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An overview of the research activities and-goming multiple
projects at Delft University of Technology aimed at the
development oGasifieSolid Oxide Fuel Cell (SOFC) based
power plants are preseneéd. Biosyngas generated in
gasifiersconsists of a mixture of carbon monoxide (CO), carbon
dioxide (CQ), methane (Ckj), hydrogen (H), nitrogen (N), water
vapor (HO), and minor impurities. Biosyngas can be a good fuel
for SOFCsprovided that the gas sufficiently cleaned. Influence

of biosyngas compositions and biomass-derived contaminants on
SOFCs is presented and the removal of potential contaminants
such as tar, particulates,,$ HCI, and alkali compounds from
biosyngas is discussed. It appears that the gasification product gas
can be cleaned to meet the requirements of SOFCs wsirently
known gas cleaning methods. Additionally, a brief discussion on
the achievable system efficiencies widsifieFSOFC systems is
presented. nnovative applicabns of the gasifielSOFC systems
being developed at Delft, such as advanced gasH@FC
systemdor toilet development, are also presented

Introduction

Importance of biomass as a sustainable primary energy source is widely acknowledged.
Solid oxide fuel celtgas turbine systems (SOFRGF systems) operating on fuels such as
hydrogen and methane are expected to have electrical efficiencies of the orde308660
Gasification offers a technology for converting solid biomass into a gaseous fuel known
asbiosyngas. The main components in the biosyngas such as hydrogen, carbon monoxide,
and methane are fuels for both SOFCs and gas turbines. However, the contaminants in
biosyngas such as particulates, tapSHHCI and others are widely suggested to be
detrimental to the smooth operation of SOFCs and gas turbines. If the gas can be cleaned
to have the contaminant levels low enough for both SOFCs and gas turbines, this
introduces an excellent opportunity for generating electricity using SGFGystems at

high efficiencies.

Extensive studies are required for developing such systems operating at high
efficiencies. As the topics beingtudied spread over a wide range of subjects, this
becomes a mukilisciplinary research activity. The results from such stuatiegxpected
to lead to the development of clearer concepts for achieving high efficiencies with
gasifierSOFG-GT systems, employing system components which are expected to be
technically and economically viable in the future. This paper reviews the multi-
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disciplinary research activities being taken up at Delft University of TeogpdTU
Delft) to evaluate the technical feasibility of biomass gasi8@FCG-GT systems.

The researckvork presentedn this paper can be broadly dieéd into two categories,
i.e., 1) Electrochemical and fluid dynamic studies with synthetic and real gas miatures
electrode and cell level, ar) Studies on issues related to system integration such as gas
cleaning, thermodynamic system modeling and integrated experimentscim 8OFCs
are connected to real gasifiers.

Preliminary evaluationvaveindicated that SOFCs withickel/gadolinia dopedteria
(Ni/GDC) anodes potentially have advantages over conventriciadl/yttria stabilized
zirconia (Ni/YSZ) anodes due to the fabat ceria is a fine catalyst for carbonaceous
fuels. For that reason most of the studiessented here are focused on SOFCs with
Ni/GDC anodes. Howevea limited number of studieBavealso been conducted using
SOFCs with Ni/YSZ anodes. A detailedeliature review carried out focusing on the
influence of biomassderived contaminants on SOFCs also revealed that the Ni/GDC
anodes most likely have better contaminant tolerance when compared to Ni/YSZ anodes
(1). However, detail@ experimental studies are still required to confirm this.

Electrochemical Studies with Synthetic Gas Mixtures

Electrochemical Impedance Spectroscopy (EIS) for studying fuel oxidatio
SOFCs with Ni/GDC anodesaspresentedy TU Delft jointly with the SOFC group at
the EnergyResearch Center of the Netherlands (EC8Bymmetrical test cells under
single gas atmosphere were employed for the experiments. Theaneteastanding of
the impedance spectra recorded on Ni/GDC anodes was devél@dA model for
DC diffusion resistance (gas phase) was developed and the results from model
calculations were validated using experimental results. Impedance due fthamses
processes &s separated from processes at the surface or in the bulk of the anode. The
knowledge thus generated was used for planning the experiments for sttidging
influence of biomasserived contaminants on Ni/GDC anodes. Experimentally observed
anodic impedanswith various biosyngas compositions were comparable with the
impedance obtained with humidified hydrogen. The impedance measurements were
carried outon Ni/GDC anodes with three contaminantamely HS, HCI, and
naphthaleneat 1123 and 1023 K and the results are presente(f)inChemical
equilibrium calculatiors were carried out to analyze the possible interactions between
these contaminants and anode matef@JsThe results obtained from the experiments
and chemical equilibrium calculations indicated that, at the levels at which the
contaminants were added &land HCI up to 9 ppm and naphthalene at 110 ppm), these
contaminants had no significant impact on the anodic performance. It is also dbserve
that tars might get reformed at SOFC anodes.

