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A B S T R A C T   

This study is particularly aimed at investigating the influence of hydrogen chloride traces in biogas on direct 
internal reforming in solid oxide fuel cells (SOFCs). The experiments are performed with simulated biogas 
containing methane to carbon dioxide ratio of 3:2, the usual average proportion in biogas. To the best of our 
knowledge, there are no reported studies that investigated the effect of hydrogen chloride on direct internal 
reforming by clearly establishing the effect of reforming with outlet gas composition measurements. The ex-
periments at SOFC operating temperature of 850 ◦C reveals no negative effect on reforming or cell performance, 
with 4, 8, and 12 ppm(v) of hydrogen chloride in biogas. At 800 ◦C, there is no visible performance degradation, 
but a negligible amount of methane (~ 1%) is detected in the anode off gas. Both the reforming and electro-
chemical performance are marginally affected at 750 ◦C. Further, post-test analyses (FESEM-EDS, XRD) of the 
used SOFC reveals no damage to the cell at microstructure level or chlorine poisoning. All the experiments are 
performed in the context of utilizing the biogas generated from sewage treatment plants in an SOFC system. The 
reported level of chlorine traces in biogas generated from sewage sludge is < 10 ppm(v) and hence the limit set 
for experiments is at par with this value.   

1. Introduction 

Biogas is a versatile renewable energy source which can replace fossil 
fuel consumption in the areas such as thermal/heating applications, 
gaseous fuel for engines/fuel cells, and enriched biogas as a replacement 
for natural gas in chemical production. It possess a higher calorific value 
(HCV) of about 35 MJ/kg and when enriched by separating out the 
carbon dioxide (CO2) this value reaches upto 52 MJ/kg, which is com-
parable with that of the natural gas [1]. Biogas production through 
anaerobic digestion (AD) possesses the following advantages [2,3]: (i) it 
helps to process the organic waste efficiently as well as generate/recover 
energy out of it; (ii) the AD process requires less energy input and 

maintenance expenses; (iii) it is environmentally friendly as it helps in 
reducing the greenhouse gas (GHG) emissions; and (iv) digestate slurry, 
the by-product during biogas production, is a good organic manure 
which can replace or reduce the use of chemical fertilizers. In general, 
biogas production through AD is a promising solution from the multiple 
perspectives of energy production as well as waste management and is a 
sustainable option for decentralized and low carbon emission based 
energy economy [4]. 

It is apparently evident that organic wastes, if not treated properly, 
may end up in the emission of methane (CH4) into the atmosphere and 
its impact on climate change is very high as compared to CO2. As per the 
fifth assessment report of the intergovernmental panel on climate 
change (IPCC), the global warming potential (GWP) of CH4 for a time 
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horizon of 100 years is 28 times as compared to CO2 [5]. The importance 
of effectively capturing the methane from organic waste sources is 
self-explanatory from the former statement, and AD appears to be an 
effective method for treating organic waste with high water content. As 
reported by Kuo et al. [6], adopting appropriate technologies for 
waste-to-energy conversion generates renewable energy, solves many 
environmental issues and, most importantly, plays a key role in devel-
oping a sustainable circular economy. 

Anaerobic units possess small footprints (area requirements), and the 
power requirements and operating costs are much lower than aerobic 
systems [7–9]. For decentralised wastewater systems, a combination of 
technologies, i.e., initially treat it anaerobically to reduce the organic 
load to 60 to 70 percent and then refine it using aerobic systems will be a 
possible solution. D’silva et al. [10], based on an intensive performance 
assessment of 36 sewage treatment plants in Northern India concluded 
that anaerobic followed by microaerobic treatment imparts effective 
pollutant (organics and nutrients) removal. Meanwhile, this will also 
result in sustainable wastewater treatment plants (WWTPs). According 
to Babu [11], this would be the best strategy as the wastewater that 
reaches a treatment plant in Delhi, India is a mixture of domestic and 
industrial waste. LOTUSHR [12,13] is one such project that focuses on 
local treatment of urban sewage and energy recovery through biogas 
generation and the subsequent use of biogas in SOFCs for power gen-
eration. Rayner et al. [14] mentioned that the integration of AD and 
SOFC technology is an environmentally sustainable and cost-effective 
method for simultaneous waste management and energy production. 
High electrical efficiency, multifuel capability, and environmental 
compatibility are listed as the major advantages of SOFCs [15]. In a 
recent article, Tian and Milcarek [16] mentioned the importance of 
recovering and utilizing biogas in an SOFC-combined heat and power 
(CHP) system, which otherwise is flared off from most of the waste water 
treatment plants. DEMOSOFC [17], an industrial sized biogas-fed SOFC 
demonstration plant in Europe, successfully utilized the biogas for 
power generation after passing it through a stringent gas cleaning sys-
tem. The project was successful in demonstrating it at the SMAT Col-
legno WWTP in Italy and reported that about 25-30 % of the electrical 
requirements and almost the entire thermal needs at the WWTP can be 
met from this. The prime motive behind the study mentioned in this 
manuscript, as an associate/team member of the LOTUSHR project [12], 
is also to recover energy from waste streams, produce biogas and utilize 
it in an SOFC system to generate power. 

1.1. Biogas–SOFC system: a promising option for power generation 

Biogas is emerging as a potential fuel for SOFCs. Even though 
anaerobic digestion is a slow process, it is attractive owing to its simple, 

cost-effective, and eco-friendly nature. Also, AD is a promising method 
to recover energy from wastewater streams, especially for the warm- 
climate regions on account of the favourable environmental conditions 
that prevail almost throughout the year [18]. Biogas seems to be an 
attractive option for power generation through direct conversion in 
SOFCs owing to its high efficiency and broad versatility [14,19–21], and 
this will concurrently help to reduce the global warming potential [14, 
22]. Biogas, after partial pre-reforming, can be fed to SOFC as internal 
reforming is possible due to the presence of nickel (Ni) at the anode 
surface and the inherent/desirable temperature inside the SOFC 
[23–27]. Depending upon the proportion of CH4 and CO2, the option of 
dry reforming (DR), steam reforming (SR), or a combination of DR and 
SR can be employed. However, the trace impurities in biogas still pose a 
major challenge to employing it as a direct fuel for SOFCs [28]. So, the 
trace contaminant levels in biogas should be properly controlled, for 
which the upper tolerance limits are to be arrived at based on detailed 
experimental studies. 

