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ABSTRACT

This study investigates the feasibility of electricity production in a solid oxide fuel cell using methane
recovered from groundwater as the fuel. Methane must be removed from groundwater for the pro-
duction of drinking water to, amongst others, avoid bacterial regrowth. Instead of releasing methane to
the atmosphere or converting it to carbon dioxide by flaring, methane can also be recovered by vacuum
stripping and served as a fuel. However, the electrical efficiency of currently used combustion-based
technologies fuelled with methane-rich gas is limited to 35% due to the low heating value of the
recovered gas (70 mol. % methane) and power derating due to the presence of carbon dioxide (25 mol.%).
We propose to use a solid oxide fuel cell to use the methane-rich gas as fuel. Solid Oxide Fuel Cells are
fuel-flexible and potentially attain higher electrical efficiencies up to 60%. To this end, specific gas pro-
cessing, including cleaning and methane reforming, is required to allow for durable operation in a solid
oxide fuel cell. We assessed whether electricity could be generated by a solid oxide fuel cell using
methane recovered from a full-scale drinking water treatment plant as a fuel. The groundwater had a
methane concentration of 45 mg-L™, and the recovered gas by vacuum towers contained 70 mol%
methane. We used a gas cleaning reactor with impregnated activated carbon to remove hydrogen sulfide
traces from the methane-rich gas. Thermodynamic calculations showed that additional steam is required
to achieve a high methane reforming. The added steam and the carbon dioxide content in the recovered
gas simultaneously contribute to the methane reforming to prevent carbon deposition. The measured
open circuit potential corresponded with the theoretical Nernst voltage, implying high methane
reforming in the solid oxide fuel cell. The achieved power density of the cell fuelled with the methane-
rich gas (mixed with steam) was 27% less than the hydrogen-fuelled cell. Ultimately, 51.2% of the power
demand of the plant can be covered by replacing the gas engine in a drinking water treatment with a
915 kW solid oxide fuel cell system fuelled by the methane recovered from the groundwater, while the

greenhouse gas emission can be reduced by 17.6%.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

required treatment depends on the specific composition of the
groundwater, which amongst others depends on the characteristics

1.1. Groundwater as a source of drinking water

Groundwater is the most frequently used source for the pro-
duction of drinking water in the Netherlands (Vewin, 2019).
However, treatment of groundwater is needed to produce drinking
water to meet the guidelines for drinking water set by the Drinking
Water Directive (Council Directive 98/83/EC) in Europe. The
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of the subsurface. In addition to the conventional removal of nat-
ural organic matter, hardness, nitrate, and other geogenous sub-
stances, recent trends in drinking water production from
groundwater focus on the removal of organic micropollutants
(Lapworth et al., 2012) and toxic metals such as arsenic (Ahmad
et al, 2020). Furthermore, drinking water treatment plants
(DWTPs) must minimise their carbon footprint to meet the 2020
Climate and Energy Package and the 2030 Climate and Energy
Framework set by the European Union by decreasing the con-
sumption of energy and chemicals and the direct emission of
greenhouse gases (EurEau, 2019).

0959-6526/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.2. Removal of methane from groundwater

Besides the presence of natural organic matter, carbon can be
present in groundwater as methane (CH,), which must be removed
to avoid bacterial regrowth during the treatment, transportation,
and drinking water distribution. CH4 becomes present in ground-
water as a result of anaerobic degradation of organic matter in the
subsurface or the infiltration of CH4 from natural gas reservoirs
(Osborn et al., 2011). Traditional treatment of groundwater typi-
cally comprises aeration using tower- and plate-aerators and cas-
cades, to add oxygen (0;) to the water and simultaneously strip
undesired gases, such as hydrogen sulphide (H,S), carbon dioxide
(CO,), and CH4. However, the application of aeration results in
greenhouse gas emissions to the environment because the off-gas
containing air and the undesired gases are directly emitted. The
emission of CHy is undesirable because it has 28 times higher global
warming potential than CO, (Stocker et al., 2013). The annual
methane emissions by the groundwater treatment global sector
was estimated to be 0.53 Tg which is around 0.2% of global methane
emissions (Kulongoski and Mcmahon, 2019). Therefore, the emis-
sion of CH4 during groundwater treatment can contribute signifi-
cantly to the total carbon footprint of DWTPs.

Besides aeration, CH4 can be removed from water by vacuum
(membrane) stripping (Velasco et al., 2018), through which a gas
with a concentration of CH4 of 60% can be recovered from waste-
water effluents (Rongwong et al., 2018). The recovery of CH4 by
vacuum (membrane) stripping allows for flaring of CHg, resulting in
the conversion of CH4 to CO,, lowering the carbon footprint.
However, the direct emission to the environment and the flaring of
CH4 both ignore the potential to generate energy after the recovery
of CHg.

1.3. Energy generation from recovered methane

Recent efforts to valorise recovered CH4 from water showed that
it is possible to recover CH4 for energy generation in a (micro) gas
turbine (Rongwong et al., 2018). Combustion-based energy con-
version technologies, such as gas turbines, are widely applied to
generate electricity and heat from (recovered) CH4. However,
combustion-based energy conversion technologies emit a large
amount of CO, (per KW electrical power generation) and have an
electrical efficiency of 20—35% (Trendewicz and Braun, 2013), while
micro-scale systems (<10 kWe) only have an electrical efficiency of
20% (Mikalsen et al., 2009).