The electrochemical performance of planar SOFC cell with Ni/GDC amaite
synthetic biosyngas compositiowss assessdry TU Delft and ECN jointly6). I-V and
electrochemical impedance measurements were carried out. At 80% fuel utlizatio
stable electrochemical performance was obtained, with a power density of 266@tW/m
1123 K, and 3000 W/frat 1193 K. Sulfur deactated the Ni/GDC anode for methane
reforming significantly, but not for the oxidation of hydrogen and carbon monoxide up to
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9 ppm HS. The cell resistance (excluding gas phase resistance) amountf to
ohm-cnfat 1123 K and 0.®hm-cnfat 1193 K. At low AC frequencies, an additional
polarization arc was seen in the impedance spectra, which has been attobgéed t
phase processes.

Jointly with Imperial College London, the influence of operating conditiocisiding
steam levels, current density aedposuretime on the performance of SOFCs with
Ni/YSZ anodes fuelled by tarontaining biosyngas was studied in a different set of
experiments(7). The biosyngas composition and the tar concentration used in these
measurements were identical to those measured from a commertibdvair biomass
gasifier that is to be connected to 8OFC system. Operating this type of SOFC under
the tar concentrationssed in this work could result in severe damage of the cell due to
carbon formation on the anodes. Carbon deposition was observed by Scanning Electron
Microscopy (SEM) and affected the performance of the SOFC, as showheby t
impedance spectra and anodaapization curves of the cells after exposure to tars.
However, the risk of carbon deposition can be reduced by increasing steam levels and
current loads.

An experimental studyn the effects of tar on the performance of SOFCs with
Ni/GDC anodes carriecbut at TU Delft is also reporte@8). Various operating
temperature levels (973, 1073 and 1173 K) under both dry and wet conditions were
employed in this study. Polarization behavior, electrochemical impedandeospqy,
and cell voltage degradation were analyzed to evaluate the cell performanceodt is m
likely that the cells with Ni/GDC anodes did not suffer from carbon deposition umeler t
wet conditions studied. Dry taontaining syngas for SOFCs is unlikely to cause carbon
formation under a mild current load; however, it may induce carbon formation rat ope
circuit. The effect of carbon dioxide that is capable of suppressing carbon deposgion wa
experimentally investigated, and an enhanced performance was exbsemnder the
conditions studied. Under carbon Hgke operating conditions, the cell voltage increases
when raising the feeding tar concentration, indicating that tar perforfuslder SOFCs.

Biosyngas from Delft CFBG was used for feeding electradyigported SOFCs with
Ni/GDC anodeq9). Biosyngas was cleaneding a medium temperature gas cleaning
system developed by TU Graz before feeding to SOFCs. Experiofesggeral hours of
duration were carried out with clean tar free biosyngas (after tar refprrmamwell as
with tar rich biosyngas (tar reformer bypads The tar load in the gas with no tar
reforming was few thousand mg/NmNo significant degradation in the SOFC
performance was observed during this operation period.

In addition to the experimental and theoretical studies, we have carried out an
extensive review of the available literature on the influence of biordassed
contaminants on SOFCs. An analysis of high temperature gas cleaning ssystem
cleaning biosyngas for fueling SOFCs is presented in R9f.It appears that the
gasification product gas can be cleaned to meet the requirements of SOFCs based on
Ni/GDC anodes at high temperatures (typically in the range of-1@23 K) by using
currently known gas cleaning methods. Although information from literature, gesult
from chemical equilibrium studies and preliminary experiments were sufficienitto p
forward a conceptual design for a high temperature gas cleaning systembsersed
that detailed experimental investigations are still required. This is needed to obtain
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detailed information on contaminant tolerance of SOFCs, and to arrive at detaitptsde
of gas cleaning units that are economically viable for biomass gaSIBH&E systems.