SOFC is considered as the most fuel flexible fuel cell as it can 
accommodate various types of fuels as well as electrochemically oxidize 
both hydrogen (H2) and carbon monoxide (CO) at the anode [22,29–31]. 
Even though it is fuel flexible, minute quantities of contaminants in the 
fuel can cause an adverse effect on its performance. Li et al. [15] re-
ported that the main challenges and hurdles for the bio-syngas SOFC 
systems are the Ni anode degradation due to carbon deposition, nickel 
re-oxidation, and trace contaminants in the fuel, as this will affect the 
stable long term operation of SOFCs. Utmost priority should be given to 
eliminate this problem by properly identifying the tolerance limits of 
contaminants and gas purification methods (if needed), to safely inte-
grate and operate the biogas-SOFC systems. 

Most of the studies on chlorine contamination used H2 or syngas 
generated through gasification as the fuel for SOFC. The reason might be 
due to the fact that syngas is found to have higher levels of chlorine 
contaminants as compared to other carbonaceous fuels like biogas. It is 
worth noting that fuel activation, surface chemistry, and conversion 
efficiencies differ with respect to the fuels (H2 or carbon containing 
fuels) fed to SOFC [32]. Definitely, there will be differences in the 
degradation mechanisms and catalyst deactivation when experiments 
are conducted with such fuels contaminated with chlorine. Reeping 
et al. [19] reported that there are only very few studies on the toxic 
effects in SOFC’s with chlorine contamination in carbon-based fuels 
compared with those of H2 based fuels. A research article published in 
the year 2019 by Escudero and Serrano [33] also reported that most of 
the studies to find the degradation effect by HCl on SOFCs were mainly 
studied with H2 or syngas as fuel in nickel-yttria stabilized zirconia 
(Ni-YSZ) anode SOFCs. So, more investigations are still needed with 
appropriate combinations and compositions of such fuels and 

Nomenclature 

AD anaerobic digestion 
CEM controlled evaporator mixer 
CHP combined heat and power 
DIR direct internal reforming 
DR dry reforming 
EDS energy-dispersive spectroscopy 
FESEM field emission scanning electron microscope 
GC gas chromatograph 
GDC gadolinium doped ceria 
GHG greenhouse gas 
GWP global warming potential 
HRT hydraulic retention time 
IPCC intergovernmental panel on climate change 
LFG landfill gas 

LHV lower heating value 
LSCF lanthanum strontium cobalt ferrite 
LSM lanthanum strontium manganite 
MFC mass flow controller 
OCV open-circuit voltage 
ppm(v) parts per million by volume 
RSD relative standard deviation 
sccm standard cubic centimeters per minute 
ScSZ scandia stabilized zirconia 
SDC samaria doped ceria 
SOFC solid oxide fuel cell 
SR steam reforming 
SRT solids retention time 
WWTP wastewater treatment plant 
XRD X-ray diffraction analysis 
YSZ yttria stabilized zirconia  
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contaminants. Also, there are not much experimental studies on DIR of 
biogas in SOFC. Hence, studies to investigate the impact of chlorine 
traces in biogas on DIR will help to arrive at well-engineered systems for 
the future. 

2. An overview of the trace contaminant studies 

Biogas generated from treatment plants and landfills contains a wide 
range of trace contaminants such as siloxanes, sulphur compounds, 
halogens, tar compounds, etc [34]. Similarly, biogas generated from the 
excrement of livestock or sewage from human life may contain traces of 
chlorine, siloxanes, ammonia, etc [35]. Also, chlorine added to the tap 
water for disinfection may reach the waste/sewage treatment plants and 
finally the biogas generated from it [36]. So, the level of contaminants in 
biogas may vary from site to site. As of now, quite a good number of 
research publications are available for the contaminant tolerance studies 
with hydrogen sulphide (H2S) in the fuel gas fed to SOFC [28]. This 
study is focused on identifying the effects of HCl traces on methane 
reforming and electrochemical performance of SOFCs. Hence, an effort 
is made to sum up the relevant observations and findings from the 
published research articles. 

Paolini et al. [37], based on their study at a WWTP in Italy for 
converting the sewage sludge to biogas, reported that an average con-
centration of chlorine at the rate of 26.8 mg/m3 (i.e., 9.24 ppm(v)) was 
observed in the produced biogas. This is high when compared to the EU 
limit of 1 mg/m3 in biogas [37]. The probable reasons stated for the 
presence of chlorine traces in biogas are the degradation of organo-
chlorine compounds during AD, and the presence of chlorinated clari-
fying agents. Dechlorination can be attained with the use of carbon 
filters consisting of activated charcoal and alkaline carbon. Alkaline 
carbon is found to be more effective for the removal of acidic species 
[38,39], and an HCl removal efficiency of 99.6% was observed. 

Reeping et al. [19] examined the degradation of nickel-based anodes 
in SOFCs operating on biogas fuel with 110 ppm Cl (either as CH3Cl or 
HCl) at 650 and 700 ◦C. It is found that chlorine immediately suppresses 
the carbon deposition but results in a slow and steady degradation of the 
cell. But continuous exposure to 110 ppm chlorine ends up in rapid and 
irreversible failure. It is also reported that the cell degradation rates with 
biogas are faster than with either H2 or methane alone. 

Papurello and Lanzini [34] conducted a study with syngas as fuel to 
determine the threshold tolerance limits of various contaminants, i.e., 
the concentration at which the SOFC performance is reversible. The 
effect of HCl was investigated in galvanostatic mode to determine the 
ohmic and diffusive polarization resistance. Only very slight impact 
observed with 1–20 ppm(v) HCl, and total cell performance recovery 
(back to starting voltage) was achieved on removal of the contaminant. 
The electrochemical process is affected by HCl concentrations above 40 
ppm(v). The polarization losses due to the electrochemical process 
increased by 53%, when HCl concentration varied from zero to 1000 
ppm(v). 

Syngas produced from gasification of coal or biomass may contain 
HCl in the range of 10–500 ppm, and this might lead to poisoning of 
SOFCs through chlorine adsorption on the Ni surface or NiCl2 formation 
[40]. Blesznowski et al. [40] conducted a study about the trace level 
presence of HCl in syngas and its effect on an anode supported solid 
oxide fuel cell (AS-SOFC) with Ni-YSZ cermet anode. They performed 
113 h HCl-free operation followed by 48 h with 1 ppm HCl, and another 
48 h with 3 ppm HCl. After the experiments, the SOFC is operated on 
clean fuel for 5 h and finally with 10 ppm HCl for 67 h. A voltage drop of 
10 mV was observed with 10 ppm HCl in syngas. However, this drop was 
found to be reversible on the removal of chlorine. Scanning electron 
microscopy (SEM) analysis did not show any adverse effects on the 
microstructure. The energy dispersive spectroscopy (EDS) result did not 
show any traces of chlorine on the surface or cross-section of the cell. 

