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A B S T R A C T   

Solid oxide fuel cells are a promising alternative to gas engines for combined heat and power production based 
on biomass gasification. The technical complexity of realizing gasifier – fuel cell couplings has limited the 
number of experiments conducted in the past. However, results from such experiments are of high importance for 
the evaluation of tar thresholds and operating conditions ensuring a stable operation of fuel cells. For the first 
time, it was possible to demonstrate for dozens of hours the operation of solid oxide fuel cells with real product 
gas from steam gasification with a steam-to-carbon ratio of 2 and a typical tar content for fluidized bed gasifi
cation. Four coupling experiments with industrial-relevant cell designs were conducted, demonstrating a stable 
operation for 30 h without structural degradation of the anodes for cells with nickel/ceria- and nickel/zirconia- 
based anodes at 800◦C and 850◦C, if heavy tars were partially removed (2.8–3.7 g⋅Nm− 3 gravimetric tars). Raw 
gas operation (4.6–4.8 g⋅Nm− 3 gravimetric tars) led to metal dusting effects on nickel contact meshes and nickel/ 
zirconia-based anodes, whereas nickel/ceria-based anodes were less affected. Carbon deposited on the alumina 
support in all experiments whereby a change from pyrolytic to graphitic structure could be observed when 
increasing the temperature from 800◦C to 850◦C, thus significantly reducing the risk for blockages in the flow 
channels. Moreover, high tar and benzene conversion rates were observed. Concluding, operating temperatures 
of 850◦C and the removal only of heavy tars can enable stable long-term operation with a tar-laden steam gasifier 
product gas, even without increasing the steam-to-carbon ratio to values exceeding two.   

1. Introduction 

The world’s demand for sustainable energy is steadily increasing. To 
keep global warming below 1.5 ◦C, the Intergovernmental Panel on 
Climate Change recently underlined the urgency to reach zero net-CO2 
emissions around 2050 [1]. Generating power from solid biomass is a 
promising carbon–neutral technology to achieve this ambitious goal. 
However, the electrical efficiency of biomass gasification-based com
bined heat and power (CHP) systems using gas engines as power gen
erators is limited to 25–30%. By using solid oxide fuel cell (SOFC) stacks 

instead of gas engines, the potential is given for increasing the electrical 
efficiency to values exceeding 40% [2,3]. Since fuel consumption and 
therefore costs are crucial for power generation from biomass, an in
crease in electrical efficiency is essential to make this technology more 
economically attractive [4]. A number of challenges must be solved in 
order to ensure stable SOFC operation with minimal performance 
degradation over an industrial-relevant lifetime and consequently to 
introduce biomass gasification-based CHP systems using SOFCs on the 
market. Besides still high capital expenditures (CAPEX) of SOFC sys
tems, also gas cleaning upstream of SOFC stacks must be more intensive 
compared to gas engines which increases the CAPEX for the overall CHP 
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system. Lowering the gas purification level would significantly decrease 
these costs thus making SOFCs a competitive alternative to gas engines. 

High-temperature gas cleaning methods are recommended for CHP 
systems using SOFCs as power generators to achieve high system effi
ciencies, which can be attributed to the lower amount of energy required 
to preheat the fuel gas to SOFC operating temperatures after the puri
fication steps [5]. Ceramic filter candles offer high cleaning efficiencies 
for particulate matter at temperatures near to gasifier operation, 
whereby inorganic impurities as H2S and HCl can be reduced to sub- 
ppmv levels in fixed bed reactors filled with high-temperature sorbents 
based on metal-oxides and alkaline earth metal compounds, respectively 
[6]. The reduction of tars (organic molecules with molecular weights 
greater than benzene according to [42]) appears to be more complex and 
error-prone than H2S, HCl or particulate separation and can be realized 
at high temperatures via several non-catalytic (e.g. partial oxidation, 
which reduces the efficiency and generates soot) or catalytic (steam/dry 
reforming over nickel, which is prone to deactivation) methods [6,7]. 
The thresholds for particulate matter, H2S and HCl, organic sulfur 
compounds and tars in biomass gasification product gas for the use in 
SOFCs still give cause for discussion. While there is general consensus on 
the need to keep H2S, HCl, and particulate matter levels as low as 
possible or at least in the range of a few ppmv, recommendations for 
acceptable tar levels range from tens to several hundred ppmv [6,8–12]. 
Hence, exploring the limits for acceptable tar contents in product gas 
from biomass gasification might hold the largest potential for the 
reduction of gas cleaning requirements and consequently total costs. 

The varying recommendations for the acceptable tar level can be 
attributed to the different effect of tar components on nickel-based 
catalysts like SOFC anodes. On the one hand, tars can decompose to 
some extent on nickel catalysts providing extra H2 and CO as fuel for 
electrochemical reactions, thus increasing the cell performance. Higher 
temperatures and steam-to-carbon ratios (SCR) favor the decomposition 
of tars, whereas the reactivity of following five model compounds was 
demonstrated in [13] as follows: benzene > toluene > anthracene >
pyrene > naphthalene. On the other hand, tar molecules like benzene or 
naphthalene are claimed as catalyst poisons for anodic nickel in [14] 
and [15] thus hindering methane reforming reactions and the electro
chemical oxidation of H2 and CO. Moreover, phenol might lead to 
dusting of anodic nickel as demonstrated in [16]. With regard to the 
anode material, anodes based on nickel/gadolinium-doped ceria (Ni/ 
GDC) are less prone to carbon deposition and catalyst poisoning due to 
tar decomposition than anodes based on nickel/yttria-stabilized zirconia 
(Ni/YSZ), predominantly due to the mixed ion- and electrical 

conductivity as well as catalytic properties of ceria [8,17]. In summary, 
tar thresholds strongly depend on (i) the cell operating temperature, (ii) 
the main fuel gas composition and the type of tars in the gas mixture as 
well as on (iii) the SOFC anode material and design. 

The gasifier design acts as a main precursor for tar formation. Table 1 
gives an overview of state-of-the-art gasifier designs and their charac
teristics based on [18] and [19]. The technical complexity of realizing 
gasifier - SOFC coupling has limited the number of experiments con
ducted in the past. Table 2 summarizes experimental efforts that have so 
far been made in demonstrating SOFC operation with product gas from 
biomass gasification together with their outcomes in terms of perfor
mance stability, carbon deposition and structural cell degradation. 
Whereas a tar conditioning unit is crucial for updraft gasifier designs 
when coupling to fuel cells, tar contents in the product gas of fixed-bed 
downdraft gasifiers might already be low enough for stable SOFC 
operation as released gaseous compounds pass a hot oxidation zone in 
which heavy tars are cracked [20]. However, in addition to the disad
vantage of a lower possible power range and fuel flexibility, fixed bed 
gasifiers are predominantly operated with air as the gasification agent 
resulting in an SCR usually below 1 together with a low H2/CO yield. A 
low SCR significantly increases the risk for carbon deposition according 
to [21–26], whereby a low H2/CO ratio has a negative effect on the 
performance of an SOFC [27]. The addition of steam or oxygen to the air 
to increase the H2O concentration in the product gas and to conse
quently reduce the carbon deposition risk is only possible to a certain 
extent due to various technological limitations [20]. In the past, stable 
gasifier – SOFC couplings for more than 100 h could only be demon
strated using air gasifiers with product gas showing almost no tar con
tent [28–30] (details see Table 2). However, SCRs below 1 resulted in 
carbon deposition, especially at SOFC operating temperatures below 
850◦C [5,30]. 

