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Abstract

Based on 0-D mathematical modeling and numerical simulations, the performance a Molten Carbonate Fuel

Cell (MCFC) run on dairy biogas is presented.

The governing equations of the MCFC model are presented, the equations were utilized for an adequate
simulator construction. An analysis of dairy biogas as fuels for MCFC is presented. The results are compared
with hydrogen as a reference fuel. The dairy biogas is characterized by both lower efficiency and lower fuel

utilization factors compared to natural gas.
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1. Introduction

Fuel price inflation and a long-term increase in
electricity consumption have provided added impe-
tus to the search for ultra-effective power genera-
tion systems. Fuel cells generate power in electro-
chemical reactions with potentially ultra-high effi-
ciency. High-temperature fuel cells [1] (Solid Ox-
ide Fuel Cell—SOFC [2—-6] and Molten Carbonate
Fuel Cell —MCFC [7-10]) are considered as highly
efficient electricity sources. Presently, state-of-the-
art MCFCs are being built in the tens of MW power
range. Research and development in this field is pre-
dicted to result in an increase in the power of those
kinds of systems in the future. Additionally, MCFC
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can be considered as a very efficient way to sepa-
rate CO, from flue gases [11] competitive to other
methods [12, 13] to reduce emissions from fossil fuel
power plants [14].

Hydrogen and Natural Gas are currently consid-
ered to be the main fuels for fuel cells. Hydrogen is
an ideal fuel with respect to fuel cell working condi-
tions. Unfortunately, hydrogen is not present in the
environment in an uncombined form and there are
difficulties with production, transportation and stor-
age. Natural Gas, meanwhile, is considered to be an
interim fuel due to limited resources.

The most plausible future scenarios in the power
markets are as follows:

1. Abandoning gas/liquid/solid fuels in favor of
electricity generated by renewable sources
and/or nuclear plants. In this case, the energy
distribution role will be provided by the power
grid, and the storage role by consumers.
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2. Production of plant-derived gas/liquid fuels
based on the cultivation of plants and shrubs,
such as e.g. Salix Viminalis and their conver-
sion into fuel, e.g. alcohols [15, 16].

Using electricity only can be problematic (e.g. air-
planes), the cultivation of “energy” seems to be one
of the most possible scenarios for the future.

The use of biogases in the Molten Carbonate
Fuel Cell has been relatively poorly investigated.
Landfill-gas (LFG) as a by-product of waste fermen-
tation in landfills was considered as a fuel for the
MCEFC in [17]. Experimental comparison of MCFC
performance using three different biogas types and
methane is presented in [18]. The biogases consid-
ered are derived from the following processes: steam
gasification in an entrained flow gasifier, steam gasi-
fication in a duel interconnect fluidized bed gasi-
fier, and biogas from an anaerobic digestion process.
In [19] operation of molten carbonate fuel cells with
different biogas sources was investigated. Two mo-
bile MCFC test beds were operated with biogas from
different origins, and quality and electrical efficiency
of the MCFC stack of 50% was achieved. It was also
found that there was no severe interaction between
biogas and fuel cell system components. In the town
of Ahlen (Germany) a molten carbonate fuel cell op-
erated in the municipal sewage system in 2005. It
was the first project of its kind in Europe [20]. In [21]
an anaerobic digestion process of organic residues
was used for electrochemical conversion to electric-
ity and heat through an MCFC. It was shown that
during biogas production, H,S has multiple nega-
tive effects on the performance and durability of the
MCEC. Three general approaches to solving the sul-
fur problem in the MCFC are suggested. Much deep
analysis about this issue is presented in [22, 23].

Dairy wastes are plentiful in the dairy industries.
The wastes contain high levels of organic matter and
disposal of the effluents may cause severe environ-
mental pollution [24].

However, sewage and waste from the dairy indus-
try are the ideal raw material for bioenergy produc-
tion because they contain significant amounts of eas-
ily degradable organic pollutants.

In addition, they are characterized by a high con-
tent of water and trace elements necessary for the life

of microorganisms.

Currently, the ever-increasing energy prices and
the growing requirements regarding CO, emissions
have led to increased interest in alternative energy
sources. Biogas plants based on anaerobic processes
are an ideal solution for dairy waste utilization while
producing energy that can be used universally: for
the production of electricity, heat, motor fuel or gas
supply.

Anaerobic digestion is attractive because of the in-
creased interest in the recovery of energy from waste.
The great interest in the process of anaerobic diges-
tion is caused by its advantages compared to aerobic
methods.

Anaerobic decomposition of organic compounds
takes place in four phases conducted in close coop-
eration with various groups of bacteria [25]. These
include hydrolyzing, acetogenic, homoacetogenic,
sulfate-reducing and methanogenic bacteria [26]. Up
to 95% of the organic load in a waste stream can
be converted to biogas (methane and carbon diox-
ide) and the remainder is utilized for cell growth and
maintenance.

In the present study, numerical investigation is ap-
plied to simulate the behavior of an MCFC run on
dairy biogas.

2. Theory

The presented results are based on calculations
made using an appropriate mathematical model. The
calculations are based on the Lee-Kesler equation of
the state and minimization of Gibbs free energy [27].