On the contrary, electrochemical energy conversion technolo-
gies, such as solid oxide fuel cells (SOFCs), are reported to have an
electrical efficiency up to 60% when using CH4 as fuel, while the
total energy efficiency can go up to 90% when the generated high-
grade heat is used (Stambouli and Traversa, 2002). More specif-
ically, Farhad et al. (2010) achieved an electrical efficiency of 42% for
a 1 kWe SOFC stack with an external steam reforming process,
fuelled with biogas (60 mol.% CH4 and 35 mol.% CO,) mixed with
anode off-gas. Tjaden et al. (2014) achieved a 57% electrical effi-
ciency for a 25 kWe SOFC system using biogas fuel. Both studies
used biogas containing around 60% CH4, while Staniforth and
Ormerod (2003) showed the feasibility of using biogas containing
only 45% of CH4 as a fuel for an SOFC. Furthermore, Yi et al. (2005)
showed that the efficiency of the SOFC decreases only by 1% when
shifting from natural gas (CH4 > 90%) to biogas (with a system ef-
ficiency of 51.1%) as the primary source of CH4. Hence, SOFCs are
very flexible with respect to fuel composition in contrast to
combustion-based technologies, opening opportunities for more
efficient energy generation from fuels recovered from (waste)
water.
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1.4. Methane processing for energy generation in SOFCs

SOFCs are considered to be fuel-flexible fuel cells because be-
sides hydrogen (H>), also carbon monoxide (CO) can directly elec-
trochemically react with oxygen ions (0%). To allow for 0%
transport through the solid electrolyte in SOFCs, operational tem-
peratures of 600—900 °C must be maintained. Typically, nickel is
used to catalyse the oxidation of H; at the anode (Mahato et al.,
2015). However, SOFCs do not rely on the direct electrochemical
oxidation of CH4 (Staniforth and Ormerod, 2003). Therefore, to use
CH4 as a fuel, it must be reformed, either externally or in-situ (in-
ternal) at the anode, resulting in the generation of Hy and CO.
Reforming of CH,4 can generally be achieved by dry reforming (Eq.
1), steam reforming (Eq. 2) and partial oxidation, which are
extensively discussed in the reviews of Giir (2016).

Steam (i.e., water vapor) and CO, are often already present in the
fuel when CHy is recovered from the water, allowing for in-situ CHy
reforming at the anode, since a suitable nickel catalyst is already
present at the anode (Fan et al., 2015). However, a challenge during
the reforming of CHy is the deposition of carbon, which is also
catalysed by nickel at temperatures above 450 °C (Girona et al.,
2012). Carbon deposition decreases the cell catalytic properties
and causes anode structure damage due to local thermal stresses,
leading to delamination of the anode material (Chen et al., 2011). To
guarantee a durable and efficient SOFC operation, precise CHy
reforming is required because high concentrations of reforming
agents (steam and CO,) influence the SOFC performance by
decreasing the electric potential. Furthermore, the Hy and CO
concentrations change based on water gas shift reaction at equi-
librium condition (Eq. 3), which also impacts the electric potential.
The optimal reforming process depends on the actual gas compo-
sition of the CHg4-rich gas since direct dry reforming or steam
reforming can be achieved when the required amount of CO, or
water, respectively, is already present in the gas.

Dry CH, Reforming :
CHy + COy > 2H, +2C0 , AHY_,qg = 247 kj.mol ™! (1)

Steam CH,4 Reforming:
CHy + Hy03H, + CO , AHY_,95 = 206 kJ.mol~! (2)

Water Gas Shift Reaction:
CO + HyO0<H, + COy , AHY 595 = —41 kj.mol™! (3)

1.5. Removal of contaminants for fuel cell

When CHy is recovered from the water, for example, after biogas
production during waste (water) treatment, contaminations like
H,S can be present in the recovered fuel. H,S is a corrosive gas that
could form concentrated sulphuric acid, depending on humidity, O
concentration and the presence of bio-film. It can lead to the
deterioration of pipelines and other metal equipment (Zhou et al.,
2013). Equipment in conventional power generation systems can
tolerate H,S levels around 250 ppm (Abatzoglou and Boivin, 2009).
Contaminants such as H,S and hydrochloric acids strongly influ-
ence the SOFC performance and the durability of the cells (Papadias
et al., 2012).

H,S deactivates the nickel catalyst present on the anode by
forming nickel sulphide particles on the anode surface. The for-
mation of large and dense nickel sulphide particles leads to a
decrease in the three-phase boundaries (where the electrochemical
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reactions take place) (Sasaki et al., 2011). A detailed kinetic model
of methane reforming has been developed by Appari et al. (2014).
The results showed an immediate deactivation of the catalyst at the
introduction of H,S as a result of the occupation of the Ni-surface by
sulfur. The impact of sulfur poisoning on cell performance of
different SOFC anodes have illustrated that Ni/GDC (Gadolinium
Doped Ceria) cermet (ceramic-metallic composite) anode has a
better performance during the exposure to H)S-containing
hydrogen fuels (Zhang et al., 2010). This is due to the fact that GDC
possesses mixed ionic and electronic conductivity (Ouweltjes et al.,
2006) studied the influence of sulfur contaminant (2—9 ppm) on
the Ni-GDC cell. Results indicated that sulfur mainly impacts the
methane reforming while the effect was negligible for H, and CO
electrochemical oxidation. Experimental studies on conventional
SOFC anode (Ni-SSZ) showed considerable electric potential drops
with H,S impurities higher than 5 ppm in the fuel (Sasaki et al.,
2007). (Bao et al., 2009) have reported a rapid cell voltage drop
after exposure to HyS, which is reversible after short-term exposure
to a 1 ppm H,S. Even though SOFCs are known as the most tolerant
fuel cell type to HyS impurities (Hofmann et al., 2009), fuel cleaning
should be included to remove H,S.