In contrast, fluidized bed gasifier designs offer the opportunity of 
working exclusively with steam as the gasification agent when using an 

Nomenclature 

Abbreviations 
ASC anode supported cell 
CAPEX capital expenditures 
CHP combined heat and power 
d.b. dry basis 
EDX energy-dispersive X-ray spectroscope 
EIS electrochemical impedance spectroscopy 
ESC electrolyte supported cell 
FBS fluidized bed steam 
FDA fixed bed downdraft air 
GC gas chromatography 
MS mass spectrometry 
Ni/GDC nickel/gadolinium-doped ceria 
Ni/YSZ nickel/yttria-stabilized zirconia 
SCR steam-to-carbon ratio 
SEM scanning electron microscope 
slpm standard liter per minute 

SOFC solid oxide fuel cell 
w.b. wet basis 

List of symbols 
A active cell surface in cm2 

F Faraday’s Constant in As⋅mol− 1 

i cell current density in mA⋅cm− 2 

LHV lower heating value in MJ⋅Nm− 3 

nel number of electrons 
ṅFuelIn molar flux of fuel at inlet in mol⋅s− 1 

ṅi molar flux of gas component i in mol⋅s− 1 

OCV open circuit voltage in V 
P power output of cell 
RΩ ohmic resistance in Ω⋅cm2 

RPol polarization resistance in Ω ⋅cm2 

U cell voltage in V 
Uf fuel utilization in % 
V̇A anodic volume flow in slpm 
V̇C cathodic volume flow in slpm  

Table 1 
Gasifier designs and typical characteristics [18].  

Gasifier design Power range 
[MWth] 

Tar content  

[g⋅Nm− 3] 

Fuel  

flexibility 

Fixed bed downdraft < 2 < 1 low 
Fixed bed downdraft staged < 10 < 0.1 medium 
Fixed bed updraft < 5 < 100 high 
Fluidized bed < 50 < 10 high  

G. Pongratz et al.                                                                                                                                                                                                                               



Fuel 316 (2022) 123310

3

additional combustion reactor to provide heat for the endothermic 
steam gasification reactions in a dual fluidized bed configuration [31]. 
This leads to significantly higher SCRs and H2/CO ratios in the product 
gas thus reducing the thermodynamic risk for carbon formation and 
increasing the cell performance, respectively [27]. Moreover, the high 
fuel flexibility and scalability makes this gasifier design very attractive 
for the use with SOFCs. The higher tar content in the product gas, 
however, might be the major drawback for the direct use of product gas 
from steam gasification as discussed in [5]. In the past, successful 
operation of SOFCs with real steam gasifier product gas in terms of a 
stable cell performance and undamaged anode was relying on a SCR 
greater than 6 besides a complete tar removal at operating temperatures 
below 850◦C [16,32,33]. Moreover, experiments using product gas with 
a non-negligible amount of tars were limited to a maximum of 8 h. These 
operating conditions, however, may not reflect the requirements of an 
industrial application. A high SCR significantly reduces the lower 
heating value (LHV) of the product gas and consequently the expectable 
electrical efficiency and power output of the fuel cells [54]. Further
more, the need for a complete removal of tars from the product gas 
would be a very challenging task, especially when also considering 
possible deactivation of catalytic tar reforming units, hindering the 
development of this technology [6,7]. For this reason, results from 
operating SOFCs with real product gas from steam gasification showing 
lower SCRs and the presence of tars are of high value due to a potential 
in reducing gas cleaning requirements besides increasing the cell 
performance. 

For the first time, it was possible to demonstrate the operation of 
solid oxide fuel cells with real product gas from steam gasification with a 
more industrial-relevant SCR of 2 and a typical amount of tars for flu
idized bed gasification for dozens of hours. This work provides results of 
four coupling experiments lasting from 30 to 60 h with analyses of i) 
changes in cell performance and resistances, ii) irreversible structural 
degradation of the anode and contacting meshes, iii) carbon deposits on 
the cells and their housing as well as iv) tar reforming capabilities of the 
cells. The test conditions were iteratively developed throughout the 
experimental campaign in order to generate a broad range of insights 
into the behavior and stability of industrial-relevant cell types at tem
peratures and tar concentrations interesting for the scientific 

community. A direct comparison of the used cell types was not the 
objective of this paper, especially when considering the slightly varying 
operating conditions in each experiment. Concluding, the obtained re
sults might be of high value for the further evaluation of required 
operating conditions for a stable coupling of SOFCs with fuel-flexible 
fluidized bed steam gasifiers - a promising configuration for targeting 
a high electrical system efficiency. 

2. Experimental setup and applied methods 

2.1. Setup and equipment 

The coupling test bench consisted of a lab-scale fluidized bed steam 
(FBS) gasifier, a gas conditioning unit and a SOFC test bench, as sche
matically shown in Fig. 1. The cells could be fueled either with H2/H2O/ 
N2 gas mixtures or the product gas of the FBS gasifier. Fuel cells were 
placed in a non-sealed alumina housing with nickel and platinum 
meshes used for electrical contacting of the anode and cathode side, 
respectively. Detailed information about the cell assembly can be found 
elsewhere [34–36]. Reduction of the cell anodes with increasing H2 
contents (in N2) was conducted in accordance to the guidelines of the 
cell suppliers. Subsequently, the quality of the cell assemblies was 
validated by recording polarization curves and impedance spectra and 
comparing them with previous experiments. Coupling experiments were 
performed only with cell assemblies showing a good electrical contact, 
low leakage and consequently a reasonable power range. 

The gasification reactor was operated at 750◦C and 2 bar absolute 
pressure in all coupling experiments. Wood pellets (composition see 
[37]) with a LHV of 17.6 MJ⋅kg− 1 and approximately 10 vol% moisture 
content were fed to the bubbling fluidized bed reactor at a rate of 298 
g⋅h− 1, corresponding to a fuel input power of 1.5 kW. They were gasified 
with steam at a steam-fuel equivalence ratio of 4, which resulted in 
approximately 12 standard liters per minutes (slpm) of wet product gas 
leaving the gasifier. The averaged gas composition, LHV and SCR of the 
product gas over the whole experimental campaign are shown in 
Table 3. The LHV was calculated considering H2, CO and CH4 neglecting 
other hydrocarbons present in the product gas. The water content of the 
raw- and conditioned product gas was determined via a gravimetric 

Table 2 
Overview of operating conditions and outcomes of coupling experiments conducted in the past in chronological order with SCRs according to Eq. (1) and Uf as the fuel 
utilization according to Eq. (2). ASC and ESC represent anode and cathode supported cells, respectively.  

Ref. Gasifier  

design 

SCR Tar 
content 

Cell type and 
temperature 

Uf Coupling  

duration 

Conclusion 

[29] Staged fixed bed 
downdraft 

0.9 < 1  

mg⋅Nm− 3 

Ni/GDC ESC at 
850◦C 

30% 150 h Negligible performance degradation after 150 h of coupling single cell to gasifier. 
Authors suggested focus on tests with higher tar contents in the future. 

[33] Fixed bed 
downdraft 

7–10.4 < 1  

g⋅Nm− 3 

Ni/GDC ESC at 
850◦C 

33% 44 h No performance loss observed. High SCR due to steam injection. Followed by 
coupling to fluidized bed gasifier before disassembly (see next line). 

[33] Fluidized bed 5.9–6.7 3  

g⋅Nm− 3 

Ni/GDC ESC at 
850◦C 

33% 7 h No performance loss and carbon deposits for single cell after 7 h of operation at 3 
g⋅Nm− 3 tars. 

[32] Fluidized bed 7 10  

g⋅Nm− 3 

Ni/GDC ESC at 
850◦C 

22% 8 h No performance degradation during 8 h of coupling single cell to gasifier. No 
structural degradation of the anode or carbon deposits reported. 

[28] Staged 
downdraft 

1.5 < 1  

mg⋅Nm− 3 

Ni/YSZ ASC at 
700◦C 

90% 145 h No performance degradation of 50-cell stack observed during 145 h of coupling if 
no tar is present in the feed gas. 

[16] Fluidized bed 7 0–5  

g⋅Nm− 3 

Ni/YSZ ASC at 
715◦C 

40% 15 h 
(no tars) 
8 h 
(5 g⋅Nm− 3 

tars) 

No performance degradation of 4-cell stack after 15 h operation on tar-free gas. 
When bypassing tar reformer, significant increase of pressure loss over stack and 
performance reduction observed after 8 h. Posttest analyses revealed metal 
dusting of anode and carbon deposits blocking flow channels. 