Sasaki et al. [31] conducted tests using Ni-ScSZ SOFC at 800 ◦C with 
chlorine concentrations ranging from 5 ppm to 1000 ppm in humidified 

H2 for 150 h at a constant current density of 0.2 A/cm2. They observed 
that sublimation of NiCl2(g) was predominant in this case. It is suggested 
that Cl2 species are moderately reactive to the Ni-based anodes and 
hence proper care should be taken to control them below their tolerant 
concentrations. 

Haga et al. [36] conducted detailed thermochemical calculations, 
microstructural analysis, and electrochemical characterization to arrive 
at the poisoning effects of chlorine compounds (Cl2 and HCl) on 
Ni-based electrolyte-supported SOFC with Ni–ScSZ cermet anode. The 
degradation rates in cell voltage were ca. 3%/1000 h for H2 containing 
5 ppm Cl2 as compared to that of ca. 2%/1000 h for pure H2 as fuel. Both 
adsorption-type and sublimation-type (NiClx formation at high tem-
peratures) poisoning mechanism is attributed to the said degradation. 

Escudero and Serrano [33] used biogas (CH4:CO2:H2 in the ratio 
70:25:5) in a W-Ni-Ce/SDC/LSCF type single cell at 750 ◦C. They 
observed only a slight dip in open circuit voltage (OCV). But there were 
some major oscillations in the power density values under load demand. 
The maximum power density diminished by ~22% and the maximum 
current density by ~29% after 29 h of operation with 250 ppm HCl, in 
comparison with the performance of SOFC with contaminant-free 
biogas. The W-Ni-Ce/SDC/LSCF type SOFC is found to be inferior to 
that of SOFCs based on Ni-YSZ or Ni-ScSZ anodes, while operating with 
HCl contaminated H2 or syngas. The cell recovery with pure H2 was only 
marginal. The post-test SEM-EDS study did not show any cracks or 
delamination. The presence of chlorine was detected on both the Ni and 
Ce particles of the anode, and nothing on the electrolyte. The degrada-
tion in SOFC performance is on account of the adsorption of chlorine and 
carbon formation (even though cannot be identified as carbon itself is 
coated on the anode for the SEM analysis) on active sites. Also, com-
mented that CO2 and H2O might have aided the oxidation of Ni and 
CeO2-x. 

Reeping et al. [32] mentioned the “palliative” effect of a small 
amount of molecular hydrogen supplemented with carbonaceous fuels 
contaminated with chlorine traces. They used 5 % H2 along with the 
carbon fuel and found that the presence of H2 masks the deterioration in 
the catalytic activity of nickel. It also helps to remove the adsorbed 
chlorine from Ni surface thereby resulting in the methane cracking re-
action to continue, although at a slower pace. When H2 is removed, 
chlorine occupies the methane/biogas reforming sites and cell failure 
happens immediately. 

Cavalli et al. [41] observed that among the different publications 
related to HCl contamination, no unison is found in the suggested 
tolerance levels, and this points to the need to carry out more studies for 
better understanding. It is seen that only the corrosion effect by HCl to 
the stainless steel piping, interconnects, and ancillary units is the com-
mon factor in all the reported cases. Varying results are observed from 
different studies, and the relevant ones with the details of SOFC, fuel 
type, contaminant level, operating temperature, observations, and rea-
sons for failure are summarised in a concise form in Table 1. 

3. Motivation 

Biogas seems to be an attractive alternative fuel for SOFCs. But the 
wide usage of biogas is limited due to the presence of trace contami-
nants. Hence, contaminant tolerance studies and effective biogas 
cleaning based on these studies are a must for overcoming such chal-
lenges. Even though there are a lot of results available to find out the 
limits of H2S and siloxanes, only very limited studies and results are 
available for the effect of chlorine in biogas on SOFCs performance. Of 
these limited studies on chlorine contamination, H2 was the primary fuel 
for SOFCs and very minimal attention was given to explore its harmful 
effects in predominantly carbon-containing fuels [19,49]. The degra-
dation rate and mechanism will be different with carbon-containing 
fuels when compared to hydrogen [41]. Also, there are still differing 
results in terms of performance loss, reversibility, and microstructure 
changes of the cell with studies pertaining to HCl traces in the fuel gas to 
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Table 1 
The impact of chlorine contaminants on the performance of SOFCs: details in a nutshell.  

Refs. Type of cell /Experiment details Gas composition & operating 
conditions 

Observations/findings reported Reasons listed / Remarks 

Trembly et al. 
[42] 

ESC - button type Ni-YSZ 
Tested potentiostatically at 0.7 V 

Coal syngas with 20 and 160 
ppm HCl at 
800 and 900 ◦C. 

17.4 and 26.1% degradation in current density at 
800 ◦C during 100 h with 20 ppm and 160 ppm 
respectively. And13.3 and 51.8 % at 900 ◦C. 
The effect was reversible on removal of HCl. 

Adsorption of chlorine onto the 
Ni surface. 
No traces of NiCl2 observed. 
Suggested additional testing at 
lower temp. (approx. 750 ◦C) 
and at lower HCl levels. 

Aravind et al. 
[43]  Ni/GDC anode (22 mm dia, 35 µm 

thick) printed to a 3YSZ electrolyte 
(25 mm dia., 130–140 µm thick).  

Humidified H2 with 4.2 vol% 
moisture. 
H2 bottle containing a 
fixed fraction of HCl 
Anode test at 850 oC 

No significant change in performance after 90 
min of exposure to 9 ppm(v) HCl. 
Impedance spectra did not show any variation in 
the resistance values of any of the circuit 
elements 

No chemical interaction 
between HCl and anode 
materials (Ni and ceria) 
Anode composition & structure 
is unaltered. 

Haga et al. [35]  Electrolyte-supported cells with ScSZ 
(10 mol % Sc2O3 – 1 mol % CeO2 – 89 
mol % ZrO2) and Ni–ScSZ cermet 
anodes. 
Double anode layer of 20 mm dia. 
Electrolyte of 200 µm thickness  

3% humidified H2 at a flow 
rate of 20 mL min− 1 and pure 
dry N2 

(carrier gas) with a flow rate 
of 20 mL min− 1. 
All experiments at 5 – 1000 
ppm, 800 oC, 0.2 A cm− 2 & 
5% FU. 

Degradation in voltage per 100 h:  
̴ 0.2% for pure H2  

̴ 0.3% for H2 with 5 ppm Cl2  

̴ 1.7% for H2 with 100 ppm Cl2  

̴ 9.4% for H2 with 1000 ppm Cl2 

Increased degradation rate with increased 
chlorine level. 
Poisoning is partially reversible. 

Adsorption-type (reversible) 
and Sublimation-type 
(irreversible) degradation. 
Reaction of Ni and Cl2 

Bao et al. [44] Ni–YSZ/YSZ/LSM cell from InDec B. 
V., Netherlands. 
2.5 cm diameter 
electrolyte: 4–6 µm, 
anode layer: 5–10 µm, 
porous anode support 
layer (NiO–YSZ) of 465–555 µm, 
cathode layer of 30–60 µm thick. 
The cathode is open to dry air. 