Detailed literature review of the CFD modeling of SOFCs can be found in the
previous papers from our groidi®-13) CFD calculations have been employed to study
the performance of SOFCs with different gas compositions including biosyngas.
Calculations were carried out to evaludhe safety of SOFC operation considering
carbondeposition and nickel oxidation. The biosyngas fuatetls showreasonable
performance when compared with the hydrefiezled cells. It also shows that the
methane steam reforming kinetics has an influence on the performance even wath a sm
amount of methane in the biosyngas. The simulation results can be useful for planning
useful future SOFC experiments. As the anode materials and microstruduweadafthe
reaction kinetics, the CFD studies also can lead to the development of new maietials
strudures to enhance the performaméeSOFC when operating with biosyngas.

GasCleaning S/stemDevelopment

A Low Temperaturé&asCleaningSystem

Experimental and theoretical studies and the detailed review camuedn the
influence of biomasserived ontaminants on SOFCs provided the required information
for developing gas cleaning units for gas#eOFC integration. Gas cleaning at lower
temperatures is monmature when compared to high temperature gas cleaning devices.
However, in gasifiefSOFC systms, high temperature gas cleanasgistsncreasing the
system efficiencies as the sensible heat is often lost when the gaded down from
gasifier exit temperatures.

A relatively low temperature gas cleaning system (Figure 1) is jointly deseblny
TU Delft and Federal University of Itajuba, Bragi¥) for cleaning the biosyngas from a
two stage downdraft air blown gasifier for fuelling®BCs primarily with Ni/GDC
anodes, and then with Ni/YSZ anodes (5 kW CHP unit from Fuel Cell Technologies).

| From the gasifier st 423 K |

!

| Sand Filkerat 423 K |

!

| “Wenturi scrubber at 423 K |

!

| Spray scrubber at 323 K |

1

| HZ5 deaning with accivated carbonat 423 K |

!

| Ceramic filter st 623 K |

Figurel. Flow schemdor the tested low temperature gadeaning system.

Experiments with selected trace species Haen carried outith the gas cleaning
system designed and the results are summarized in Tab#blel shows that the gas
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cleaning system is able tachievea removal efficiency of 95% for tar, 96% for
particulates, 91% for ¥$, and 68% for HCI.

TABL E I. Results from th®peration ofLow Temperature Gas Cleaningit)

Impuritie  Unit Befor 1 2 3 4 5 6 7 8 Max (%
Tar 3219 225 645 149 492 319 304 265 125 95
Particulate 1785 244 374 151 170 108 6.0 135 169 96
H,S MNTT v 65 116 58 102 89 36 29 62 91
HCl 3189 136 —  102.6 169.5 138.3 167.7 116.6 1348 68

High Temperaturé&sasCleaningSystems

In addition to the relatively lowdemperatureyas cleaning systementioned above
two higher temperature gas cleaning systems were also devélaped on the research
activities involving TU Delft. High temperature gas cleaning systemsexpected to
help obtain energefficient systems. The flow schemef the two highetemperature
gas cleaning systenae shown in Figure 2 and Figure 3, and they have been briefly
tested during the Biocellus project.

| From the gasifier at 1123 K |

!

| Ceramic filter at 1123 E |

!

| Tar eralcing with dolomite at 1173 K |

!

| HC1 cleaning with Na2(C0O3 at 873 E |

1

| H2E with =ine titanate at 873 K |

i

| Allcali cleaning with activated Alumina at 1123 K |

1

| Ceramic filter at 1123 K |

1!

| To the SOFC at 1123 K |

Figure2. Flow scheme fothe hightemperature gasleaning system.

| From the gasifier at 623 E |

1!

| Ceramic filter at 6§23 K |

!

| HC1 clzaning with NaOH/AI203 at 623 K |

=

| H2E& 1 cleaning with Zn0 at 623 E |

=t

| H22 2 cleaning with Col at 723 K |

L)

=

| Tar craclkeing 1 with dolomite at 1073 E |

la—]

| Tar cracking with Ni at 1073 K |

!

| To the 30FC at 623 K |

Figure3. Flow scheme for the intermediaamperature gasleaning system.
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Details of the high temperature gas cleaning unit are given elseher&he
intermediate temperature gas cleaning unit constructed by TU Delft was badeel on t
design of the one from TU Graz; howevé&t) Delft design coulddeliver higher flow
rates which areonvenient for fuel cell stacks. Details of this system are also available
elsewherg15).