[30] Staged fixed bed 
downdraft 

0.33 < 1  

g⋅Nm− 3 

Ni/YSZ ASC at 
680◦C 

8% 120 h Carbon deposition for 5-cell stack coupled with biomass gasifier investigated at 
low SCR. Stack performance decreased comparably to previous single cell 
experiments. As expected, severe carbon deposition in the inlet region of all 5 
cells observed.  
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method. The SCR was calculated according to Eq. (1), neglecting larger 
hydrocarbons with ṅi as the molar fluxes of the gas components. 

SCR =
ṅH2O

ṅCO + ṅCH 4
(1) 

After the particle filter, a partial stream of the product gas was 
directed to the SOFC test bench. Details of the gasifier can be found in 
[38] and [39]. Additional gas cleaning was conducted before the SOFC 
test bench in order to enhance the lifetime of the cells. In a ZnO-based 
desulfurization reactor, H2S and COS contents were reduced below the 
detection limit of a gas chromatograph with sulfur-sensitive pulsed 
flame photometric detector. The product gas contained less than 1 ppmv 
HCl, which was negligible for the operation according to [40]. More
over, a tubular heat exchanger operated at 90◦C was used to condense 
heavy tars while maintaining the water content of the product gas. Tar 
condensation rates were evaluated via tar measurements and a 
condensation model presented in [41]. This tar condenser could be 
bypassed to feed desulfurized raw product gas to the cell. Subsequently, 
desulfurized gas directed through the tar condenser will be given the 
descriptive addition “conditioned”, or “raw” when the condenser was 
bypassed. All pipes, the particle filter and the desulfurization unit were 
heated to 350◦C to minimize tar condensation. More details of the test 
rig can be found in the supplementary material (Fig. S1). In real biomass 
gasification-based CHP systems, product gas cleaning is favored at 
temperatures close to SOFC operation in order to keep the overall system 
efficiency high [5]. As discussed in the introduction section, hot gas tar 
reduction can be realized via catalytic or non-catalytic techniques, 
whereby the operating temperature of desulfurization units based on 
metal-oxide sorbents can be increased by using Cu- or Ce-based oxides as 
comprehensively reviewed in [6]. 

Tars were collected directly before and after the SOFC oven 
following the international standard DIN CEN/TS 15,439 known as “tar 
protocol” by quenching the product gas in cooled impingers filled with 
isopropanol, as schematically shown in [37]. In general, tars can be 
defined as organic molecules with molecular weights greater than 
benzene according to [42] and can be classified as shown in Table 4. It is 
possible to collect nearly 100% of tars and most of benzene in the 
impingers using the tar protocol setup [43]. Additionally, the water 
content of the product gas was determined by weighing the impingers 
before and after the tar protocol. The content of gravimetric tars was 
determined by separating isopropanol and water from the impinger 
liquid using a rotary evaporator. Benzene, most of class 3 tars and even a 
fraction of class 4 and 2 tars are however not captured in the gravimetric 
residue due to the low boiling point of these components. Therefore, 
cooled liquid samples from the tar protocol were subsequently analyzed 

using gas chromatography (GC) coupled to mass spectrometry (MS) to 
determine the content of benzene and toluene (as representative of light 
condensable tars). 

For the online analysis of the product gas, a permanent gas analyzer 
(ABB AO2020) was used measuring the H2, CO, CO2 and CH4 content. 
The volume flow of the product gas entering the SOFC setup was 
determined by measuring the differential pressure over an orifice and 
calculating the flow considering the gas composition and orifice tem
perature. Fluctuations of the gas pressure in the sampling pipes resulted 
in fluctuations of the volumetric flow through the cell. Due to the 
relatively low fuel utilizations, these fluctuations had a negligible 
impact on the cell voltage which was also observed in [33]. Electrical 
characterization of the cells by the means of polarization curves and 
electrochemical impedance spectroscopy (EIS) was conducted using a 
Bio-Logic analyzer in combination with an 80 A / 3 V booster. Details 
about the measurement parameters can be found elsewhere [34]. The 
temperature distribution within the anodic compartments was deter
mined using three type K thermocouples. Post-mortem analyses of the 
microstructure were conducted using a Zeiss Ultra 55 platform equipped 
with a field emission scanning electron microscope (SEM) and an 
energy-dispersive X-ray spectroscope (EDX). 

2.2. Test conditions 

Four coupling experiments were conducted with industrial-relevant 
cells with physical dimensions of 100 mm × 100 mm and 80 cm2 of 
active cell surface. The test conditions are summarized in Table 5 with 
V̇A and V̇C as the anodic and cathodic volume flow in standard liter per 
minute (slpm), respectively, LHV as the lower heating value and Uf as 
the fuel utilization factor. Uf was calculated according to Eq. (2) as 
proposed in [44] with i as the current density, F as the Faraday’s Con
stant, A as the active cell surface, ṅFuelIn as the molar flow of the fuel 
components H2, CO and CH4 and nel as the sum of electrons involved in 
the oxidation reactions of these components. In tests A and B, 30 h of 
coupling with conditioned product gas (tar condenser used) was fol
lowed by a coupling period using raw product gas (tar condenser 
bypassed, descriptive addition “Raw”). At low fuel utilizations as pre
sented in Table 5, the risk for carbon deposition is higher than at 
industrial-relevant high fuel utilizations as the average H2O concentra
tion in the flow field and consequently the local SCRs do not signifi
cantly change in comparison to the composition at the cell inlet [23]. 

Fig. 1. Scheme of the coupling test bench.  

Table 3 
Average product gas composition on a dry basis (d.b.) over the whole mea
surement campaign, N2 balanced. LHV considering H2, CO and CH4, SCR ac
cording to Eq. (1), standard deviations in brackets.  

H2 vol% d.b. 36.4 (1.8) 
CO vol% d.b. 14.7 (1.3) 
CO2 vol% d.b. 17.4 (0.7) 
CH4 vol% d.b. 6.4 (0.2) 
N2 vol% d.b. 24.6 (2.9) 
LHV MJ⋅Nm− 3 d.b. 8.2 (0.4) 
SCR – 2 (0.2)  

Table 4 
Classification of tars according to [42]  

Class Description 

1 Undetectable by gas chromatography  

(e.g. biomass fragments) 
2 Heterocyclic compounds  

(e.g. phenol, cresol) 
3 1 ring aromatics  

(e.g. toluene, xylenes) 
4 Light polyaromatic hydrocarbons (2–3 rings) 

(e.g. naphthalene, indene) 
5 Heavy polyaromatic hydrocarbons (≥4 rings) (e.g. pyrene, fluoranthene)  
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Thus, cell operation was conducted at low fuel utilizations in order to 
accelerate carbon deposition. Higher fuel utilizations are targeted in 
industrial applications in order to increase the electrical efficiency of 
fuel cell systems and to reduce the number of cells required to generate a 
certain power output. 

Uf =
I

FnelṅFuelIn
=

iA
F(2ṅH2 + 2ṅCO + 8ṅCH4)

(2) 

Four cells with 3 different cell designs were used in the experimental 
study: an electrolyte supported cell (ESC) with Ni/GDC-based anode 
(cell I), an ESC with Ni/YSZ-based anode (cell II) and two anode sup
ported cells (ASC) with Ni/YSZ-based anode (cell III, cell IV). Details of 
the cells can be found in the references listed in Table 5. As discussed in 
the introduction section, no comparable coupling experiments have 
been conducted in the past. Therefore, the investigated test conditions 
presented in Table 5 were iteratively developed throughout the exper
imental campaign. A direct comparison of the used cell types was not the 
objective of this paper, especially when considering the slightly varying 
operating conditions in each experiment. For test A, a Ni/GDC ESC (cell 
I) and operating temperature of 850◦C were chosen as Hofmann et al. 
demonstrated a successful coupling for 7 h using gasifier product gas 
with an SCR of 7 containing more than 10 g⋅Nm− 3 tars [32]. The results 
of each experiment worked as basis for the definition of cell-type and 
operating conditions for the subsequent experiment. Product gas 
composition, flow rate and tar content slightly varied due to unavoid
able small changes in fluidization conditions, feeding rate and biomass 
composition after each shut-down and start-up of the lab-scale gasifier, 
whereby negligible low fluctuations were observed during the coupling 
experiments. 