One of the most promising technologies for removing H>S to
sub-ppm levels is adsorption on metal oxides. An adsorption me-
dia, typically zinc, copper, or iron oxide, is coated on a supporting
material (Cherosky and Li, 2013). It is reported that the use of a
Na—X zeolites fixed bed reactor and zinc oxide guard bed decreased
the H,S content from simulated biogas contaminated with traces of
30 ppm H)S to 0.07 ppm (Papurello et al., 2014). Additionally,
synthesised adsorbent materials like activated carbon are
commonly used for H,S removal in dry conditions and ambient
temperature (Isik-Gulsac, 2016).

1.6. Research objective

To improve the sustainability of drinking water production from
CHy-containing anaerobic groundwater, we propose to use the
recovered CHy-rich gas as a fuel for SOFC and thereby reduce the
carbon footprint. However, to our best knowledge, it remains un-
known whether CHy-rich gas from groundwater can be effectively
used as fuel in an SOFC. To this end, CHy-rich gas from a full-scale
DWTP was sampled and, analysed and contaminants were
removed. Finally, the cleaned CHy-rich gas was fed to an SOFC to
assess the feasibility of energy generation under both dry reforming
and steam reforming conditions.

2. Materials and methods

2.1. CHy4 recovered from groundwater during drinking water
production

A full-scale DWTP owned by Vitens N.V. produces drinking
water from groundwater and has a maximum capacity of 25 million
m3-year-1. The concentration of CH4 in the groundwater ranges
between 35 and 45 mg-L-1. The groundwater is pumped from the
deep-wells directly to a system of vacuum towers, which remove
90 percent of the dissolved CH4 using a vacuum depth of 0.2 bar(a).
This results in a gas stream with a CH4 concentration of 65—72 vol%.
Subsequent treatment by plate aeration allows for the removal of
the remaining 10 percent. Because plate aeration increases the
concentration of O in the water, iron is oxidised and iron hydroxide
(Fe(OH)3) flocs are formed, which are subsequently removed by
media (sand and anthracite) filtration. After the media filtration,
tower aeration is used to further remove CO; before pellet softening
to lower hardness. Finally, any residual suspended solids are
removed by another step of media filtration, and color is removed
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by anion exchange to produce a final water quality suitable as
drinking water. The recovered CHs-rich gas is currently utilised in a
550 kW (nominal power) gas turbine, which has an electrical effi-
ciency in the order of 35%.

2.2. Recovered gas sampling

The CHy-rich gas produced by the vacuum towers was sampled
to conduct the experimental study by this recovered gas in the fuel
cell lab. At this DWTP, water vapor in the recovered gas stream is
condensed by cooling before the CH4-rich gas storage. The CHy-rich
was sampled in three bags with a volume of 20 L (each) after the
water vapor condensation. The sample bags were filled by con-
necting the bag to the recovered gas pipeline with a pressure of
22 mbar. The presence of H,S in the CHs-rich gas was measured
directly after sampling, using a Drager-Tube. Precipitation reactions
of metal salts are the basis of measurement in the Drager-Tube.
Metal salts react with H2S and form soluble metal sulphides, which
have a different color, and the contaminant level is visible through
the shell of the Drager-Tube. Additionally, the CH4-rich gas was
analysed in an Agilent 490 micro gas chromatograph, containing
Molsieve 5A and PoraPLOT U columns. 200 mL of the CHg-rich gas
was used to determine the concentration of CHg, Hj, O, nitrogen
(Nz), CO, and COa.

2.3. Experimental SOFC set-up

A single cell SOFC test station (Fig. 1) was used to conduct the
experiments. A planar nickel-coated scandium oxide stabilised
zirconia (Ni-ScSZ) electrolyte supported cell (purchased from the
Ningbo SOFCMAN Energy Technology Co., Ltd) with an effective
surface area of 3.8 cm? was used for the experiments. The cell was
placed between two Crofer metal plates, and gas tightness was
achieved by sealing the cell with mica (thermiculite) sheets. Nickel
foam and a gold mesh were used as current collectors at the anode
and cathode, respectively. The cell and associated sealing were
placed in a furnace to allow for a stable operational temperature.

The supply of synthetic Ny, O, and H; gas (with purity > 99.99%)
was controlled by calibrated mass flow controllers (Bronkhorst
High-Tech BV). The CHy-rich gas was pumped from the sample bags
to the anode by a suction pump (Hyco Vakuumtechnik GmbH), and
the fuel flow rate was regulated by a calibrated rotameter. The fuel
was initially pumped through a 500 mL gas reactor containing
225 g of impregnated steam activated extruded carbon (Norit®
RGM 3) designed to remove low concentrations of sulfur com-
pounds. A sampling point for the fuel was placed after the
adsorption media reactor to determine the concentration of H,S in
the fuel after the pre-treatment (Fig. 1).