Synthetic coal gas with 40 
ppm HCl at 750 & 800 ◦C 
Overall fuel flow rate is 
approx. 100 ml/min (30.6% 
H2, 30.0% CO, 27.6% H2O & 
11.8% CO2). 

No degradation up to 100 h with HCl at 750 & 
800 ◦C. 
But, power density dropped from 182 to 
173mWcm− 2 (degradation rate: ~0.15 mWcm− 2 

h− 1) with CH3Cl at 850 ◦C after ~ 60 h  

Surface adsorption on Ni or 
some bulk effect on supported 
YSZ.  

Marina et al. 
[45] 

Nickel/zirconia ASC with 2 cm2 active 
area 
Anode support: ~ 900 µm thick and 
30 vol.% porous, comprised 
of Ni/YSZ bulk layer with 40/60 vol.% 
ratio. 
Anode active layer: 5 µm thick 50/50 
vol.% Ni/YSZ. 
Electrolyte: 9 µm thick 8YSZ. 
After tests, the cells were analyzed 
using SEM-EDS and Auger electron 
spectroscopy (AES). 

Synthetic coal gas 
(55 parts by vol. H2 and 45 
parts by vol. of CO2) with up 
to 800 ppm(v) HCl. 
Temp: 650-850 oC 

Reversible poisoning of anode. Poisoning 
decreased with increase in temp. Performance 
loss increased with HCl up to 100 ppm(v), 
beyond which it was insensitive to concentration. 
Cell voltage or current density did not have any 
effect on the extent of poisoning. 
Performance change is electrodic (temporary) 
only. No long-term degradation or 
microstructural changes. 

Adsorption of chlorine species. 
Chlorine adsorption is reversible 
which indicates that the 
strength of this 
bond is not so high.  

Xu et al. [46] A five layered Ni-YSZ anode-supported 
cell (MSRI make) 
Anode support: 0.8–0.9 mm Ni-8YSZ 
Interlayer: 25 µm Ni–8YSZ 
Electrolyte: 20 µm thick 8YSZ 
Interlayer: 25 µm LSM–8YSZ 
Current collection layer: 50 µm thick 
LSM 
Cell effective area: 2 cm2 

Chemical and structural change 
analyses by SEM, XRD, and XPS. 

Syngas with 100 ppm HCl at 
800 and 850 oC. 
Current load: 0.5 A/cm2 

Total syngas flow rate: ~ 200 
±2 sccm 
Air flow rate: ~300±2 sccm 

100 ppm HCl in syngas for 400 h resulted in a 
performance loss of about 3%. 
Avg. voltage degradation of 0.033 mV/h at 800 
oC at 0.5 A/cm2. 
At 850 oC, a higher degradation in performance 
with an average rate of 0.1 mV/h. 
Consistent OCV: 0.942 V at 800 oC and 0.925 V at 
850 oC. 

Chlorine adsorption on the Ni 
surface and loss of Ni. 
Permanent changes on the 
anode (Ni particles) 
microstructure. 
Corrosion to tubing and 
interconnects, a great concern 
while using coal syngas. 

Sasaki et al. 
[31] 

Ni-ScSZ / ScSZ/ LSM single cell. 
Long-term poisoning tests followed by 
microstructural observations (FESEM 
micrographs). 

Effect of Cl2 from 5 to 1000 
ppm at 800 ◦C in 
3% humidified H2 fuel 
Const. current load of 0.2 A/ 
cm2 for 150 h. 

Continuous degradation. Approx. 9.4% per 100 h 
for 3% humidified H2 fuel with 1000 ppm Cl2. 
(Typical degradation rate of this cell was ca. 
0.3%/1000 h). 
Partially recoverable on removal of Cl2. 

Sublimation of NiCl2(g) 

Li et al. [47] Anode supported cell 
Cell active area: 4 × 4 cm2 

Ni-YSZ active layer of 10 μm 
and Ni-YSZ support 400 μm; 
YSZ electrolyte of 10 μm thick; Double 
cathode: LSM current collector of 30 
μm and LSM-YSZ functional layer of 
25–30 μm.  

Temp: 750 & 850 ◦C 
Galvanostatic mode at 250 
mA/cm2 

Fuel: Hydrogen 
1 to 10 ppm HCl added at the 
rate of 1 ppm per hour.  

No effect due to HCl concentrations of 8 ppm at 
850 ◦C and 10 ppm at 750 ◦C.  

Blesznowski 
et al. [40] 

Ni/YSZ anode Supported SOFC of 5 ×
5 cm2. 
Experiments conducted with single 
contaminants (H2S, HCl). 

50% H2 and 50% N2 

humidified with 3% H2O, 1 – 
10 ppm HCl 
T = 750 ◦C 
I = 0.25 A/cm2 

Upto 10 ppm of HCl does not affect the AS-SOFC 
operation at 750 ◦C. 

During long term tests, 
adsorption on to the anode 
surface might impede/hinder 
the H2 reaction sites. 

Madi et al. [48] Ni-YSZ anode supported single and 
short stacks. 
Single cells: Circular, active area - 7.5 

1 – 1000 ppm(v) HCl in H2/ 
syngas at 750 ◦C. 
Fuel for stack: a gas mix that 

Severe poisoning of single cells with H2 as 
compared to syngas. 
At higher current densities, the effect due to HCl 

Adsorption of chlorine. 
Ruled out the possibility of 
secondary phase of nickel 

(continued on next page) 
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SOFC. 
This particular study is focused on performing experiments with 

chlorine traces in carbon containing fuels where the proportion of CH4: 
CO2 is maintained throughout as 3:2, which is the most commonly found 
average value in biogas generated from sewage treatment plants. The 
intention is to investigate its immediate effect on direct internal 
reforming as well as the electrochemical performance of the SOFC. 

4. Materials and methods 

This study is executed in three stages. Initially, the thermochemical 
calculations are done to identify the carbon deposition risk. This analysis 
helps to arrive at the safe operating condition for SOFC in terms of 
operating temperature, fuel mix, and steam to methane ratio. Based on 
these results, direct internal reforming experiments are performed with 
contaminant-free biogas. This is followed by contaminant tolerance 
study of SOFC with various levels of HCl in the feed biogas, at different 
temperatures. Finally, post-test analyses are also performed to investi-
gate the microstructure of anode surface and cross section of the SOFC. 
Field emission scanning electron microscope (FESEM), energy- 
dispersive spectroscopy (EDS), and x-ray diffraction analysis (XRD) 
are used for this purpose. These are further illustrated in the following 
sections. 