The maximum voltage of the fuel cell depends on
the type of reaction occurring on the electrode sur-
faces. Biogases in reaction with oxygen can give var-
ious maximum voltages. The maximum voltages for
various reactions are listed in Table 1.

2.1. Molten Carbonate Fuel Cell

The governing equations of the MCFC model are
presented in this section [28]. The presented analy-
sis considers a design point estimation of the MCFC.
Usually, the fuel cell characteristic is defined by a
voltage-current density curve (E = f(i)) but in the
case of design point calculations the voltage-fuel uti-
lization factor curve (E = f(ny)) becomes the ba-
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Table 1: Maximum voltages for various reactions

Component Chemical Reaction Maximum Voltage, E.x, V
H, H, + 1/20,—H,0 1.23
CH4 CH4 + 202—>C02 + H20 1.06
CH;0H CH;0H + 3/20,—CO; + 2H,0 1.22
C C+ 0,—-CO, 1.03
C C+1/20,—-CO 0.72
CcO CO + 1/20,—-CO0O, 1.34

sic characteristic. The other model assumptions are
listed below:

1. anode inlet pressure = 1 bar;
2. cathode inlet pressure = 1 bar;
3. temperature = 650°C.

The mixture of various hydrocarbons enters into the
MCEC anode, so the fuel utilization factor is calcu-
lated based on an equivalent hydrogen molar flow.
The equivalent hydrogen molar flow at the anode in-
let is defined by the following relationship:

lez,equivalent = ﬁHz + ’;ZCO +4- flCH4 (1)

From Table 1 it can be seen that biogases in re-
action with oxygen can give various maximum volt-
ages. Mixtures of various components occur in the
case of the analyzed fuels. Due to these circum-
stances the general form of Nernst’s equation is used
to estimate the voltage of MCFC (Eq. 2)). Ade-
quate partial pressures were calculated tusing soft-
ware [27].

2
R-T P o0, cathode * pCOZ,cathode

Emax,MCFC = 4. F In

2)

2
Po0,.anode = P CO,,anode

where: T—absolute temperature; R—universal
gas constant; F—Faraday’s constant; p—partial
pressure.

Eq. 2 is a general form of the Nernst equation and
for the hydrogen-oxygen reaction it can be simplified
to the following form:

PH,0,ano0de -1 DPref —A.e %_z%t (3)
PH,.anode * p(z)z,anode

K =

2 2
szo,anode pref

PO,,anode = = (4)
Hj,anode ’ K2
R-T
Emax = InK
2-F
1
R-T PH ,(mode'p2 cathode
+ In — fronite )
2.F PH,0.anode
R-T cathode
N In PO, cathod
2-F Pco,.anode

where: K—chemical equilibrium constant, p,.—
reference pressure (often assumed to be 1).

Two types of resistance are present in fuel cells:
ionic resistance r; and electric resistance r,. Thus,
voltage generated by a single cell is given by the fol-
lowing equation:

Ernax,MCFC -n- irnax Al
no(1 -
4o (1=np)+1
where: p—utilization factor; i,,—maximum cur-
rent density; r;—internal ionic area specific resis-
tance of the cell; r,—internal electronic area specific
resistance of the cell.

The internal area specific ionic resistance can be
described by the following relationship:

(6)

Eycrc =

) ™

ag
where: 0—electrolyte matrix thickness; oc—ionic
conductivity of molten carbonate.
The ionic conductivity of the carbonate is defined
as follows:

—Eqct

o =0y erT (8)
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Figure 1: Temperature dependence of ionic conductivity for
molten carbonates
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Figure 2: Experimental and simulations data at different anode
and cathode inlet molar fractions, 1,130 experimental points
with standard deviation value at level of 2%

where: o, S/cm; E,., kJ/mol—factors dependent
on material used.

The ionic resistance of molten carbonate elec-
trolytes as a function of temperature is shown in
Fig. 1. This diagram contains values obtained by
the researchers’ own calculations, which were based
on data obtained by their own experiments together
with data published by Morita et al. [29] and Wolf et
al. [30].

The influences of temperature and electrolyte
thickness on electronic internal resistance (r,) of the
electrolytes are not well known. It was assumed
that the thickness of the Li/K electrolyte matrix was
0.9 mm, for which the r,value is 162 cm?/S, was de-
termined by the researchers’ own calculations, which

Table 3: Characteristics of the individual substrates used in the
investigation

Substrate Total Volatile
Solids, % Solids, %

Clean cheese 7.42 6.45

whey

Polluted cheese 5.44 4.73

whey

Refused fat 6.38 5.99

Sediment 0.17 0.07

Digested 22.93 16.03

sludge

were based on experiments performed. The pre-
sented model was compared with experimental data;
this comparison is shown in Fig. 2.

3. Experimental

During the investigation the following parameters
were determined: Total Solids (TS, drying at a con-
stant temperature of 105°C), Volatile Solids (VS,
mineralization in an oven at a constant temperature
of 550°C). The biogas content: O,, N,, CH4 and CO,
was measured by GC analysis (Gas Chromatograph
SRI 8610C, SRI Instruments, Inc, USA equipped
with TCD Detector; column temperature 60°C, de-
tector temperature 150°C, carrier gas He at a flow
rate of 10 mL/min).