To allow for steam reforming of CHy4, demineralised water was
injected into the fuel inlet by a calibrated peristaltic pump, having a
flow rate range of 0.006—2300 mL-min™! (Leadfluid Technology
Co.). Due to the high temperature of the furnace and the low flow
rate (ranging 1.8—9.2 mL.min"!) of the water, the water evaporated
before reaching the anode. To validate that the supplied gases and
steam affected the actual cell temperature, a k-type thermocouple
was placed at the anode surface of the cell. The anode off-gas was
connected to exhaust tubing, while the cathode off-gas was vented
to the air.

Finally, electric measurements were performed by an electro-
chemical impedance spectroscopy (EIS) device (Gammry FC-350)
by simultaneously measuring the electric potential while a vari-
able resistance was set to draw the electric current.

After mounting the cell, the furnace was heated up to 850 °C
with a ramp of 150 °C per hour. During the furnace heating, N, was

fed to the anode and cathode at a flow rate of 200 Nml-min ™.



S.A. Saadabadi, N. van Linden, A. Heinsbroek et al.

Journal of Cleaner Production 291 (2021) 125877

L

D=

Peristaltic pump MFC H:
L1 Anode
0.] | MFC Jﬂ Side
Cathode TN,
Side iy Cathode Inlft Anode Outlet | |
N, | i Rotameter

Activated Carbon

Furnace Controller unit

EIS

Furnace

Cathode Outlet

reactor
] l
Sampling point
Driéger
tube

Vacuum pump

Sampled
CHa-rich
gas

(20L)

) posure
Pump
regulator

Fig. 1. A schematic representation of the experimental SOFC set-up.

Before using the CHg-rich gas as fuel, the nickel catalyst was
reduced because the nickel was initially present as nickel oxide
(NiO) on the anode of the cell. The reduction of NiO, and thus the
activation of the nickel catalyst, was achieved by feeding hydrogen
to the anode at 850 °C. The H; flow rate was gradually increased to
200 Nml-min' while simultaneously, the N, flow rate was
decreased from 200 to 0 NmlLmin’. Throughout the entire opera-
tion of the SOFC air simulated by a controlled mixture of N, and O,
was fed to the cathode at a flow rate of 400 and 110 NmL-min™},
respectively. Subsequently, the cell temperature was decreased to
800 °C. A mixture of H, and N, was fed to the anode as a reference
for the cell performance, at a flow rate of 140 and 60 NmL-min™},
respectively. Subsequently, the CH4-rich gas was fed to the anode at
a flow rate of 200 NmL-min™', both solely and in combination with
steam. After stabilising the electric potential during the feeding of
the fuel, the open circuit potential (OCP) was logged. Finally, the
electric circuit was closed, and the electric current was drawn
stepwise (5 mA.s™!), while logging the electric potential.

2.4. Thermodynamic approach

CH4 must be reformed to Hy and CO before electricity can
effectively be generated in an SOFC. However, the deposition of
carbon must be avoided, of which the risk is determined by the fuel
gas composition and operating temperature at atmospheric pres-
sure. FactSage thermochemical simulation software is used to
determine the required amount of steam to prevent carbon depo-
sition. FactSage software is mainly based on chemical equilibrium
conditions by minimising Gibbs free energy. Carbon-based fuels
typically consist of three key elements that are involved in carbon

deposition: carbon (C), hydrogen (H) and oxygen (O). Ternary
C—H—O0 phase diagrams are used to identify solid carbon formation
regions based on the operating temperature, and the amount of
required reforming agent (in this case, steam) can be determined to
shift the operating condition with the gas composition to the safe
operating region. However, the chemical equilibrium condition
cannot be completely achieved.

Several studies have reported significant deviations between
the equilibrium calculations and experimental measurements
(Haseli, 2019). The deviation might vary based on the anode cata-
lyst types and the size of nickel crystallites (Rostrup-Nielsen, 1972).
Moreover, the fuel flow rate impacts the internal methane
reforming in the SOFC due to the mass transfer effects at different
fuel velocities (Laosiripojana and Assabumrungrat, 2005). The
anode material also impacts the carbon deposition risk in hydro-
carbon fuelled SOFCs. For instance, Takeguchi et al. (2002) claimed
that the Ni—YSZ cermet structure is favourable for whisker carbon
growth. The authors proposed a carbon growth formation mecha-
nism based on the dissolution of adsorbed carbon atoms in the
metal crystallite, diffusion of carbon atoms through the metal, and
precipitation at the rear of the metal particle.

2.5. Performance indicators

To assess the feasibility of using the CH4-rich gas as a fuel for an
SOFC, both the open circuit potential and the power density at an
electric potential of 0.6 V were determined. The theoretical open
circuit (Nernst) potential is generally calculated based on H, or CO
concentrations as reactants and H,O or CO, as products of the
electrochemical reactions (Penchini et al., 2013). However, in the
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case of using both H, and CO gas in the fuel, the Nernst potential
cannot be determined the conventional way (with H; partial
pressure), as also the water gas shift reaction (WGSR, Eq. (3)) can
take place (Ni, 2012). Therefore, the Nernst potential was calculated
based on the concentration of O, at anode and cathode sides, ac-
cording to the method of Leone et al. (2010) (Eq. (4)).

