high chemical exergy of the system attributed to the
mole fractions of these hydrocarbon contents of the streams.

The lost work analysis (Tables SM7 and SM8) showed that the highest irreversibility occurred in compressor1l due to
the increased molar flow rate of the output stream. This resulted in lower efficiencies in both configurations and when
compared to the efficiency of other equipment.

The efficiencies of the SOFC simulated were higher than those reported by Zhang, [35] which was in a range of 45-55 %
and the power output of 200 kW. The simulated SOFC indicated that the equipment was independent of size as they were
both operated at different areas but the same temperature [35]. Also, from the reformate stream fed to the anode side of
the SOFC, it was observed from the gas composition that PG gasification had the mole % of 0.28 for CO and 35.43% of H,
with an efficiency of 57.20% compared to that of slow pyrolysis having the mole % of 12.88 of CO and 51.94 % of H, with an
efficiency of 72.50 %. This proved the fact that CO is also a fuel for SOFC. The ATR, mixer and lambda burner had negligible
losses while the three-way valve had no loss at all. The listed equipment had high efficiencies of 99.71, 99.48, 99.31 and 100
% respectively for gasification configuration and 99.64, 99.17, 98.40 and 99.93 % respectively for slow pyrolysis configuration.
Furthermore, the exergetic performance indicated that the efficiency of the heat exchanger 1 for gasification configuration
had a higher efficiency of 95.95% compared to that of slow pyrolysis with 86.23%.

From Table SM9, it can be noted that five equipment had an improvement as compared to exergetic performance of the
equipment that made up the configuration of the work of Emordi et al. [9] while others had exergetic efficiency less than
that in the previous work.

Gas composition

Tables SM10 and SM11 present mole % for the feed composition and reformate from ATR for both configurations.

From Tables SM10 and SM11, the PG from the pyrolysis had hydrogen increase of 38.14 mole % in addition to the existing
hydrogen that came in with the feed giving a total of 51.94 mole % of hydrogen generated via reforming. This was due to
the ethane content of the gas - an additional hydrocarbon. That of gasification was 16.03 mole % of hydrogen, making a total
of 35.43 mole % of hydrogen.
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Furthermore, the inlet temperature at which each stream came into the ATR despite both being operated at 1,173K, indi-
cated that the higher the inlet temperature, the higher the hydrogen yield (Hagh, 2004). Also, the optimum hydrogen was
observed at the ATR operated temperature of 1,173 K for both configurations after which it remained constant which was in
close range to 1,100 K reactor’s temperature [6]. It was therefore noted that the ATR reaction space (area) was independent
of the conversion, temperature, and pressure. The inlet stream temperature of the ATR for the two configurations were as
follows: PG (gasification) 1,075.65 and 1,288.97 K while that of pyrolysis was 1,454.42 and 1,666.12 K respectively.

Meanwhile it can be observed that at these temperature ranges, the hydrocarbon content of the feeds reduced drastically
along with the CO content of the producer gas as seen in the reformate stream. The reformate stream of the gasification
(producer gas) had the least of CO content of 0.28 moles % and that of the pyrolysis had 12.88 moles % respectively. This
represented an increase yield of carbon-dioxide in both configurations. Thus, the contribution of carbon monoxide to the
electricity generation in SOFC stack was of low significance in PG gasification configuration compared to that of PG pyrolysis
configuration. This is because the available carbon monoxide had been consumed to yield more hydrogen gas in the water
gas reaction that occurred alongside other reactions in the ATR [36]. This is evidently seen in the exergetic efficiency of the
stacks.

Therefore, the overall exergetic performance (Table SM12) indicated that the producer gas from gasification had a better
irreversibility (useful work) for 200 kW power generation. Both energy and exergetic efficiencies also indicated that the PG
gasification configuration had a higher efficiency. This was attributed to the size of the solid oxide fuel cell used for the
simulation [5].

Cost estimation

Table SM 13and SM14 list out the cost component for the two-producer gas configuration, while Table SM13 shows the
total cost analysis of the two configurations. From the result (Table SM15), the PG slow pyrolysis had the highest equip-
ment, operating and corresponding total annual cost of $235,334, $162,658.70, and $190,380.70 compared to PG gasification
configuration that cost $219,347, $98,866.13, and $124,706.13 respectively. This makes the reforming process of slow pyrol-
ysis more expensive. Furthermore, considering the size of the SOFC stacks employed for the various configurations and the
equipment cost, the PG gasification with a larger area had a higher cost price. With respect to the size of SOFC, the con-
figurations equipped with a smaller SOFC had a total cost lower than those with the larger SOFC as expected. Considering
complexity of these costs in Naira worth, the profitability analysis was carried out on dollar basis.

Profitability analysis

Presented in Table SM16 is the result of profitability analysis of the two configurations. Although, the results as pre-
sented indicated that the two proposed configurations are viable to produce hydrogen rich gas from human waste as a fuel
for SOFC, the cost of configuration of slow pyrolysis is higher than that of the gasification configuration. The rate of return
which determine how well a project, investment or capital expenditure perform with respect to time was also simulated
for these configurations. Results obtained (Table SM1), indicated that the rate of return on gasification and slow pyroly-
sis configurations are viable for production of hydrogen rich gas from human waste. However, the cost of slow pyrolysis
configuration is higher than that of the gasification configuration.

Conclusions

In this work, two configurations namely, gasification and slow pyrolysis routes were selected and simulated with a Ther-
molib software to obtain values which were used for the calculations of the thermo-economic analysis. This was to ascertain
the energy and exergy efficiencies of both configurations as well as the cost analysis, resulting in the following deduction:

1. Based on the results obtained from energy analysis, the higher the volume of the heavier hydrocarbon content of a
producer gas, the more the energy needed to compress the feed. Also, the higher the hydrocarbon content, the lower the
heating value obtained. This implies that such producer gas can generate more electricity when combusted as observed
with the energy analysis of the PG slow pyrolysis where the thermal efficiency was low considering set power output
of 200 kW. The energy analysis for the configuration routes also indicated that gasification required more energy while
slow pyrolysis produced more energy. Producer gas (gasification) configuration provided a better thermal efficiency of
822 %.

2. From the exergy analysis point of view, the choice of reformer (ATR) to achieve the set objective of hydrogen generation
worked out with both efficiencies of 99.7092 % and 99.645% for gasification and slow pyrolysis respectively. The SOFC
exergy efficiencies were 57.20% for gasification and 75.50% respectively. The overall exergetic efficiency also indicated
that PG gasification had a better irreversibility occurrence in the process.

3. The economic analysis indicates that the configuration of PG slow pyrolysis had the higher cost estimated for its equip-
ment, operating and total cost when compared to that of PG gasification. This makes the configuration more expensive.
In terms of the profitability analysis, both criteria used indicated that both configurations were viable options. This is
because if payback period is considered, project investors consider five years to be an acceptable period.
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