2.3. Test procedure 

The test procedure is schematically shown in Fig. 2. Before each 
coupling experiment, a dry reference gas mixture containing 50 vol% H2 
in N2 was fed to the cell to provide a common frame of reference for EIS 
analyses and polarization curve comparisons (blue lines). Moreover, a 
tar protocol and permanent gas analysis were conducted before each 
coupling experiment to determine the tar composition and permanent 
gas distribution of the feed gas. After coupling the cells to the gasifier 
(red lines), a steady open circuit voltage (OCV), anodic volume flow and 
temperature distribution within the cell holder was first awaited for 
determining the chemical activity and electrochemical potential of the 
cells. The electrical load was then applied and a tar protocol at the cell 
outlet was started, lasting for approx. 5 h. EIS measurements were 
conducted every 30 min, whereas fast polarization curves were recorded 
every hour by removing the electrical load at a rate of 1 A⋅s− 1 followed 
by an immediate loading at the same rate. The reference gas mixture 
(50/50 vol% H2/N2) was applied after each coupling experiment and EIS 
measurements as well as a fast polarization curve were recorded after a 
stabilization period of 30 min and again after 10 h. This was intended to 
clarify whether possible performance degradation could be recovered. A 
standby gas mixture (green lines) of 10 vol% H2 in N2 was applied be
tween these reference measurements. At first, 30 h of cell operation on 
conditioned product gas was conducted to reduce the quantity of heavy 
tars reaching the cell. If no significant performance degradation could be 
observed, raw product gas was subsequently applied for 30 h (tests A 
and B). After completion of the experiment, a post-mortem investigation 
was conducted during which the alumina cell holder as well as the 
anodic feed- and off-gas pipes were examined for carbon deposits. 
Structural changes of the anode and nickel contact meshes were 

Table 5 
Test conditions for the coupling experiments (d.b.: dry basis, w.b.: wet basis, standard deviations in bracket). In tests A and B, 30 h of coupling with conditioned 
product gas (tar condenser used) was followed by a coupling period using raw product gas (tar condenser bypassed).  

Test ID: A A Raw B B Raw C D 

Cell ID I II III IV 
Design ESC ESC ASC ASC 
Anode Ni/GDC Ni/YSZ Ni/YSZ Ni/YSZ 
Cell details [45] [46] [47] [48] 
Temperature in ◦C 850 850 800 850 
Electrical load in mA⋅cm− 2 200 100 100 100 
Duration in h 30 30 30 12 30 30 
V̇A in slpm w.b. 1.34 

(0.05) 
1.49 

(0.06) 
1.08 
(0.1) 

1.1 
(0.09) 

1.04 
(0.12) 

1.2 
(0.19) 

V̇C in slpm 2 
Gas composition see Table 3 
Uf in % 15.9 13.5 9.1 8.9 9.4 8.3 
Tar condensation at 90◦C yes no yes no yes yes 
Gravimetric tars content in g⋅Nm− 3 d.b. 3.7 4.8 2.8 4.6 3.2 3.4  
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analyzed via microscopic methods (SEM and EDX). After each test, the 
alumina cell support and pipes were heated to 800◦C for 5 h in air at
mosphere in order to remove any carbon deposits via oxidation. 

3. Results and discussion 

This section presents the results of performance, tar and post-mortem 
analyses of the coupling experiments A-D. 

3.1. Performance analyses 

On the one hand, performance analyses were conducted by the 
means of comparing changes in the OCV and power output P at the 
current densities presented in Table 5 during coupling with the FBS 
gasifier (see Fig. 3). Open circuit voltages were considered from the fast 
polarization curves recorded every hour. Moreover, the evolution of 
changes in ohmic- and polarization resistances of the cells, RΩ and RPol, 
were analyzed. On the other hand, changes in OCV, power output at 0.7 
V and cell resistances at reference conditions (50/50 vol% H2/N2) were 
compared as shown in Fig. 4 and the results used to discuss possible 
sources for degradation observed during coupling. Details about the 
changes in gas composition due to open and closed circuit operation of 
the SOFCs can be found in the supplementary material in Fig. S2. Due to 
the varying test conditions presented in Table 5, the consideration of 
voltage and resistance changes instead of absolute values were 
employed to avoid conflicts of interest between the cell suppliers. 

3.1.1. Test A - Ni/GDC ESC 850◦C 
In test A, a Ni/GDC ESC (cell I) was operated with conditioned 

(heavy tars were removed by condensation) and raw product gas for 30 
h each at an operating temperature of 850◦C. The cell did not show 
significant changes in cell performance and OCV during 30 h of opera
tion with conditioned product gas and subsequent 30 h of operation with 
raw product gas as shown in Fig. 3a. The gas composition at the cell 
outlet stayed unchanged during the coupling procedure. RPol remained 
constant during operation, whereas a slight increase of RΩ with a 
following steady state could be observed as depicted in Fig. 3b. The 

higher fluctuation of RPol in comparison to RΩ might be attributed to the 
larger impact of flow fluctuations on the impedance measurements at 
low frequencies, which could also be observed during tests B-D. Fig. 4b 
shows a performance loss of approx. 3% 30 min after coupling 
(measured at reference conditions), which could be almost completely 
recovered after 10 h under standby conditions. This indicates the 
absence of irreversible performance degradation. When employing raw 
product gas containing heavy tars, however, an irreversible performance 
loss of 3% could be observed after 30 h of coupling. Taking Fig. 4b into 
consideration, this loss might be attributed to the irreversible increase of 
RΩ of approx. 5% whereas RPol could be almost completely recovered 
(approx. 2% left). According to post-mortem analyses (discussed in 
section 3.3.1 in more detail), this irreversible increase of RΩ might be 
attributed to beginning metal dusting effects on the nickel contact mesh 
and consequently a decrease of electrical contact between the mesh and 
the anode. Thus, nickel dusting effects on the cell anode might not be 
excluded for long-term operation. 

3.1.2. Test B - Ni/YSZ ESC 850◦C 
Cells with Ni/YSZ-based anode are claimed to be more sensitive to 

tar components in the fuel gas than cells with Ni/GDC-based anode as 
stated in [17] and [8]. The procedure applied for cell I was later 
repeated for cell II (Ni/YSZ ESC) in test B, in order to quantify the 
mentioned higher sensitivity under the operating conditions specified in 
Table 5. Moreover, a lower electrical load was applied to increase the 
probability for carbon deposition according to [49]. During the opera
tion with conditioned product gas, a slight performance decrease at 
unchanged OCV (see Fig. 3c) and outlet gas composition (see supple
mentary material Fig. S2d) could be observed. This is connected to 
increasing cell resistances as shown in Fig. 3d. Measurements during 
operation with the reference gas indicated a significant performance loss 
of approx. 11% 30 min after the end of the coupling (see Fig. 4a) which 
might be primarily the result of the strong increase in RPol of 30% (see 
Fig. 4b). This strong increase of RPol might be attributed to high diffusion 
losses due to non-desorbed tar species or benzene. As RPol significantly 
decreased after 10 h of operation with reference gas, these diffusion 
losses might have been the result of non-desorbed tar compounds rather 
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than carbon deposits. An irreversible performance loss of 3% after 
operation with conditioned product gas could be however observed, 
which is comparable to the irreversible loss at test A (Ni/GDC) using raw 
product gas, confirming the higher sensitivity to tars of Ni/YSZ in 
comparison to Ni/GDC. 