Apart from the gasifietSOFC single cell experiments mentioned before, TU Delft
has involed in severalothergasifierSOFC system integraticectivities. This involves
working with different types of gasifiers, gas cleaning systems and SQIEKs.

As a part of the Biocellus projeft5), an SOFC stack was connected to the biomass
gasifier at TU Munich with TU Delft providing the gas cleaning unit and involvingen t
integrated experiments. The intermediate temperature gas cleaning umnitheeatbove
was employed. A planar stack, able to produce 1 kW power output, was constructed by
Prototech for the same. A short tubular stack constructed by TU Munich wasitested
parallel, as well as single planar fuel cells with improved anode configusail he test
rigs were installed at the Biomass HEgte Reformer from TU Munich. It was possible
to deliver real wood gas to all the tesgjs. The planar stack was operatém
approximately 7 hours on wood gas and had a very stable performance. The average
power ouputwas 0 W, the maximum power outprgached while increasirtge wood
gas flow to the stackas 700 W.

A biomass gasifietiSOFC system is being integratedlitajuba, Brazil as mentioned
before. The system is based on a fixed bed biomass gasifier and a 5 kW SOR@ICHP
from Fuel Cell Technologie$l16) The SOFC stack in the systemas from Siemens
Westinghouse. Apart from the developmefithe gas cleaning unit, modifying the SOFC
unit for biosyngas operation offered significazhallenges. A particularly challenging
problem was the management of the flows through the systemretiveulation of
electrode ofigas, particularly of anode effas to a preeformer for methane steam
reforming, is employed in many SOFC systems thaérate with natural gas. This
recirculation simplifies the overall system configuration because the eleetnically
produced steam together with the heat in the anodgasffcan be used through this
process for methane steam reforming. When adopting biosyngas to the existidg SOF
system which deploys ejectdriven recirculation for steam reforming, detailed studies
indicated that the recirculation is not a necessity for the biosyi@as It is found that
the performance was improved when not implementing the recirculd@inThe net
electrical efficiency increased from 14% to 36% when the recirculation idexor he
integrated system is expected to be tested in thefuteae

TU Delft has been selected participate in the ‘Reinverithe Toilet Challenge’
(RTTC) funded by the Bill and Melinda Gates Foundation. Aim is to develop tools and
technologies that can lead to radical and sustainable improvements in sanitdkien in
developing world. To serve this purpose, the system should operattaasalone unit
i.e. it will not be connected to any existing sewerage nor should it rely omaixte
electricity supply.The sysem is built on a new microwasassisted plasmaagification
unit being developed by the process intensification team at the Process agy Ener
Department of TU Delft for processing the fecal matter and electric powereédar
operating the microwavassisted plasma gasification unit. A TU Delft team is designing
and building a demonstration toilet system which employs &W&.80FC stack with
Ni/GDC anodes for electricity generation fuelled with syngas produced vierawave
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plasma discharge. Due to high gasification temperatures, this gasificatbnique
allows fast processing of large quantities of biomass, with low emissions asté w
streams whilst ensuring effective pathogen removal. In addition, it is edfbetethe tar

load of the syngas produced will be low. However, in additiortypacal biomass
impurities such as alkalis and sulphcompounds as mentioned earli@so other
contaminants such as phosphorous compounds and heavy metals e.g. Cu, Pb, and Cd are
present(18, 19) Up till now, the effects of such compounds on SOFC performance are
scarcely availableTherefore,TUD plansto carry out experimental evaluations on such
contamination atlectrode, fuekell and stack levs| utilizing both simulated and real
syngas from fecal matter and sewage sludge. The integratedgafigte-SOFC system

will be demonstrated in thepring of 2014.