4.1. Thermochemical analysis 

The thermochemical calculation software and database package, 
FactSage (Version 8.0, developed by Thermfact/CRCT (Montreal, Can-
ada) and GTT-Technologies (Aachen, Germany), is used to calculate the 
thermodynamic equilibrium composition of the biogas mixture at 
various temperatures and atmospheric pressure. These calculations are 
needed to identify the risk of carbon deposition at equilibrium compo-
sitions of fuels at the operational temperature and pressure of the SOFC. 
FactSage software gives the chemical equilibrium composition based on 
Gibbs free energy minimization. The ternary (C-H-O) diagram prepared 
based on these calculations is found to be extremely useful in identifying 
the safe operating conditions for the biogas-fuelled SOFC. It is worth 
noting that there is still a chance that experimental findings may differ 
from the equilibrium predictions due to anode catalyst types, size of 
nickel/catalyst crystallites, fuel flow rates, etc [50]. 

The following combinations of fuel mixtures are used for the ther-
mochemical calculations: 

i) Biogas DR1; ii) Biogas DR2; iii) Biogas SR1; iv) Biogas SR2; v) 
Biogas SR3. The composition details are appended below in Table 2. 

A ternary diagram prepared based on multiple thermochemical cal-
culations with these different fuel mixes at the SOFC operating condi-
tions is shown in Fig. 1. 

It can be seen that the dry reforming operation with low CO2 

Table 1 (continued ) 

Refs. Type of cell /Experiment details Gas composition & operating 
conditions 

Observations/findings reported Reasons listed / Remarks 

cm2 (Topsoe Fuel Cells, Denmark) & 
80 mm dia., active area - 47 cm2 

(SOLIDpower, Italy) 
Short stack: 11 ASC from Topsoe Fuel 
Cells, Denmark 

simulates the steam-reformed 
biogas or H2-rich syngas. 

will be more due to diffusion limitations. 
No degradation in short stacks except the 
corrosion of anode exhaust pipe. 

chlorine.  

Reeping et al. 
[19] 

Electrolyte supported cell 
50 μm thick Ni–YSZ cermet and an 
approx. 5 μm thick Ni–GDC interlayer 

Synthetic biogas (50% CH4 

50% CO2) 
110 ppm Cl (either as CH3Cl 
or HCl) at 650 and 700 oC 

Chlorine immediately suppresses the carbon 
accumulation. 
Slow and steady degradation of the cell and 
continual exposure to Cl ends up in rapid and 
irreversible failure. 

Continuous chlorine exposure 
inhibits CH4 cracking and dry 
reforming. 
Note: Details of reforming are 
not reported. 

Reeping et al. 
[32] 

Fuel Cell Materials make SOFC. 
Diameter: 25.4 mm 
Anode: 50 μm thick Ni-YSZ cermet and 
approx. 5 μm thick Ni-GDC functional 
anode layer. 
Cathode: 50 μm thick LSM layer with 
an approx. 5 μm thick LSM-GDC 
interlayer cathode. 
Electrolyte: 250–300 μm thick 
“Hionic” material.  

110 ppm CH3Cl in 
CH4 / biogas at 650 and 700 
oC. 
The fuel mix is supplemented 
with 5% H2 

Significant performance 
loss with carbon containing 
fuels  

Chlorine poisoning 
of the C-H bond activation 
mechanisms. 

Papurello and 
Lanzini [34] 

ASC700 (SOLIDpower, Italy) 
Anode: Ni-YSZ 
Cathode: GDC/LSCF 
80mm dia 
FU - 30% (due to seal-less cell) 

Syngas (% mol: H2-50.8, CO- 
19.5, CO2-9.1, CH4-0.7, H2O- 
19.9) with 1 – 1000 ppm(v) 
HCl. 
Steam/Carbon = 2 
T = 750 ◦C, 
I = 0.21 A/cm2 

Upto 20 ppm(v), total cell performance recovery 
(back to starting voltage) is achieved. 
Electrochemical process affected when HCl is 
above 40 ppm(v)  

HCl affected the TPB zone 

Escudero and 
Serrano [33]  

W-Ni-Ce/SDC/LSCF single cell 
Active area - 0.25 cm2, 
Electrolyte - 11 mm dia & 
~0.4 mm thick. 
250 ppm HCl from a H2/HCl gas bottle 
with 1 % HCl 
Anode flow – 50 mln/min, 
Cathode – open air  

Simulated biogas (CH4/ 
CO2/H2 ratio of 70/25/5) 
with 3 % moisture at 750 ◦C. 
89 mA/cm2 for 40 h without 
HCl & 
71 mA/cm2 for 29 h with HCl. 

250 ppm (typical value of halogenic compounds 
in landfill biogas) of HCl caused important 
oscillations in the potential and performance loss 
under load demand. 

Adsorption of chlorine and 
carbon formation on active 
sites. 

Papurello et al. 
[21] 

Short stack comprising six anode 
supported Ni-YSZ/8YSZ/LSM-YSZ 
SOFCs. 
Active cell area – 80 cm2 

FU – 75 % 

Technical gases – H2, CO, 
CO2, N2 & CH4. 750 ◦C 
20 ppm(v) HCl in H2 as 
carrier gas  

Ceramic sealant rupture and reoxidation of the 
cell 

Reaction between HCl and the 
glass ceramic sealant resulted in 
rupture and reoxidation of the 
cell  
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concentrations results in carbon deposition as the number of moles of 
CO2 available is always less than that of the CH4 present in the biogas. As 
this is the most common scenario of CH4 to CO2 (3:2) composition in raw 
biogas, dry reforming alone is not a possible option for direct internal 
reforming (DIR) in the SOFC. Either extra CO2 captured from other 
processes should be available or extra steam must be added, thereby 
making this a combined SR and DR process, for a safe operation of the 
SOFC. Saadabadi et al. [51] based on their experiments at 850 ◦C and 
current density ≥ 2000 A/m2 reported that an equimolar ratio of CH4 
and CO2 is required for safe and optimal performance, if dry reforming is 
the choice. This resulted in no carbon deposition and, at the meantime, 
delivered maximum power density. Biogas SR1 containing steam to 
methane ratio of 0.67 is just lying on the 750 ◦C temperature line, 
whereas both the Biogas SR2 and Biogas SR3 with steam to methane 
ratio of one are well within the safe region. Biogas SR3, the one with 5% 
H2, is marginally safer than Biogas SR2, and hence this composition is 
considered for the experiments. Additionally, in actual biogas, varying 
levels of H2 are found most of the time. Garcia et al. [52] reported that 
the biogas generated from wastewater treatment plants contain CH4 
(50–70%), CO2 (20–50%), H2 (0–5%), H2S (0–1%) and various other 
trace contaminants. Cigolotti et al. [53] mentioned that the biogas 
composition may vary considerably depending on the feedstock, the 

process conditions and the type of digester used, but a generally appli-
cable composition is CH4: 55–65%, CO2: 30–45%, N2: 1–5%, H2: 1–5%, 
H2S: 80–4000 ppm and other pollutants in trace levels (<1000 ppm). 
Also, Reeping et al. [32] mentioned about the “palliative” effect of 5 % 
H2 in carbonaceous fuels to mask the deterioration in the catalytic ac-
tivity of nickel. Fan et al. [54] used nearly 8 % H2 in their study on 
methane steam reforming kinetics and mentioned that addition of a 
small amount of hydrogen ensures a reducing environment for the SOFC 
anode. All these findings prompted us to stick on to Biogas SR3 for the 
experiments. 