After switching to raw product gas, a significantly faster performance 
decrease as a result of an increase in cell resistances could be observed as 
shown in Fig. 3c and d. Due to a failure in the fuel supply line of the 
gasifier after 10 h of raw gas operation and the already high perfor
mance degradation, it was decided to investigate if this performance 
degradation is recoverable. Therefore, a regeneration gas composition of 
50/50 vol% H2/H2O was applied for 10 h. After this recovery phase, a 
cell performance decrease of 9% could be observed which however 
decreased down to 2% after 10 h of operation with 10 vol% H2 in N2 (see 
Fig. 4a). Considering the low polarization resistance in Fig. 4b, it can be 
assumed that possible carbon deposits were removed during the 
regeneration phase, whereby the large irreversible increase in ohmic 
resistance (approx. 7%) indicates damages to the uppermost anode 
layer, which is important for electrical contact. Post-mortem analyses 
confirmed these assumptions: No carbon deposition could be found on 
the cell anode whereby delamination of the upper most anode layer 
occurred in the center area of the flow field (details see section 3.3.2). 

3.1.3. Test C - Ni/YSZ ASC 800◦C 
Ni/YSZ ASCs are widely used in industrial applications, especially 

when operating temperatures below 800◦C are targeted. Therefore, the 
operation of this cell type with FBS product gas was focused in tests C 
and D using cell III and IV, respectively. The results from test B indicated 
that heavy tars (as present in raw product gas) might lead to severe 
damages of Ni/YSZ-based anodes. Therefore, operation with raw gas 
was avoided further on. Moreover, stable cell operation with gasifier 
product gas containing tar levels exceeding 1 mg⋅Nm− 3 could not be 
demonstrated in the past for this cell type, even when SCRs were high 
(details see Table 2). To estimate the risk for carbon deposits at 700◦C 
for the setup used in this work, 1 slpm of raw product gas was led 
through the alumina housing containing nickel meshes but no SOFC for 
10 h in an additional experiment. The formation of a severe quantity of 
carbon could be observed (details see supplementary material Fig. S4), 
for which reason test C was conducted at 800◦C. 

In test C, the cell did not show any signs of performance degradation 
or increase in cell resistances (see Fig. 3 e, f) after 30 h of coupling. A 
performance increase of approx. 1% during 30 h of operation could even 

be observed, which might be attributed to a slightly increasing methane 
reforming capability (initial: 30%, after 30 h: 43%, details see supple
mentary material Fig. S2e). Simultaneously, a decrease in tar reforming 
capability was observed (details see section 3.2). Whereas no increase in 
OCV could be observed during operation, Fig. 4a shows a significant 
increase in OCV at reference conditions which could be attributed to a 
slight reduction of air leakages due to coupling operation according to 
GA analyses at reference conditions. Nevertheless, this increase in OCV 
might have compensated the irreversible increase of RΩ and RPol shown 
in Fig. 4b, thus resulting in an irreversible performance degradation 
below 1%. The 5% lower RΩ directly after test C might be attributed to 
beginning carbon formation in the uppermost anode layer thus 
increasing its conductivity according to [50]. For tests A, B and D con
ducted at 850◦C, carbon deposition on the anode was thermodynami
cally less likely according to [49], which might explain why no decrease 
in RΩ directly after coupling could be observed. According to post-test 
analyses presented in section 3.3.3, the largest amount of carbon de
posits could be observed on the alumina cell holder and nickel meshes 
after test C, which might support the assumption that a thin carbon layer 
was formed on the anode during coupling. The additional steam pro
duced during the recording of the current–voltage curve at reference 
conditions (50/50 vol% H2/N2) might have supported carbon reforming 
according to Eq. (7) and consequently the removal of these deposits. 
This carbon removal might have resulted in gaps between the anode 
layer and the contact meshes (foremost occupied by carbon) thus 
resulting in a worse electrical contact, which might explain the approx. 
4% irreversible increase of RΩ. 

3.1.4. Test D - Ni/YSZ ASC 850◦C 
In test D, another Ni/YSZ ASC (cell IV) with thinner anode than the 

ASC from test C (cell III) was used and the temperature increased to 
850◦C in order to increase the comparability of degradation and carbon 
deposition with test A due to a comparable tar decomposition activity at 
850◦C, however considering a different anode material (test A: Ni/GDC; 
test D: Ni/YSZ). A steady performance and OCV increase up to 4% and 
2%, respectively, could be observed at the beginning of the coupling 
operation with conditioned gas (see Fig. 3g) stabilizing after approxi
mately 17 h. The gas analysis showed an increasing methane reforming 
capability during coupling (initial: 24%, after 15 h: 54%, after 30 h: 
61%, details see supplementary material Fig. S2e). Thus, the methane 
reforming capability of both applied Ni/YSZ ASCs improved during the 
operation with tar-laden product gas from biomass gasification. 
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Simultaneously, as also observed in test C, a decrease in tar reforming 
capability was observed (details see section 3.2). This might depict, that 
methane reforming reactions occur preferentially on Ni/YSZ-based an
odes compared to tar reforming reactions. Taking also the results from 
test C into consideration, a higher operating temperature might 
encourage this effect, possibly due to the faster kinetics and a faster 
desorption of light tar compounds occupying active nickel centers and 
hindering reforming reactions as discussed for naphthalene in [14]. As 
already observed for the Ni/YSZ ASC in test C, an increase in OCV under 
reference conditions is demonstrated in Fig. 4a whereas almost no dif
ference in cell performance could be observed 10 h after coupling. 
However, Fig. 4b shows a much lower RPol in comparison to test C which 
might depict, that already more tar species desorbed in the 30 min be
tween the end of the coupling and the first reference measurement due 
to the 50 K higher operating temperature. The higher methane reform
ing capability resulted in larger H2 and CO quantities and a temperature 
decrease, which increased the OCV and consequently the power output. 
Besides, the larger H2 concentration in the cell might explain the 
decreasing RPol according to the results presented in [27]. In contrast, an 
increase in RΩ was expected due to the falling cell temperature, whereby 
the opposite could be observed as depicted in Fig. 3h. The formation of a 
thin carbon layer on the Ni/YSZ anode thus increasing the electrical 
contact and lowering RΩ (as assumed for cell III in test C considering 
[50]), however, seems implausible when considering the higher RΩ at 
reference conditions 30 min after coupling. Nevertheless, small steam 
contents in the reference gas as a result of minor air leakages combined 
with faster reforming kinetics at the elevated temperature might have 
promoted the removal of this possible thin carbon layer, which could 
have resulted in an increased RΩ directly after coupling according to 
Fig. 3h as observed in tests A and B at 850◦C. Additional experiments 
with real product gas focusing on the increasing methane steam 
reforming capability of cells with Ni/YSZ-based anode and the possible 
formation of a thin carbon layer enhancing electrical conductivity are 
recommended for the future. 

In summary, a good performance stability of the cell with Ni/GDC- 
based anode (cell I) could be demonstrated when operated with tar- 
laden product gas at 850◦C, which was also claimed previously by 
Hofmann et al. In contrast to [33] and [32], however, a product gas with 
a much lower SCR was used and fuel utilization was significantly 
reduced to encourage degradation as a result of carbon deposition in the 
cermet according to [49]. Nevertheless, a stable operation at 850◦C with 
conditioned and raw product gas containing 3.7 and 4.8 g⋅Nm− 3 d.b. 
gravimetric tars, respectively, for 30 h each was demonstrated. How
ever, an irreversible performance degradation of 3% at reference con
ditions could be observed after raw gas operation, which can be 
attributed to the heavy tars which were not removed in the condenser 
for this case. Therefore, it can be assumed that cells with Ni/GDC-based 
anodes show a high potential for stable long-term operation when using 
real gasifier product gas with a reduced content of heavy tars and an 
industrial-relevant SCR. 