R-T Po, cathode
Eroc = ——. In(2Qzcathode (4)
T0C™n.F ( Po, anode )

Where R = universal gas constant (8.31 ] mol-K ™), T = operational
temperature (in K), n = number of electrons transferred for each
mole of O (unitless, n = 4), F = Faraday constant (96,485 C-mol!)
and P = partial pressure (in bar, POy, cathode = 0.21 bar in atmo-
spheric air).

The concentration of O, at the anode depends on the actual gas
composition at the anode after reforming and must be calculated
based on equilibrium condition (by FactSage software). The
measured OCP was compared to the Nernst potential (Eq. (4)) to
assess the efficiency of the CH,4 reforming. Besides the Nernst po-
tential, the power density characterisation is also typically used to
evaluate the SOFC performance with different fuels at different
operating conditions (Saadabadi et al. (2019)). The peak power
density is indicating electrical energy generated from the fuel per
unit of SOFC surface.

Finally, the CH4 conversion in the SOFC is calculated based on
the carbon balance at the inlet and outlet at equilibrium condition.
Based on the dry reforming reaction, 1 mol of CH4 produces 2 mol of
CO and can be calculated based on the outlet gas composition, as
shown in Eq. (5) (Li et al., 2017).

Y CH,,in — YCHq,0ut x 100(%)
YCHa,in
_ 0.5*Yco,out
Y CHy,out + 0~5"YCO,out

XcH, =

x 100(%) Eq. 5

Where Xcys = CHy reforming (%), y;i is the mole fraction of gas
species ‘i’ in the inlet and outlet of the SOFC (unitless). It is essential
to mention that the CH4 conversion is calculated based on the gas
concentration in the gas phase, and the carbon deposition is
neglected.

3. Results and discussion
3.1. Composition and pre-treatment of CHy-rich gas

The concentration of CH4 in the gas recovered from the DWTP
was 71.4 mol. % (with standard deviation ¢ = 1.83 and number of
samples of r = 8). In addition to CHy, the recovered gas contained
23 mol% CO, and 5 mol% N3 and a trace of oxygen and H,S (average
of 9 ppm). The composition of the gas is similar to biogas generated
during the anaerobic digestion, which also mainly contains CH4 and
CO; in the range of 70—45 and 60 - 40%, respectively (Jahn et al.,
2013).

The measurement of HyS in the recovered gas after the pre-
treatment indicates that the use of activated carbon as adsorbent
was sufficient to decrease the content of H,S from 9 to below
0.1 ppm, which is an acceptable level for SOFC applications
(Papadias et al.,, 2012). The residence time of the gas of 150 s
allowed for sufficient contact time to adsorb the H,S. Because the
content of H,S was already below the detection limit, the effectivity
of the other adsorbents was not further considered.
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3.2. Reforming procedure of the CHy-rich gas

Because the CHg-rich gas contains a lower fraction of CO,
compared to CHy, dry reforming could lead to carbon formation,
and thus the addition of steam is required to reform the CHg.
Adding steam to the CHg4-rich gas fuel leads to a decrease in the
concentration of CH4 at OCP operating condition, as presented in
Fig. 2A. As explained in 2.3, carbon deposition can be predicted by
FactSage.

Fig. 2B presents the gas concentrations at equilibrium condi-
tions (at 800 °C) after reforming the CH4-rich gas mixed with steam
(S/C ratio up to 1). When the recovered CHy4 is reformed without
steam (S/C ratio = 0), carbon deposition takes place, and there is
still 2.3 mol% CH4 present, which is not reformed to H, and CO.
Meanwhile, the CO, concentration decreases to 0.7 mol% due to the
dry reforming reaction. By adding steam to the CHgy-rich gas,
methane-steam reforming also takes place, and the equilibrium
CH4 concentration decreases to 1.3 mol%, and only 3.5 mol% of
steam remains at an S/C of 0.6. Moreover, CO; in biogas also con-
tributes to the methane dry reforming reaction and WGSR (Jiang
and Virkar, 2003), resulting in a decrease of the CO, concentra-
tion to less than 2 mol%. Due to the higher concentration of steam at
the S/C ratio of 1.0, the steam and CO, concentrations in the
reformed gas (at equilibrium) increase to 11 and 4.6 mol.%,
respectively.

The carbon deposition threshold for different operating tem-
peratures of SOFCs is visualised in the C—H—O ternary diagram in
Fig. 3. The gas composition of the CHs-rich gas is located in the
carbon deposition region. Adding steam as a reforming agent
moves the operating condition into the safe region by increasing
the concentration of H and O elements in the fuel. A steam to
carbon (S/C) ratio of 0.6 is required for the safe operation of SOFC at
800 °C. However, local temperature drops due to the endothermic
reforming reactions, can still lead to local carbon deposition.
Increasing the S/C ratio to 1.0 brings the operating condition to the
safe region even at lower cell temperatures (around 700 °C).
However, the long-term safe operation should be experimentally
investigated for different operating conditions.