The equilibrium compositions of reformed biogas at various tem-
peratures and atmospheric pressure with Biogas SR3 as the input fuel to 
SOFC is shown in Fig. 2. This is plotted based on the results obtained 
from the multiple runs on FactSage software at temperatures ranging 
from 400 to 1000 ◦C and 1.013 bar. From Fig. 2, it is clear that there is 
only a slight variation in the composition of reformed gases beyond 
750 ◦C. The CH4 is completely reformed, and the composition is almost 
steady after 800 ◦C. Hence, all the experiments were conducted with the 
SOFC operating temperature set between 750 and 850 ◦C. 

4.2. Experimental 

The details of SOFC, experimental test bench, fuel-mix, and the 
description of test procedures adopted are elaborated in the subsequent 
sections. 

4.2.1. SOFC details 
An electrolyte-supported Ni-YSZ cermet anode SOFC (Keracell 1) 

with 8YSZ electrolyte made by Kerafol, Germany is used for the exper-
iments. The cell had an overall dimension of 100 × 100 mm with an 
active area of 90 × 90 mm. 

Table 2 
Composition of the different fuel mix considered preliminarily for the study.  

Fuel mix Proportion of the constituents  
CH4 CO2 H2 H2O 

Biogas DR1 3 2 - - 
Biogas DR2 3 2 0.5 - 
Biogas SR1 3 2 - 2 
Biogas SR2 3 2 - 3 
Biogas SR3 3 2 0.5 3  

Fig. 1. C-H-O diagram to ascertain the carbon deposition risk of various fuel compositions at different operating temperatures of SOFC.  
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4.2.2. Set-up description 
The electrolyte supported SOFC is placed inside an alumina testing 

house, sandwiched between platinum meshes at both the anode and 
cathode sides. These meshes allow the gas flow from the grooved 
channels in the alumina housing to the SOFC, as well as act as the cur-
rent collectors. To ensure proper gas tightness, mica (thermiculite) 
sheets are used as sealants between the fuel cell and the alumina 
housing. A four-wire testing configuration is adopted for drawing cur-
rent and voltage measurements. The required gas composition is simu-
lated by mixing the individual gases in the appropriate ratios. 
Bronkhorst high-tech b.v mass flow controllers (MFC) are used for 
setting and controlling the gas flow. A Low-ΔP-Flow series mass flow 
controller suitable for corrosive gas service is used for adding the HCl/ 
N2 mixture to the anode inlet gas. A controlled evaporator mixer system 
(CEM) by Bronkhorst is used to simultaneously generate the steam and 
mix it with the anode inlet gas. The CH4 to CO2 ratio is always main-
tained at 60:40, which is the expected average value in biogas generated 
from sewage treatment. The total flow rate of anode inlet gas is main-
tained throughout the entire set of experiments at 1000 Nml.min− 1. 
Simulated air by mixing appropriate proportions of N2 (79%) and O2 
(21%) is used at the cathode side. 

The anode inlet as well as the outlet fuel lines are preheated to 130 ◦C 
by means of trace heaters to avoid any steam condensation inside the 
fuel pipelines. The outlet gas from the anode is passed through a steam 
condenser unit operating at ambient conditions. This gas is further dried 
by passing through a silica gel based gas cleaning unit to completely 
remove the moisture. A stream of this dried gas is sent to the gas chro-
matography (Agilent 490 Micro GC Biogas Analyzer) system through a 
sampling pipe while the remaining part is vented out. This GC consists of 
two columns; a 10-meter CP-Molsieve 5A with argon as carrier gas (for 
excellent sensitivity and linearity for hydrogen), and a 10-meter CP- 
PoraPLOT U column with helium as carrier gas. A Bronkhorst high- 
tech b.v mass flow meter (MFM) is connected just after the drier unit 
and prior to the tapping for micro GC sampling. This MFM is used to 
check the gas tightness of the assembly/testing house. All the electro-
chemical measurements are done with the Gamry make potentiostat/ 
galvanostat (Gamry Reference 3000). It can perform general physical 
electrochemistry experiments at high voltages and high currents for 
batteries, fuel cells, or supercapacitors. Also, a Gamry Reference 30K 
Booster is interfaced with the Gamry Reference 3000 to enable it for 
high current applications. For monitoring the SOFC operating 

temperature, a K-type thermocouple (RS PRO, -50 ◦C / +1200 ◦C) is 
inserted through the anode side alumina block and placed very close (<
2 mm) to the anode surface. This thermocouple is connected to a tem-
perature logger (Model: USB-TC01, Make: National Instruments) for 
continuous measurement and recording of the SOFC temperature. The 
schematic of the test station is shown in Fig. 3. 

4.2.3. Fuel-mix 
Based on the thermochemical calculations, Biogas SR3 containing 

CH4, CO2, H2O, and H2 in the ratio 3:2:3:0.5 is used for all the experi-
ments. The required level of HCl is added to the SOFC fuel line, after the 
CEM outlet and just before the inlet to the SOFC by means of a premixed 
standard gas cylinder containing N2 and HCl mixture. In order to vary 
the HCl level in the inlet gas, the flowrate from this premixed cylinder as 
well as the normal N2 inlet line are adjusted to maintain the required 
ppm(v) level and the total inlet flow. The anode inlet flow, keeping the 
CH4:CO2 ratio at 3:2, is steadily maintained 1000 Nml.min− 1 throughout 
so as to have a constant residence time for all the set of experiments. 

4.2.4. Test procedures 
The SOFC is heated from room temperature to 900 ◦C at a uniform 

ramping rate of 50 ◦C/h with N2 as the inlet gas at both the anode and 
cathode. After reaching the set temperature, the flow rate of N2 is 
gradually lowered and H2 is proportionally increased at the anode side 
until the whole N2 is replaced with the H2 gas. Simultaneously, the N2 
gas at the cathode side is switched completely to simulated air mixture. 
This process enables the nickel oxide (NiO) to get reduced to Ni. The 
SOFC is maintained at this temperature on pure H2 for a few hours. On 
attaining a steady OCV, the cell is switched to galvanostatic mode. After 
several hours of stable operation in galvanostatic mode, the measure-
ments / experiments with biogas are started. The polarization (I-V) 
curve is plotted at the start and end of the experiments and compared to 
find out the deterioration/degradation of the SOFC. Experiments were 
conducted at various ppm(v) levels (upto 12 ppm(v)) of HCl and tem-
peratures of 850, 800 and 750 ◦C. 