A stable operation of Ni/YSZ ASCs for 30 h at 800◦C and 850◦C (cell 
III and IV) using a conditioned product gas with 3.2–3.4 g⋅Nm− 3 d.b. 
gravimetric tar content was demonstrated. In addition, an increasing 
methane reforming capability was observed during coupling operation, 
which was more pronounced at 850◦C than at 800◦C. This increase in 
methane reforming capability, however, simultaneously resulted in a 
lower tar conversion (details see section 3.2). In contrast, a slight per
formance reduction could be observed for the Ni/YSZ ESC (cell II) when 
operated with conditioned product gas even at 850◦C. The operation 
with raw product gas lead to severe performance degradation, which 
could be only partially recovered by applying a 50/50 vol% H2O/H2 gas 
mixture for 10 h. For this reason, the use of an ASC design for cells with 
Ni/YSZ-based anode might be recommended when tars are present in 
the product gas. In all tests, a performance reduction could be measured 
at reference conditions directly after coupling, which however 
decreased after 10 h under standby conditions (see Fig. 4). The same 

behavior could be observed for the polarization resistances in Fig. 3, 
which indicates that the desorption of steam, light tar compounds and 
benzene might take several hours. A higher desorption rate might be 
however claimed for cells with Ni/GDC-based anode in comparison to 
cells with Ni/YSZ-based anode. 

In the past, a successful operation of Ni/YSZ ASCs with real product 
gas from biomass gasification could only be demonstrated in cases 
where the SCR was significantly higher than presented in this study [16] 
and the tar level was negligibly low [28], often combined with a high 
fuel utilization [16,28]. This study demonstrates that a stable operation 
of cells with Ni/YSZ-based anodes on gasifier product gas with 
industrial-relevant SCR at 800◦C might be feasible for industrial appli
cations if the content of heavy tars is reduced upstream of the cell. 

3.2. Tar analysis 

Tars were collected before and after the cell via the tar protocol to 
investigate the tar conversion capability of the cell and setup in each 
test. Table 6 shows the conversion of gravimetric tars as well as toluene 
and benzene during the coupling experiments. GC–MS analyses were 
conducted to determine the content of toluene representing light con
densable class 3 tar compounds as well as benzene, which are not among 
the gravimetric tars due to their low boiling point. High conversion rates 
were achieved for the heavier gravimetric tars and also for light con
densable tars and benzene in all experiments. 

The decomposition of tars at SOFC operating conditions might be 
predominantly attributed to reforming reactions with steam (Eq. (3)) 
and/or carbon dioxide (Eq. (4)) and also thermal decomposition (Eq. 
(5)) according to [51]. These reactions are strongly endothermic 
resulting in favored forward reactions at elevated temperatures, 
whereby nickel (as present in SOFC anodes) acts as a catalyst according 
to [13]. Thus, a larger catalytically active surface as present in ASC 
SOFCs might indicate a higher tar conversion rate. However, an unex
pected lower tar conversion rate could be observed in tests C and D using 
Ni/YSZ ASCs according to Table 6. In these tests, the increasing methane 
reforming capability throughout the 30 h of coupling with conditioned 
product gas (details see supplementary material Fig. S2 d and e) might 
depict that kinetics of catalytic methane steam reforming are faster than 
of catalytic tar reforming. This might explain the increase in methane 
reforming capability with a simultaneous decrease in tar conversion 
capability. 

Carbon deposits might result from thermal decomposition of tars (Eq. 
(5)), the Boudouard reaction (Eq. (6)) and/or reversible carbon 
reforming (Eq. (7)). However, when considering the exothermic nature 
of the Boudouard and reversible carbon reforming reaction, carbon 
deposition might predominantly occur as a result of the thermal 
decomposition of tars at high temperatures. Von Berg et al. presented a 
significant reduction of gravimetric tars when increasing the tempera
ture of a steam gasifier reactor from 700◦C to 800◦C [38], which might 

Table 6 
Conversion of gravimetric tars, toluene (representing the predominant light 
condensable class 3 tar) and benzene during coupling experiments.  

[g⋅Nm− 3 d.b.] A A Raw B B Raw C D 

Temperatures 850◦C 850◦C 850◦C 850◦C 800◦C 850◦C 
Gravimetric tars 

Before cell 3.66 4.75 2.76 4.57 3.22 3.44 
After cell 0.17 0.03 0.14 0.12 0.29 0.43 

Conversion 95.4% 99.4% 94.9% 97.4% 91.0% 87.5% 
Benzene 

Before cell 7.25 8.26 8.49 8.58 8.29 7.58 
After cell 0.10 0.02 0.26 0.00 0.41 0.64 

Conversion 98.6% 99.7% 96.9% 100.0% 95.1% 91.5% 
Toluene 

Before cell 1.79 0.91 1.23 0.90 1.28 1.01 
After cell 0.02 0.01 0.00 0.00 0.03 0.03 

Conversion 99.0% 99.1% 100.0% 100.0% 97.6% 97.4%  
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indicate that the thermal decomposition of gravimetric tars and conse
quently the formation of solid carbon (see Eq. (5)) is possible in the 
absence of a nickel catalyst and therefore on the alumina support of the 
fuel cells at 800 and 850◦C considered in this work. Moreover, nickel 
acts as a catalyst for reforming reactions thus reducing the risk for 
carbon deposition on the anode and meshes. Therefore, it is most likely 
that carbon deposits might be expected on the alumina support rather 
than the nickel meshes and the anode. This could be observed in post- 
mortem analyses presented in section 3.3.  

CxHy + xH2O → xCO+(x + y/2)H2                                                   (3) 

(steam reforming, endothermic)  

CxHy + xCO2 → 2xCO + y/2H2                                                        (4) 

(dry reforming, endothermic)  

CxHy ↔ xC + y/2H2                                                                        (5) 

(thermal decomposition, endothermic)  

2CO ↔ C + CO2                                                                            (6) 

(Boudouard reaction, exothermic)  

CO + H2 ↔ C + H2O                                                                      (7) 

(reversible carbon reforming, exothermic) 

3.3. Post-mortem analyses 

The cell assembly was investigated after each experiment for 
macroscopic carbon deposits and structural changes of the anode. 
Thermodynamic equilibrium calculations based on the Gibbs energy 
minimization method were conducted in advance to determine the 
thermodynamic boundaries for carbon deposition. According to these 
calculations, carbon deposits should not be likely on alumina parts, 
nickel meshes and the anode (details see supplementary material Fig 
S3). However, no kinetic effects were considered in this approach. In the 
previous section, it was assumed that carbon deposition might be ex
pected at the investigated operating temperatures as a result of the 
thermal decomposition of tars. Post-test analyses of the setup proved this 
assumption, since macroscopic carbon deposits could be found on the 

alumina support after each experiment as shown in Fig. 5. However, the 
quantity of carbon and also its structure varied between each test, which 
is discussed below. 

3.3.1. Test A - Ni/GDC ESC 850◦C 
In test A, carbon was deposited on the alumina parts in a very thin 

layer especially in the flow distributor and in the first half of the flow 
field (see Fig. 5a top). The silvery luster of the carbon deposits as well as 
their stability against mechanical abrasion indicated a graphitic nature. 
No macroscopic signs for carbon deposits could be found on the nickel 
mesh and anode. SEM analyses showed neither structural changes of the 
anode nor microscopic carbon deposits. Moreover, EDX analyses showed 
no increase of the carbon peak comparing points one and two of Fig. 5 a 
for anode and mesh (details see supplementary material Fig. S5). 
However, structural changes could be observed in parts of the nickel 
mesh reaching into the flow distributor. Fig. 6a shows a beginning 
separation of single nickel grains from the wires, a possible precursor for 
nickel dusting. Moreover, tree-shaped structures growing from the 
nickel wires could be identified as pyrolytic carbon via EDX. In the first 
centimeter of the flow field, no structural changes of the nickel wires 
could be observed, as shown in Fig. 6b. However, pyrolytic carbon tree 
structures could be identified to a lower extent as well as spherical nickel 
deposits, possibly released from the region shown in Fig. 6a. No such 
carbon structures and nickel deposits could be observed on the mesh in 
the center and outlet area. To sum up, SOFCs with Ni/GDC-based anodes 
can be claimed as robust against structural degradation and carbon 
deposits when operated with raw gasifier product gas containing sig
nificant amounts of heavy tars. This was also claimed in [32] for ex
periments with a maximum duration of 7 h and a significantly higher 
SCR of 7. However, the beginning of nickel dusting at the mesh might be 
a precursor for possible dusting effects at the anode during long-term 
operation. 