Furthermore, increasing the steam concentration of the fuel
increases the CH,4 reforming rate, as presented in Fig. 4. At equi-
librium conditions at 800 °C, the CH4 conversion increases from
82% (through the dry reforming reaction) to around 98% when
instead of only dry reforming, also steam reforming takes place due
to the addition of steam. By increasing the S/C ratio to 0.6, carbon
deposition is suppressed at equilibrium condition, and this leads to
asudden increase in the CH4 conversion rate, as shown in Fig. 4. The
concentration of formed solid carbon (graphite) with various S/C
ratios at equilibrium conditions is presented in Fig. 4.

However, the increasing contribution of steam reforming in
comparison to dry reforming does not necessarily lead to an in-
crease in H, concentration (according to the Hy/CO ratios of Eq. 1
and 2). Increasing steam concentration to S/C of 1.0 increases the
concentration of unreacted steam in the reformed gas composition,
and this decreases the H, and CO concentrations. Moreover,
increasing the H, concentration shifts the WGSR equilibrium (Eq. 3)
toward the reactants (CO and H,0), which again leads to a decrease
in Hy concentration. Ultimately, the results of equilibrium calcula-
tions (Fig. 2B) show that increasing the conversion of CH4 by
increasing the steam concentration does not lead to a higher con-
centration of Hy and CO.

Fig. 5 presents the Nernst potential for different gas composi-
tions with the S/C ratio ranging between 0 and 1.0, calculated using
Eq. (4). When the S/C < 0.6, by increasing S/C, the H, concentration
decreases. In contrast, the CO concentration increases. Thus, the
Nernst voltage does not significantly change. When the S/C > 0.6,
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Fig. 2. The gas composition of fuel at the inlet of SOFC before reforming (A). Increasing the S/C ratio by adding more steam results in the dilution of CHy4, CO, and N; and increased
presence of H,0 in the fuel mixture. The gas composition of reformed fuel, according to equilibrium condition at 800 °C (B). Increasing the S/C ratio to 0.6 leads to an increase in the
presence of CO, while the presence of H, decreases. By further increasing the S/C ratio to 1.0, H, and CO are further diluted, but the risk of local carbon deposition is decreased.

due to remaining steam and CO; in the reformed gas, both H, and
CO concentrations decrease. Therefore, the Nernst voltage drops by
increasing the S/C. However, despite the lower Nernst potential,
increasing the S/C ratio is necessary to prevent carbon deposition.

3.3. Performance of the solid oxide fuel cell on CHy-rich gas

After the reduction of NiO to nickel, the cell performance was
tested at 800 °C. A mixture of H2 (100 NmL-min~!) and N2 (60
NmL-min~!) was used as a reference for the performance of the
cell. The electric potential measurements and I-V characterisation
were performed after the stabilisation of temperature and electric
potential. The measured OCP with H, and Ny was 1.21 V, which
corresponded well with the Nernst potential at 800 °C (1.24 V),
implying that there was negligible H, leakage inside the setup (Li
et al.,, 2019). Fig. 6 presents the -V characterisation and shows
that the electric potential gradually decreased to 0.65 V, at a rate of

5 mA.s! until an electric current density of 155 mA.cm™ was
achieved. Subsequently, the CHs-rich gas was fed to the cell, while
the flow rate of H, was gradually decreased to 0 mL-min~". The
measured OCP was 1.11 V when solely the CH4-rich gas was fed to
the cell, which again corresponded well with the Nernst potential
at equilibrium conditions (1.10 V), indicating that the concentra-
tions of Hy and CO are similar to the equilibrium calculations, and
the same (internal dry) CH,4 reforming is achieved. After stabilisa-
tion of the electric potential, the -V characterisation was con-
ducted. By increasing the electric current density, the electric
potential dropped to 0.6 V at 150 mA.cm™2. The ohmic cell resis-
tance (the slope of the curve at high electric current densities) is the
same for Hy and the CHy4-rich gas, as can be seen in Fig. 6.
According to the equilibrium calculations, operating an SOFC
with the CH4-rich gas composition (CH4 concentration of 70 mol%)
results in carbon deposition in long-term operation, which was
experimentally investigated by Lanzini and Leone (2010). The OCP
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Fig. 4. When the S/C ratio increases, the reforming of CH,4 increases, while simultaneously the amount of carbon deposition (graphite formation) decreases, according to equilibrium
calculations. At an S/C ratio of 0.6, no carbon deposition is expected.

decreased from 1.11 V (for dry reforming conditions) to 1.02 V (for (1.02 V), again indicating that CH4 was almost completely reformed
steam reforming conditions) by adding steam to allow for steam to Hy and CO. Similar results regarding the high CH4 reforming with
reforming. The measured OCP was equal to the Nernst potential the S/C ratio of 0—3 has been observed in the study of Timmermann
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Fig. 6. The -V characterisation of the cell and the determination of the peak power

density for the various tested fuel compositions. The OCPs agreed well with the calculated

Nernst potentials of the various fuels. The maximum current and power density of the CHy4-rich gas for steam reforming conditions (required to avoid carbon deposition) were lower

than for dry reforming conditions because the OCP was lower due to steam added.