It is understood that errors may get introduced due to various ele-
ments during a measurement process. An error analysis helps in un-
derstanding and evaluating the uncertainties in measurement [55] . Any 
measurement, however carefully made, cannot be completely free from 
uncertainties. Hence, an uncertainty analysis is performed based on the 
guidelines given in the books by Holman [56] and Taylor [55]. The 

Fig. 2. Equilibrium composition of Biogas SR3 at various SOFC operating temperatures.  
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uncertainty in anode gas flow measurements related to CH4, CO2, H2 & 
N2 are ± 0.4%, ± 0.4%, ± 2.0% and ± 1.1%, respectively. The flow 
measurements at the cathode side have an uncertainty of ± 0.8% for O2 
and ± 0.9% for N2 gas. The MFC used for adding the HCl/N2 mixture 
possess an uncertainty of ± 1.1%. The temperature measurement (SOFC 
operating temperature) is expected to have an uncertainty of ± 0.4 %. 
The Gamry Ref 3000 and 30 k booster used to measure the cell perfor-
mance is calibrated using the calibration cell (provided by the manu-
facturer) prior to the experiments. The uncertainty in DC characteristics 
(Current & Voltage measurements) is within ± 0.2%. The gas chroma-
tography measurements of the anode outlet gas composition have a peak 
area repeatability (RSD%) of < 0.5. 

4.3. Post-test analyses 

After the electrochemical experiments, microstructural analysis is 
performed on the cell using a JEOL JSM-7800F Prime Field Emission 
Scanning Electron Microscope (FE-SEM/EDS) along with an Oxford 
make EDS detector. Samples of both the anode surface and the anode- 
electrolyte cross-section are examined. The XRD analysis is performed 
on the anode surface of the used cell with the PANalytical make X’pert 
Pro X-ray diffractometer. 

5. Results & discussions 

This section illustrates and presents the effects of varying concen-
trations (4–12 ppm(v)) of HCl in biogas on the direct internal reforming 
and the electrochemical performance of SOFC. The same set of experi-
ments were conducted at three different operating temperatures: 
initially at 850 ◦C, then at 800 ◦C and finally at 750 ◦C. 

5.1. Effect of HCl on DIR at various temperatures: anode outlet gas 
measurement results 

To study the effect of HCl on direct internal reforming of biogas at 
various temperatures, the SOFC operating temperature is varied through 
850 ◦C to 750 ◦C by 50 ◦C. At 850 ◦C, there is hardly any unreformed 
methane in the anode outlet gas in the closed-circuit condition. The 

composition of the anode outlet gas when operating the SOFC at 500 A/ 
m2 with zero ppm(v), 4 ppm(v), 8 ppm(v), and 12 ppm(v) concentration 
of HCl in the feed gas is depicted in Fig. 4 below. 

The results show marginal difference/dip in reforming at the SOFC 
operating temperatures of 800 ◦C and 750 ◦C. It can be seen from Fig. 4 
that at 800 ◦C the unreformed methane in the dry anode outlet gas is less 
than 1 % and that at 750 ◦C it varied from 2.94 % to 3.52 %. This change 
is probably due to the effect of temperature on reforming and not that of 
the poisoning of the anode/Ni catalyst due to the HCl traces in biogas. 
We observed similar results, when experiments were performed without 
HCl traces in biogas. This trend is also seen in the thermochemical 
calculation (Fig. 2), where there is slight presence of methane at 750 ◦C. 

5.2. Effect of HCl on the electrochemical performance of SOFC 

The SOFC is operated at 850 ◦C in galvanostatic mode at a current 
density of 500 A/m2. The cell voltage vs time for the same is shown in 
Fig. 5 (a) below. After about 4 h of operation on Biogas SR3 with a steam 
to methane ratio of one, 4 ppm(v) HCl is added to the fuel inlet line by 
proportionally mixing the required quantity of standard concentration 
HCl-N2 gas from a cylinder. Anode outlet gas samples are analysed at 
regular intervals of 30 min in a micro GC. After 3 h, the HCl is removed 
and the cell is operated for about an hour on clean biogas mix, and then 
with 8 ppm(v) HCl in biogas for another 3 h. Again, HCl removed, the 
cell is operated on clean biogas mix for 2 h and repeated the experiment 
with 12 ppm(v) HCl in biogas. 

After completing all the tests at 850 ◦C, the polarization curve is 
plotted, and this is compared with the one taken prior to performing the 
trials with HCl contamination. Fig. 5(b) shows that both these curves are 
almost identical/overlapping, and hence it can be concluded that there 
is no significant degradation in cell performance. 

After the test with 12 ppm(v) HCl in biogas fuel at 850 ◦C, the cell is 
flushed with humidified (3%) hydrogen, kept in open circuit condition 
for a few hours, and then the same cell is used to perform similar set of 
experiments with biogas at SOFC operating temperature of 800 ◦C and 
finally at 750 ◦C. While switching from humidified H2 fuel to biogas, a 
drop in temperature of about 18–20 ◦C is observed. This is on account of 
the in situ endothermic reforming reactions. It can be seen from Fig. 6(a) 

Fig. 3. Schematic diagram of the test setup used for SOFC experiments.  
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that there is no significant performance drop at 800 ◦C, but a drop in 
voltage is observed during the experiments at the SOFC operation 
temperature of 750 ◦C. A dip of about 8–10 mV, compared to the initial 
voltage, is observed in this case. This might be due to the presence of 
unreformed methane (3–4 %) and carbon accumulation on the anode 
inlet area at this temperature. 

The I-V curves (Fig. 6(b)) at various SOFC operating temperatures 

(750 & 800 ◦C) taken before and after the experiments with trace HCl 
levels in biogas shows that there is no noticeable deterioration in per-
formance except the minor deviation observed with the one at 750 ◦C. 
So, with this composition (CH4/CO2 = 3/2 & CH4/H2O = 1) of fuel to 
anode, it is recommended to operate the SOFC at 850 ◦C, for complete 
internal reforming as well as safe long term operation of the cell. 

Fig. 4. Unreformed methane in the dry anode outlet gas when the SOFC is operated under a current load of 500 A/m2 at various temperatures.  

Fig. 5. (a) Cell voltage during galvanostatic mode at 850 ◦C with HCl (4–12 ppm(v)) in biogas; (b) Polarisation curve without HCl (before expt.) and after the 
experiment with HCl traces in biogas at SOFC operating temperature of 850 ◦C. 