3.3.2. Test B - Ni/YSZ ESC 850◦C 
In test B, 30 h of operation with conditioned product gas and 12 h 

with raw gas were followed by a 10 h regeneration period with 50/50 
vol% H2/H2O regeneration gas (see Fig. 3c). Due to the high steam 
content of the regeneration gas, less carbon deposits were expected 
taking the steam reforming of carbon into consideration (see Eq. (7)). 
Fig. 5b shows significantly less carbon deposits on the alumina parts of 

Fig. 5. Alumina cell holder (top) and cell anode (bottom) showing carbon deposits on alumina and structural changes of cell anodes I-IV for tests A – D.  
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test B in comparison to test A. Especially in the flow distributor, an area 
with low gas velocity, full carbon removal could be observed. No carbon 
deposits could be found on the anode or nickel mesh during SEM ana
lyses. EDX analysis also showed no increase of the carbon peak 
comparing point one and two of Fig. 5b for anode and mesh (details see 
supplementary material Fig. S5). Similar to test A, nickel dusting 
occurred on parts of the nickel mesh reaching into the flow distributor. 
Moreover, strong delamination of the anode could be observed in the 
center area of the flow field. Delamination however decreased in flow 
direction (see Fig. 5b bottom and Fig. 7a/b). The border areas of the flow 
field showed no anode delamination or other structural changes of the 
anode (see Fig. 7c). Comparable delamination effects were observed in 
the past on Ni/YSZ ASCs operated at 700◦C with simulated gasifier 
product gas containing up to 8 g⋅Nm− 3 phenol [52] and at 715◦C using 
real product gas containing up to 5 g⋅Nm− 3 tars [15]. Heavy tars like 
phenol were also present in the raw product gas of the experiments 
presented in this study. It thus can be assumed, that structural degra
dation of Ni/YSZ-based anodes cannot be avoided when cells are oper
ated with raw product gas containing approximately 5 g⋅Nm− 3 

gravimetric tars, even at 850◦C. 

3.3.3. Test C - Ni/YSZ ASC 800◦C 
Carbon deposits on the alumina cell assembly of test C differed 

significantly in their characteristics from the deposits of tests A and B. 
The density of the carbon deposits appeared to be significantly lower 
than those of the graphitic deposits of test A and B thus showing a higher 
tendency to block the flow channels in the further course of the opera
tion. Moreover, the black coloring and instability against mechanical 
abrasion of the deposits led to the assumption that carbon deposits from 
test C were of pyrolytic nature according to [53]. In contrast to test A 
and B, carbon deposits could also be found in the alumina fuel gas supply 
line. Therefore, the 50 K lower temperature of test C compared to the 
other tests could have had a significant effect on the amount and 
structure of carbon deposits. An additional experiment at further 

lowered temperature of 700◦C using the presented setup with an 
alumina cover containing a nickel mesh but no SOFC demonstrated se
vere formation of pyrolytic carbon already after 10 h of operation with 1 
slpm raw product gas (details see supplementary material Fig. S4). In 
contrast to the carbon deposits of test A-D, pyrolytic carbon structures 
started to grow from the nickel mesh towards the alumina support which 
might be attributed to a shift of the equilibrium of the exothermic 
reversible carbon reforming reaction (Eq. (7)) and Boudouard reaction 
(Eq. (6)) towards carbon formation. In summary, this result demon
strates the increasing risk for the formation of pyrolytic carbon deposits 
in quantities which will have severe effects on the SOFC operation even 
at a product gas SCR of approximately 2 at temperatures below 800◦C. 

The Ni/YSZ anode of the ASC used in test C (cell III) did not show any 
macroscopic signs of structural degradation of the anode. SEM analyses 
of the anode in the inlet and outlet area numbered as 1 and 2 in Fig. 5c, 
respectively, did not indicate any carbon deposits. However, an increase 
of the oxygen and zirconia peak could be observed in EDX spectra (de
tails see supplementary material Fig. S5). This might indicate an 
enrichment of zirconia in the cermet as a possible result of nickel 
dusting, which could not be confirmed, however, by SEM analysis. SEM 
analysis of the nickel mesh showed a different picture. Pyrolytic tree- 
shaped carbon structures comparable to the ones discussed for test A 
as well as flat carbon deposits could be observed on the mesh closest to 
the alumina flow field as shown in Fig. 8a. The nickel mesh below did 
not show any signs of carbon deposits. Therefore, it might be assumed 
that carbon deposits are formed starting from the alumina support rather 
than from the catalytically active anode. This would also correlate with 
the observation that no carbon could be found on the anode whereas 
deposits were visible on the alumina support. 

3.3.4. Test D - Ni/YSZ ASC 850◦C 
In test D, a Ni/YSZ ASC (cell IV) was operated at 850◦C with 

conditioned product gas for 30 h. Carbon deposits again appeared to be 
of graphitic nature, which was already observed in test A and B. In 

Fig. 6. SEM analysis of Test A: a) Start of nickel dusting for the nickel mesh reaching into the flow distributor before reaching the cell. b) Nickel mesh at the 
beginning of the flow field showing not structural changes but spherical nickel deposits and pyrolytic carbon structures. 

Fig. 7. SEM analysis of Test B: Ni/YSZ ESC anode (cell II) in the middle of the flow field at a) inlet and b) outlet according to Fig. 5b with strong anode delamination 
in comparison to c) intact anode. 
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contrast to test A, carbon predominantly deposited in the flow distrib
utor rather than the flow channels (see Fig. 5d top). This might be 
attributed to the lower carbon quantity passing through the cell holder 
due to raw gas operation avoidance and a slightly lower volume flow 
rate according to Table 5. Similar to tests A and C, no macroscopic 
delamination effects or carbon deposits could be observed on the anode 
or nickel mesh. This circumstance might prove that the anode delami
nation observed in test B can be attributed to tar compounds from the 
raw gas. However, SEM analyses revealed carbon deposits on the nickel 
mesh in the outlet region of the cell as shown in Fig. 8b. The quantity of 
carbon deposits increased in the flow direction according to EDX ana
lyses. A slight increase of the carbon content detected by EDX was also 
observed for the anode (details see supplementary material Fig. S5). 
However, no carbon deposits were visible on the cermet in the SEM 
analyses. 

In summary, carbon deposits could be avoided on Ni/GDC and Ni/ 
YSZ anode cermets at 800◦C and 850◦C operating temperatures. This 
might be attributed to thermal decomposition of tar compounds pri
marily in the alumina support and on the nickel meshes rather than on 
the anode. Moreover, an increasing risk of pyrolytic carbon formation 
with decreasing temperature was demonstrated. In contrast to graphitic 
carbon formed at 850◦C, pyrolytic carbon already forms at 800◦C during 
the operation with conditioned product gas and might lead to blockages 
in the flow field in a significantly shorter period of time due to its lower 
density. Considering the risk for carbon deposition, it might therefore be 
advisable to either aim for operating temperatures exceeding 800◦C 
when operating SOFCs with tar-laden product gases from biomass 
gasification or to increase the SCR of the product gas as investigated in 
[16] and [32]. 

Concluding, carbon deposition in the flow distributor and the flow 
channels might be the limiting factor causing an early shut-down of 
SOFC stacks rather than carbon hindering diffusion within the cermets. 
The operation of cells on raw product gas led to nickel dusting of the 
mesh within the first millimeters of the flow field for both experiments. 
Whereas heavy tars did not lead to dusting effects in the Ni/GDC cermet 
of cell I, severe dusting could be observed for the Ni/YSZ cermet of cell 
II. This correlates with the existing literature summarized in [17], in 
which a higher stability against structural degradation and carbon 
deposition is claimed for cells with Ni/GDC-based anodes in comparison 
to cells with Ni/YSZ-based anodes. SOFC operation on raw product gas 
containing heavy tars might therefore lead to accelerated degradation of 
SOFCs. However, the reduction of heavy tars might already be sufficient 
to ensure stable operation, especially at SOFC operating temperatures 
exceeding 800◦C. Whereas cells with Ni/GDC-based anodes are already 
known for their higher stability against structural degradation, a 
degradation-free operation of cells with Ni/YSZ-based anodes with tar 

laden product gas and a SCR of approx. 2 for at least 30 h could be 
demonstrated for the first time. 