The waste samples obtained from a dairy manu-
facturer located in the Lodz region were mixed with
350 mL of digested sludge obtained from the Group
Wastewater Treatment Plant in Lodz, Poland. The
waste samples included: clean or polluted cheese
whey, refused fat and sediment from the decanter.
The description of the samples used in the experi-
mental step is shown in Table 2. The characteristics
of the individual substrates is given in Table 3. Af-
ter mixing, the pH of the mixture was adjusted to 7
using NaHCOj; or H,SO, and the flasks were placed
at 37°C and shaken once per day. Volumes of biogas
evolved were measured by the liquid displacement
method with the use of 33% NaCl solution. The con-
centration of methane, carbon dioxide, oxygen and
nitrogen content in biogas produced was measured
by gas chromatography analysis.
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Table 2: Description of the samples used in the investigation

Sam- Description
ple
1 100 mL of clean cheese whey + 1 g of fat + 350 mL of digested sludge
2 100 mL of clean cheese whey + 2 g of fat + 350 mL of digested sludge
3 100 mL of clean cheese whey + 3 g of fat + 350 mL of digested sludge
4 75 mL of clean cheese whey + 1 g of fat + 25 mL of sediment + 350 mL of digested
sludge
5 75 mL of clean cheese whey + 2 g of fat + 25 mL of sediment + 350 mL of digested
sludge
6 75 mL of clean cheese whey + 3 g of fat + 25 mL of sediment + 350 mL of digested
sludge
7 100 mL of polluted cheese whey + 2 g of fat + 350 mL of digested sludge
8 Blank—350 mL of digested sludge

Table 4: Biogas content for each sample used in form simulations with MCFC

Sample 02, % Nz, % CH4, % COZ, % H2 , % Hzo, %

1 0.816 3.08 72.2 23.9 - -
2 0.249 1.35 72.7 25.7 - -
3 1.04 3.70 69.6 25.6 - -
4 0.941 3.51 71.0 24.6 - -
5 3.06 10.4 62.6 24.0 - -
6 1.15 4.31 69.2 25.3 - -
7 0.180 0.749 70.6 28.5 - -
8 0.467 25.7 41.1 32.8 - -
Reference Point - - - 23 69 8
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Figure 3: Current density-voltage curves for the Reference
Point and simulated biogas

Biogas with the optimal methane content was used
in the investigation into use of the MCFC. It was
tapped on the 7" day of the anaerobic digestion pro-
cess. The biogas content used in the MCFC tests for
each sample is shown in Table 4.

4. Results

Presented results are based on both experimental
investigations (biogas production) and mathematical
modeling (MCFC). The model of MCFC was com-
pared against experimental data obtained for the Ref-
erence Point.

MCEFC voltages and obtained efficiencies for the
analyzed biogas are shown in Fig. 3. The figure con-
tains the cell voltages and efficiencies for the Refer-
ence Point and simulated biogas as a function of the
current density. The higher open circuit voltage is
achieved with hydrogen (Reference Point), but that
does not automatically translate into the greatest ef-
ficiency for higher current densities. The higher effi-
ciency obtained for methane is explained by internal
reforming of methane into hydrogen in the following
reactions:

CH, + H,O — CO + 3H, )

CO + HzO = C02 + H, (10)

Summing up, both reactions are endothermal,
which means that part of the thermal energy released

during the reactions is converted back into fuel (hy-
drogen). In total, the amount of fuel available on the
anode side is greater than the fuel flow delivered to
the fuel cell.

In terms of energy equivalence, one particle of
methane is equivalent to 4 particles of hydrogen
(compare reactions 9 and 10).

It should be noted that hydrogen-based reactions
are characterized by quite rapid kinetics, at 800°C
chemical equilibrium is obtained in 0.04 s. In con-
trast to hydrogen, methane has quite slow kinetics
(e.g. the state of chemical equilibrium is achieved in
a few thousand years for the same temperature) [31].
Chemical equilibrium is assumed at the anode, which
is mainly true in the case of hydrogen as a fuel. For
other fuels, adequate kinetic calculations must be
made to obtain an accurate value of oxygen partial
pressure [32]. Additionally, the presence of a cat-
alytic medium [33] can impact the manner of obtain-
ing accurate results.

5. Conclusions

A numerical simulation was used to estimate the
working conditions of a laboratory size fuel cell
working on biogas produced from dairy waste. An
adequate mathematical model of the MCFC was built
and is commented on in the paper.

Two fuels were taken into consideration (hydrogen
and a biogas-steam mixture). For both fuels, the cal-
culations for the chemical reactions were based on
minimizing free Gibbs energy (the chemical equilib-
rium state) which might be far removed from the real
conditions for methane, but should be very close to
reality for hydrogen.

For both fuels, moderate efficiencies were ob-
tained (30% for hydrogen and 35% for biogas).

In the near future, the obtained results will be val-
idated through the use of a real experimental lab-
stand.
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