Fig. 6. (a) Comparison of cell voltage during galvanostatic mode at 750 and 800 ◦C with HCl traces upto 12 ppm(v) in biogas; (b) Polarisation curve, before and after 
the experiments with HCl traces, at 750 and 800 ◦C. 
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5.3. Post-test analyses of SOFC 

The post-test analyses are performed after the entire set of experi-
ments (with 0–12 ppm(v) HCl at 850, 800, and 750 ◦C). The images from 
the FESEM-EDS analysis done for the SOFC after performing the final set 
of chlorine contamination experiments are detailed below in Fig. 7. 
There are hardly any changes in the microstructure, and sufficient 
bonding between the anode and the electrolyte is observed. The cross- 
sectional SEM images of the anode-electrolyte area is shown in Fig. 7(a). 

Fig. 7(b) shows the area mapping of nickel particles in the anode- 
electrolyte cross-section while Fig. 7(c) displays the microstructure 
and the elemental line mapping of the anode surface of the SOFC. From 
these images and the elemental data based on the EDS spectra, it can be 
interpreted that the Ni catalyst is intact in the microstructure. Fig. 8(a) 
shows the EDS spectra obtained during an elemental area mapping done 
on the anode surface. 

The presence of carbon of about 5% (wt.) is detected on the anode 
surface. This might have occurred during the SOFC operation at 750 ◦C, 
wherein about 3–4 % of unreformed methane is observed in the anode 
outlet gas. It is good to note that the presence of chlorine is not detected 

on the anode surface, and only negligible traces (0.01 to 0.08 wt%) is 
found in the cross section (anode-electrolyte) area. 

The SOFC sample after the experiments with HCl is analysed to check 
for NiCl2 formation, if any. Fig. 8(b) shows the X-ray diffraction pattern 
obtained for the anode surface of the SOFC. In comparison with the 
results of NiCl2 peaks from the literature [57], it is interpreted that there 
is no deposition/presence of NiCl2 on the SOFC when in situ reforming is 
performed by direct feeding of biogas containing HCl levels of upto 12 
ppm(v). 

5.4. SOFC fed with biogas containing HCl traces: implications on system 
design 

It is found that complete internal reforming is possible when the 
biogas-fed SOFC is operated at 850 ◦C. This is true while operating with 
clean biogas as well as with biogas containing HCl traces (up to 12 ppm 
(v)). The electrochemical performance of the cell also is found to be 
stable while operating at 850 ◦C. There is no noticeable degradation in 
voltage when the SOFC is operated under galvanostatic mode. Also, the 
polarization curve before and after the experiments with biogas 

Fig. 7. FESEM-EDS images of: (a) Anode–electrolyte cross-section; (b) Mapping of Ni particles at the anode-electrolyte cross-section; (c) Line mapping and elemental 
composition of the anode surface of SOFC. 
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containing HCl traces did not show any signs of deterioration. Hence, it 
can be inferred that these findings will help in eliminating or minimizing 
the expenses related to the gas cleaning (as far as only HCl is considered) 
and external methane reforming units while opting for an integrated 
biogas-SOFC system for sewage treatment plants. 

6. Conclusions 

This work is exclusively focused on evaluating the direct internal 
reforming and the electrochemical performance of a Ni-YSZ electrolyte 
supported SOFC fed with biogas containing HCl traces. The relevant 
findings are: 

1) Direct internal reforming and cell performance remains unaf-
fected when SOFC is operated at 850 ◦C with biogas containing HCl 
traces (upto 12 ppm(v)). 

2) At 800 ◦C, negligible amount (~ 1%) of unreformed methane is 
present in the anode off-gas while no degradation in cell performance is 
observed. 

3) Both DIR and cell performance are marginally affected at 750 ◦C. 
4) A reduction in SOFC temperature of 18–20 ◦C is observed when 

the fuel is switched from humidified H2 to biogas. This is due to the 
endothermic nature of the reforming reaction. 

5) Complete reforming of methane is attained at 850 ◦C. This elim-
inates the need for an external reformer, provided the biogas is free of 
other contaminants (sulphur, siloxanes, etc.). 

It is observed that most of the studies pertaining to the degradation 
effect by HCl on SOFCs mainly used H2 or syngas as the fuel. The fuel 
used in this study contains methane to carbon dioxide ratio of 3:2, the 
usual average proportion in biogas. Since the cells are susceptible to 
carbon deposition at the inlet region (during current load) or throughout 
the cell (at OCV) during dry reforming, combined steam and dry 
reforming is used in this case by maintaining a steam to methane ratio of 
1:1. 

At 850 ◦C, both the I-V curve and the voltage vs time curve under 
galvanostatic mode are not indicating any signs of performance deteri-
oration. At 800 ◦C, the unreformed methane in the dry outlet gas is less 
than 1 % and that at 750 ◦C it varied from 2.94 % to 3.52 %. No 
degradation in electrochemical performance is observed at 800 ◦C 
whereas a dip of about 8–10 mV in the operational voltage is observed 
towards the end of the experiment at 750 ◦C. The presence of unre-
formed methane and carbon deposition on the anode surface at this 
operating temperature might be affecting the SOFC. The elemental 
composition from the EDS measurements performed on the anode sur-
face of the SOFC also indicated the presence of about 5 % (wt.) of car-
bon. The FESEM-EDS results reveals that there are no microstructural 
changes, chlorine infiltration, and Ni catalyst erosion due to HCl traces 
upto 12 ppm(v) in the biogas fuel. Also, the results from XRD analysis 
rules out the presence of NiCl2 and the associated degradation of SOFC. 

This study is aimed at finding out the safe operation conditions when 
biogas generated from sewage is employed as a fuel for SOFC, and hence 
the HCl level selected for the experiments are based on those expected 
lines. Based on the experiments with this biogas composition (CH4/CO2 
= 1.5 & H2O/CH4 = 1) and HCl traces upto 12 ppm(v), it is found to be 
safe to operate the SOFC at 850 ◦C, for complete internal reforming as 
well as safe and stable operation of the cell. We are under the expecta-
tion that these findings will help further in eliminating or minimizing 
the expenses related to the gas cleaning (as far as only HCl is considered) 
and external methane reforming units while opting for an integrated 
biogas-SOFC system for sewage treatment plants that normally contains 
CH4:CO2 = 3:2 and HCl traces of less than 10 ppm(v) in the generated 
biogas. As per the details available, the level of HCl is far high for biogas 
generated from land fill gas (LFG), syngas, etc., and hence these results 
may not serve as a suitable guideline when using such fuels. Also, this 
study needs to be extended further for higher current densities, extended 
durations, and with different sealant materials. 
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