4. Conclusions and outlook 

Fluidized bed steam gasifiers offer the potential to increase the ef
ficiency of biomass gasification-based CHPs using SOFCs as power 
generators due to their high fuel flexibility and a product gas composi
tion very suited for the utilization in SOFCs. However, the significantly 
higher tar content in comparison to air gasifiers may demand a more 
intensive gas cleaning and higher SCR of the product gas for the oper
ation with SOFCs, which would increase costs and decrease the cell 
performance. For this reason, results from successfully operating SOFCs 
with real product gas from steam gasification showing moderate SCRs 
and the presence of tars are of high value due to a potential in reducing 
gas cleaning costs besides increasing the expectable cell performance. 

For the first time, SOFC operation with real product gas from steam 
gasification containing a typical amount of tars for fluidized bed gasi
fication (2.8 to 4.8 g⋅Nm− 3 d.b.) at an industrial-relevant steam-to-car
bon ratio (approx. 2) could be demonstrated for dozens of hours showing 
following results:  

• A stable operation without structural degradation over 60 h could be 
demonstrated for a Ni/GDC ESC at 850◦C whereby raw product gas 
was used for 30 h. Although raw gas operation did not lead to 
structural degradation of the anode, metal dusting of the nickel mesh 
and an irreversible 3% performance degradation at reference con
ditions (H2/N2 mixture) could be observed. Thus, the used cell type 
demonstrated a high potential for future long-term operation, which 
was also assumed in previous studies. However, heavy tars should be 
avoided to decrease the risk for dusting effects at the contacting 
meshes, as no irreversible performance degradation was present 
when a conditioned gas (with removal of heavy tars) was employed.  

• In contrast, severe metal dusting of the anode and nickel meshes and 
consequently an irreversible performance loss could be demon
strated for a Ni/YSZ ESC after 30 h and 12 h of operation with 
conditioned (less tar content after removing heavier tars) and raw 
product gas at 850◦C, respectively. Thus, Ni/YSZ-based anodes 
might not be suitable for the operation with gases containing heavy 
tars, even at comparably high temperatures.  

• ASCs with Ni/YSZ-based anodes showed an increase of performance 
in time when operated with a conditioned gas where only the heavy 
tars are removed, both at 800 and 850◦C and at moderate electrical 
load. For both cases, a 6% performance reduction was observed at 
reference conditions (H2/N2 mixture) directly after coupling opera
tion which however recovered within 10 h without structural 

Fig. 8. SEM analysis of nickel mesh compound from a) the inlet area of test C and b) from the outlet area of test D showing carbon structures and flat carbon deposits, 
respectively. Upper mesh layer in contact with alumina flow field. 
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degradation of the anodes. In contrast, a performance reduction 
could be observed for the Ni/YSZ ESC when operated with condi
tioned product gas even at 850◦C. Thus, the operation of Ni/YSZ 
ASCs might be feasible if the content of heavy tars is reduced and 
operating temperatures are set to at least 800◦C.  

• In contrast to thermodynamic predictions, carbon deposition on the 
alumina support could be observed spreading towards the meshes, 
but not reaching the anodes. This might indicate that carbon deposits 
predominantly result from the thermal decomposition of tars. When 
increasing the temperature from 800◦C to 850◦C, a change from a 
pyrolytic to a graphitic structure of carbon deposits could be 
observed thus significantly reducing the risk for blockages in the flow 
channels. Therefore, temperatures exceeding 800◦C might be 
advisable for SOFC operation with a tar-laden product gas to avoid 
carbon induced degradation.  

• Carbon could be removed from the alumina support to a great extent 
by applying a H2/H2O regeneration gas mixture for 10 h at 850◦C. 
This result might be considered for future regeneration strategies.  

• High conversion rates of gravimetric tars, toluene and benzene 
during coupling operation could be observed. This demonstrates the 
low stability not only of gravimetric tars but also of light condensable 
tars and benzene in a SOFC cell assembly. The thermal decomposi
tion of tars might have been the main source for carbon deposition. 

In conclusion, the reduction of heavy tars, although modest in the 
percentage of reduction of the total tar content, proved to be extremely 
relevant to avoid changes in the morphology of both Ni/ceria- and Ni/ 
zirconia-based anodes and consequently to avoid performance degra
dation. At 850◦C, an SCR of 2 might be sufficient to avoid carbon de
posits on cell anodes and to ensure a graphitic structure of deposits on 
the cell support thus reducing the risk of fast blockages in the flow 
channels. Moreover, tar-induced structural degradation of Ni/zirconia- 
based anodes might be avoided at this temperature and SCR despite 
their known lower tolerance to tars in comparison to Ni/ceria-based 
anodes. However, higher fuel cell operating temperatures (850◦C) in
crease the risk for temperature-activated degradation phenomena which 
strongly affect the long-term durability of fuel cells. Moreover, higher 
temperatures increase the demands on the stack/system balance of 
plant, e.g. in terms of interconnect materials, sealing materials, recir
culation devices and heat recovery. These points have to be considered 
for the selection of proper cell types and operating conditions for 
biomass-to-power systems using SOFCs as power generators. For the 
future, further experimental studies are suggested using metal-based cell 
assemblies in order to investigate, if the presented results can be 
reproduced for such industrial-relevant setups. Moreover, experiments 
with steam addition to the product gas might help to determine the 
necessary SCR in order to avoid carbon deposition at temperatures 
below 800◦C, especially when considering higher industrial-relevant 
fuel utilization rates. 
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Funding acquisition, Methodology, Validation, Writing – review & 
editing, Supervision. Lukas von Berg: Investigation. Hartmuth 
Schroettner: Investigation. Christoph Hochenauer: Project adminis
tration, Resources. Stefan Martini: Conceptualization. Maximilian 
Hauck: Methodology, Investigation, Validation, Writing – review & 
editing. Benjamin Steinruecken: Methodology, Investigation, Valida
tion, Writing – review & editing. Marek Skrzypkiewicz: Methodology, 
Validation, Writing – review & editing. Jakub Kupecki: Methodology, 
Validation, Writing – review & editing. Robert Scharler: Funding 
acquisition, Writing – review & editing, Supervision. Andrés Anca- 
Couce: Funding acquisition, Conceptualization, Methodology, Valida
tion, Writing – review & editing, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The financial support by the Austrian Federal Ministry for Climate 
Action, Environment, Energy, Mobility, Innovation and Technology 
(BMK) [grant number 869036] and the Polish National Centre for 
Research and Development [grant number BIOENERGY-11/BIO-CCHP/ 
2018] for the BIO-CCHP project within the framework of the 11th Joint 
Call of ERA-NET Bioenergy as well as the European Union’s Horizon 
2020 Research and Innovation Program [grant number 731101] for the 
BRISK II project is gratefully acknowledged. Moreover, the provision of 
an anode supported cell by Forschungszentrum Jülich is gratefully 
acknowledged. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuel.2022.123310. 

References 

[1] Intergovernmental panel on climate change (IPCC). Special Report: Global 
Warming of 1.5 oC 2020. https://www.ipcc.ch/sr15/ (accessed September 21, 
2020). 

[2] Heidenreich S, Foscolo PU. New concepts in biomass gasification. Prog Energy 
Combust Sci 2015;46:72–95. https://doi.org/10.1016/j.pecs.2014.06.002. 

[3] Wu Z, Zhu P, Yao J, Zhang S, Ren J, Yang F, et al. Combined biomass gasification, 
SOFC, IC engine, and waste heat recovery system for power and heat generation: 
Energy, exergy, exergoeconomic, environmental (4E) evaluations. Appl Energy 
2020;279:115794. https://doi.org/10.1016/j.apenergy.2020.115794. 

[4] Anca-Couce A, Hochenauer C, Scharler R. Bioenergy technologies, uses, market and 
future trends with Austria as a case study. Renew Sustain Energy Rev 2021;135: 
110237. https://doi.org/10.1016/j.rser.2020.110237. 
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