et al. (2006). However, an electric potential fluctuation (+2 mV)
was observed, caused by the non-uniform fuel-steam gas mixture.
The I-V characterisation of the cell performance with CHy-rich gas
and steam reforming is presented in Fig. 6. As a result of the lower
OCP, the maximum achieved current density at 0.6 V was
123 mA.cm™, which is lower than the achieved current density
with Hy and the CHg-rich gas at dry reforming conditions. Due to
higher ohmic resistance of electrolyte supported cells, the obtained
current densities in this study are lower than the CH,4 fed SOFC with
anode supported (Ni-YSZ) cells with the current densities in a range
of 500 mA-cm (Leone et al., 2010). However, the cell resistance in
this study is lower than the test carried out by Goula et al. (2006),
who used a button Ni-YSZ cell at dry reforming condition and

achieved a current density of 95 mA.cm™. The cell resistance in
this study is comparable with the results reported by Timmermann
et al. (2006), who reported a current density of 140 mA.cm™ using
an S/C ratio of 1.0 with both Ni-YSZ and Ni-GDC anodes, electrolyte
supported cell. However, the cell resistance in this study is higher
than a test with commercialized electrolyte supported Ni-YSZ cell,
achieving a current density of 300 mA-cm™ (Lanzini and Leone,
2010). Hence, the cell performance in this study might be
improved further by selecting a proper cell material for this oper-
ating condition (Saadabadi et al., 2019).

The power density curves for the different fuels are calculated
(based on the [-V characterisation) and presented in Fig. 6. Due to a
lower OCP, the maximum power generation while using the CH4-
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rich gas with steam reforming (72 mW.cm™2) was lower than for
using H2 (99 mW.cm™) and CHy-rich (89 mW.cm™) at dry
reforming conditions. Achieving a lower power density implies that
a larger SOFC stack should be used for the CHy-rich gas fuelled SOFC
system with steam reforming, compared to dry reforming. How-
ever, the use of steam reforming avoids any risk of carbon deposi-
tion, according to the experimental results of Lanzini and Leone
(2010).

3.4. Power generation and CO, emission

The previous section showed that the CH4 recovered from
groundwater could be effectively used as fuel in an SOFC stack. The
implications for the electrical power generation and the reduction
of the carbon footprint by applying an SOFC system at the consid-
ered DWTP are discussed in this section. Considering a CH4 removal
efficiency of 90% and a hydraulic flow rate of 3.2 x 10> m3-h™! in
this DWTP, the CHy4 production is 8.08 x 10> mol-hr™.

Based on the equilibrium calculations (by FactSage), steam
reforming of CH4 with an S/C ratio of 1.0, 2.82 mol of Hy, and
1.11 mol of CO can be produced from each mole of CH4. The Gibbs
free energy of the reformed CH, at 800 °C is —742 kJ-mol . With an
assumption of the SOFC electrical efficiency of 55% at fuel uti-
lisation of 85% (Gandiglio et al., 2014), the electrical power gener-
ation of the SOFC system at this DWTP can be 915 kW. Hence, this
SOFC system can supply 51.2% of the electrical power demands of
the entire DWTP, which is 365 kW more than the power generated
in the current gas engine system. We must emphasise that the heat
demands of CH4 reforming also can be supplied by heat generated
in the SOFC stack (Saadabadi et al., 2019).

The high efficiency of SOFC systems can help in reducing the
carbon footprint of the DWTP. The annual power generation of the
SOFC system can be 8015 MWh, which is 3197 MWh more than
produced by the gas engine installation. The CO; emission of nat-
ural gas-fuelled power plants in Europe is approximately 561 g-
CO,-kWh'! (Wang and Sun, 2012). Therefore, developing a 915 kW
SOFC system at the Spannenburg plant can reduce the carbon
footprint of the plant by 1794 tons CO, per year. Furthermore, the
recovered gas utilisation in the SOFC system extremely reduces the
NOx emissions (Krist et al., 1999). The energetic and carbon emis-
sion implications are summarised in Table 1.

3.5. Future outlook

In this study, the performance of a single cell SOFC fuelled with
CH4 recovered from groundwater was investigated. To further
develop an SOFC system fuelled with CHy-rich gas, additional
studies on different levels are required. First of all, a long-term
durability test should be conducted to identify the optimum fuel

Table 1
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processing conditions, including CH4 reforming and H»S cleaning,
to determine the carbon deposition threshold at different operating
conditions such as temperature, current density, and especially the
fuel utilisation.

A long-term test is encouraged to identify the H,S adsorption
capacity of activated carbon for the recovered gas at the operating
condition. Moreover, the sustainability of the DWTP can be
improved by considering the iron oxide (by-product of this DWTP)
material for the H,S removal in the gas cleaning unit.

The focus of this study was to investigate the possibility of using
CHgy-rich gas as fuel. However, the fuel utilisation was in the range
of a few percentages due to the limitation of the capacity of the gas
flow controller, while the fuel utilisation can reach 85% in the SOFC
stack. By using an anode supported cell instead of the electrolyte
supported cell (in this study), the performance of the SOFC system
can potentially be improved by enhancing the internal CHyg
reforming (due to the higher catalytic surface area) and decreasing
the ohmic resistance of the cell (Lanzini and Leone, 2010). After
identifying an optimised fuel processing and selecting a proper cell
material for the operating condition, a long-term test should be
conducted to determine the safe operating condition with respect
to the carbon deposition issue. These tests should be extended to
the SOFC stack level and pilot plant (in the range of a few kW
systems).