System Thermodynamics

In addition to the electrochemical and fluid flow studies, gas cleaning andnsyste
integration efforts, TU Delft fuel cell systems team is involved in extensivierays
calculations of gasifieiSOFC based power plants. Sugystem calculations are done
mainly for two different purposesne is to support our system integration efforts and the
other is to envisage futuristic high efficiency power plants. The systematacigl done
for supporting the Itajuba and the toileojacts represent the former and the system
calculations being done for gasifi@OFCG-GT systems represent thetéat

In one set of calculations, thermodynamic calculations were carried ouslicatey
the performance of smadcale gasifietsSOFG-GT systens of the order of 100 kW.
SOFCs with Ni/GDC anodeseing considered for the system. It is observed that high
system electrical efficiencies above 50% are achievable with these systems. The result
obtained indicate that when gas cleaning is carried oueraperatures lower than
gasification temperature, additional steam need to be added to biosyngas in ordef to a
carbon deposition. It is also observed that steam addition does not have signifzartt im
on system electrical efficiency. However, getieraof additional steam using heat from
gas turbine outlet decreases the thermal energy and exergy available at theosgtlstem
thereby decreasing total system efficiency. With the gas cleaning at agrosph
temperature, there is a decrease in the electrical efficiency of the ordebs%fwhen
compared to the efficiency of the systems working with intermediate to hsgtiegming
temperature$20). However at such small power levels even with low temperature gas
cleaning, such systems offer significant efficiency advantages when empar
compeing systems such as gasifigricro turbine systems and gasifi&L engine
systems.

In another effort, four different systems based on integrated gaSIO&C-GT
systems were modelled to study the influence of the gasification techngésggleaning
technology and system scale on the overall system perforn{@dgeThe different
gasification technologies evaluate@rethe atmospheric indirect steam gasification and
pressurized direct air gasification. The gas cleaning technoleyasiatedare low
temperature gas cleaning and high temperature gas cleaning and the two scales are 100
kWe and 30 MWe. The results shdhat the large scale system based on pressurized
direct air gasification and high temperature gas cleaning has the highestalegergy
efficiency of 49.9%. Large scale systems have a higher efficiency than small scal
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systems, due to larger exergydes in smaller systems mainly in the balance of plant
components.

Yet another system model is developed for application of wet biomass in energy
conversion systems. Drying can be very energy intensive especially wheroities®i
has moisture content above 50 wt.% on a wet ba¢?). The combination of
hydrothermal biomass gasification and SGBCT units could be an efficient way to
convert very wet biomass in&lectricity. It is noted that such integrated systems have
electrical exergy efficiencies around 50%, therefore, the combination pefcsitical
water gasification and SOFRGT hybrid systems seems promising.

A concept for very highly efficient systeniasrecently beerdeveloped at Delft
Integration of the allothermal gasification process and the exothermal fudbnoel by
deploying heat pipes can result in a higher system perform@3)e which utilize
vaporizing liquid in order to create high heat fluxes from any heat source, iraseishe
SOFC, to a heat user, in this case the gasifier, where the endothermic gasificati
reactions take place. We propose a construction using SOBEsgéan with the heat pipes
placed in between for intercooling. Instead of one SOFC as i(Z®¥fwe now use two
SOFCs.The heat is transferred to the heat pipes from first SOFC outlet pipestand af
the combustion chamber. Hot product gases (1000°C) are cooled down to about 900°C
before they enter the second fuel cell. The heat is transferred by the haatopipe
gasifier. Heat pipes are also proposed to carry a part of the heat from thestom
products to the gasifier. Such systems hawvehelectrical efficiencies close to 70%
using solid biomass as fuel.

The system calculations clearly indicate the potential with gasf@FCG-GT
systems for electricity production from solid fuels with extremely highieffa@es. High
efficiencies can be adtwved at smaller power levels of few hundred kwvith large
centralized power plants. This opens up a wide range of opportunities for SOFC
developers and power plant builders.

Conclusions

The following important observations were made during the eafrsur research
efforts on gasifierSOFC systems1) Electrochemical measurements indicated the
SOFCs can work with clean biosyngas as ;f@l Cleaning biosyngas to the levels
required for SOFCs especially the ones with Ni/GDC anodesos likely achievable
with currently known gas cleaning systemasd 3) System efficiencies of the order of
50-70% are achievable with gasit&OFCG-GT systems. However, construction of
commercially viable power plants based on these concegtsres further researchdn
development of the technologies involved including the fuel cells and gas cleaning
systems.
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