Moreover, the sustainability of the considered DWTP can be
further improved by heat integration of the SOFC system
(Trendewicz and Braun, 2013). Generated heat in the SOFC stack
can be utilised in sub-processes of the treatment plant. Further-
more, because of the high concentration of CO, in the exhaust of
the SOFC system, there is an opportunity to capture CO; and recycle
it in the CH4 removal or pellet softening process of the DWTP
(Campanari et al., 2016). Eventually, a specific SOFC system can be
designed and developed for the DWTPs based on the lessons
learned from such studies.

4. Conclusions

High concentrations of CH,4 in groundwater used for the pro-
duction of drinking water cause sustainability issues at DWTPs
concerning greenhouse gas emissions. Technologies such as vac-
uum stripping allow for the recovery of CH4 from groundwater and
the subsequent use of the CHy-rich gas as a fuel. We proposed to
use SOFC as an efficient energy-conversion technology to improve
the sustainability of DWTPs and assessed the feasibility of using
CHy-rich gas extracted from the water of a full-scale DWTP, a proof
of principle test in this study.

Recovered gas from the DWTP in Spannenburg (the
Netherlands) was collected and analysed. The main components in
the sampled gas were CH4 and CO, with concentrations of 71 and

The projected power generation and carbon footprint of the DWTP of Vitens concerning the current gas engine system and the potential SOFC system.

Unit

Gas engine system SOFC system

Recovery CH,4 Utilisation at DWTP

System power kw
System efficiency -
Percentage of power demand —
Power supplied by the grid kw
Energetic advantage -
Annual CO, Emissions

Local CO, emissions: from power system ton-CO,
CO, emissions: CH,4 Utilisation at DWTP g-CO,-kWh!
CO, emissions: Power from grid (Wang and Sun, 2012) ton-CO,
Total CO, emission of the DWTP ton-CO,

CO, emission advantage -

550 915

35% (Trendewicz and Braun, 2013) 55% (Gandiglio et al., 2014)
30.8% 51.2%

1238 873

20.4%

4136 4136

858 516

6084 4290

10,220 8426

—17.6%
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23 mol%, respectively. Additionally, the recovered gas contained
9 ppm of H,S, which can permanently influence the cell perfor-
mance of the SOFC. H,S was effectively removed (<0.1 ppm) with
impregnated activated carbon with a residence time of 150 s at
ambient temperature.

Thermodynamic calculations based on equilibrium conditions
showed that using CH4 directly in SOFCs results in carbon deposi-
tion and deactivation of the anode in long-term operation. The
content of CO, in the recovered gas was not sufficient to allow for
complete dry reforming of CH4. Therefore, extra steam should be
added to the CH4-rich gas to increase the CH4 conversion by steam
reforming. An S/C ratio of 0.6 was the minimum required value to
prevent carbon deposition at an operating temperature of 800 °C.
However, endothermic reforming reactions at the anode fuel
channel cause local temperature gradients, which increase the risk
of local carbon deposition. Therefore, the cell performance was
experimentally determined at an S/C ratio of 1.0. The OCP was in
line with the calculated Nernst potential, indicating a high CHy4
reforming rate. A peak power density of 72 mW -cm™ was achieved
with the CHy-rich gas at an S/C ratio of 1.0. Further experimental
studies concerning optimisation of the operating conditions and
cell and stack design are required to develop an efficient SOFC
system suitable for using CHg-rich gas in DWTPs.

The use of CH4 recovered from the groundwater in an SOFC
opens up opportunities to mitigate the greenhouse gas emissions
and improve the sustainability of DWTPs. The recovered CH4 of the
Spannenburg DWTP can be used to run a 915 kW SOFC system. This
can supply 51.2% of the total electrical power demand of the plant
and decreases greenhouse gas emissions by 17.6%, which is around
1794 tons of CO,.

Ongoing and future works: Currently, a larger SOFC (a few kW)
system has been integrated at the DWTP Spannenburg, the
Netherlands. The tests with the actual recovered CHy-rich gas are
being conducted. The results are beyond the scope of this paper.
Analyzing and reporting the results will be considered as a follow-
up publication.
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Nomenclature

AVG Average

CHy4 Methane

co Carbon monoxide

CO, Carbon dioxide

DWTP Drinking water treatment plant
E Electric potential (V)

EIS Electrochemical Impedance Spectroscopy
F Faraday constant in (C-mol™)
Hay Hydrogen

H,S Hydrogen sulphide

MFC Mass flow controller
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mA Milli amps

N, Nitrogen

n Number of electrons

Ni Nickel

NiO Nickel oxide

NmL Normal millilitre (at 0 °C and P = 1 bar)
(6)) Oxygen

ocP Open circuit potential

P Partial pressure (bar)

ppm Parts per million

r Number of samples

R Universal gas constant (J-mol-K )
S/C Steam to carbon ratio

ScSZ Scandium oxide stabilised zirconia
SOFC Solid oxide fuel cell

T Operational temperature (K)

X Conversion rate

Greek Symbols

c Standard deviation

v Mole fraction

AHO Enthalpy change (kJ.mol™!)
Subscripts

e Electric power

i Gas species

in Inlet

out Outlet

TOC Theoretical open circuit
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