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Abstract. The integration of Solid Oxide Fuel Cells (SOFC) biomass gasification-turbine
processes was studied for the estimation of theativelectrical efficiency. Since both processes
operate close to 100{C, heat integration is one of the benefits of theppsed scheme. Heat
generated at the SOFC and the afterburner of tegristed process was found sufficient to cover
the demands of gasification and reforming, in axgn@ined case, while a significant heat excess
was available to a bottoming thermal cycle for #ddal power generation. The electrical
efficiency of the integrated process was foundwercome 60 % of the low heating value of the
biomass feed. SOFC'’s contribution to the overaitteical power output was of the order of 70 %,

and fuel utilization at the SOFC was recognizethasnost crucial operational parameter.
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1. Introduction

Page 1 of 27



SOFC cogenerators, due to their high efficiency agldtive endurance to microcontaminants,
could substantially promote the use of low heatialyie gaseous fuels (biogas, gasification derived
syngas etc), in small combined heat and power nesd{-50kWel) or in larger installations. On
the other hand, syngas, from biomass gasificatan, disengage SOFCs from hydrogen related
obstacles (escalation of production, propagationdigtribution infrastructure and safety) and
contribute to their commercialization. Furthermds®mass gasification can upgrade the ecological
dimension of SOFC based power generation, untirsmi wind power is able to offer economically

attractive large scale alternatives.

Gasification [1-4] converts biomass, into a gasesusrgy carrier of, (5-55%), CH (2-5%), G
hydrocarbons (1-3%), CO (5-30%), €Q@0-20%), N (0-60% if air is the gasifying agent) and
various contaminants (char, ash, tars and oiloui®t% wt. of the feed), at elevated temperatures,
which can be used for power generation in burneternal combustion engines, turbines and only
recently fuel cells [5-7]. Using aiQ,, steam, stear®, mixtures or CQ as gasifying agents,
gasifiers utilize inert or catalytic particle bedsa range of reactor configurations, while a nemb
of reviews cover the principles and practices ohimass gasification [1,3]. Hot syngas yields of the
process can reach 95 — 97 %w of the biomass febile wields of un-condensable gasses can
overcome 85 %. Syngas composition is determinethbygasifying agent, the temperature, the
residence time, the type of biomass, the watererinof the raw material and the extent of
combustion in the gasifier. Despite the fact thadification technologies are already available at
several MW scale they are still expensive, compé&rddssil fuel based units, and face economical

rather than technical barriers for their marketusion [1,4].

SOFCs have the potential to become a major tecgpdior power generation in the coming

decades, due to their high efficiencies (45—-60%heffuel’s lower heating value, compared to 30—
40% of conventional systems) and extremely low NgDxssions (1/300 compared to coal-based
plants). Furthermore, SOFCs are ideal candidatekifbh quality heat cogeneration, which can be
utilized in bottoming thermal engines for additibe&ectric power generation (overall efficiencies,

of SOFC-turbine combined cycles can exceed 70%ire@tly, up to 250 kW, SOFCs have been
proved to operate continuously for more than 5 geaith less than 0,5% voltage degradation.
SOFC modules in the range of 1 kWel to 1 MWel dreaaly in demonstrative operation and

therefore technologically available to potentiadigver a wide range of syngas producing sites.
Since 1999 a Siemens-Westinghouse operates 4 @akW SOFC, of 46 % efficiency, at 980,

while Mitsubishi has established aMW system. Smaller modules are already in operdiipn
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Chubu Electric Power in Japan, Ceramic Fuel Cel&ustralia, Sulzer Hexis in Switzerland etc. A
significant number pilot scale SOFCs has been sstuly tested with efficiencies exceeding 45
%. Generally, 50 kW — MW SOFCs can be attractive for distributed poweregation, in case
that investment costs can be reduced even bell®@® £0 kW from up to 30.000 € / kW today [8-
10].

Among various types of fuel cells, SOFCs exhibivatted fuel flexibility, compared to low-
temperature ones, primarily because CO, poison témperature electrocatalysts, whereas it
contributes as fuel in SOFCs. Although fuel flekipican promote their commercialization, since
pure H is not readily available, performance optimizatiom a wide variety of WCH,/CO
compositions may require significant operating ¢bod, and/or system design changes [11-15].
Nevertheless, a literature survey can reveal atantial luck of fundamental research concerning
gasification-derived-syngas utilization in YSZ bas®OFCs, despite a limited number of studies,

most of which refer to digestive biogas and thetigoous landfill gas [16-20].

In this direction, Alderucci [15] carried out a theodynamic study of a gasifier integrated to a
SOFC, as a preliminary approach to assess therie&cefficiency of the overall process.
Considering cellulose as the typical biomass femiisthe predicted overall electrical efficiencies
of 47% and 51% for steam and ggasification, at 7008C. A. Omosun explored the possibility of
combining SOFC and biomass gasification, for th@egation of power and heat using the
gPROMS modelling tool, considering a hot gas clpaprocess and a cold gas cleanup process.
The electrical and overall efficiency for the habgess were found to be 23 and 60% and for the
cold process the efficiencies were 21 and 34% ewspely due to the superior heat management in
the first case [18].

Despite the rareness of fundamental studies, aedt@the rapidly increased interest for SOFC-
biomass conjunction, several pilot efforts of madyulsyngas fed, SOFCs are currently under
development, for demonstration and investigationppses [21,22]. Only recently Acumentrics
shipped a 5 kWe SOFC to the DOE’s National RenesvEblergy Lab to investigate the benefits of
running a high-efficiency fuel cell system on vasobiomass-derived fuels along with thermal
integration issues. In addition, the inherent apihf SOFCs system to keep the anode and cathode
exhaust gases separate is referred to allow theropt SOFC over-fuelling (low utilization) and

adding downstream operations for the anode exlgas&ts, such as gas or steam turbines [22].
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In the present study, the integrated process ointt@poration of Solid Oxide Fuel Cells (SOFC)
in the conventional biomass gasification-turbinesvgéudied in terms of thermodynamics for the
estimation of the overall electrical efficiency. g&imental data have been obtained for olive
kernels gasification- a characteristic agricultueslidue of the Mediterranean region- in a fixed be

reactor in the Department of Chemical Engineerifidne Aristotle University of Thessaloniki.

2. Flow diagram of theintegrated process

Initiating from biomass gasification, technologissed on the use of air as the gasifying agent, are
technoeconomically feasible, but produce a lowihgatalue gas (4-8 MJ/fwith a 10-25 vol %

H, content, depending on ;Hand moisture content of the feedstock, biomassftoratio,
temperature, and other parameters. On the othel, B&gam-gasification is capable of producing a
medium heating value gas (10-16 MJ/Airgas with 30-60 vol% kcontent, but in expense of
heat, which in that case should be supplied to gasifier, in contrast to the exothermic air

gasification [1].

In the examined process, and despite the consigeratient of reforming that occurs in the
gasifier, due to the presence of moisture in biamaed, additional steam is supplied in the
interceded stage of the syngas reformer. Thushitmass-SOFC process of Figure 1 simulates
steam gasification, in terms of;Heneration, although it does not avoid dNlution of the fuel
components. Steam [23] and dry reforming [24,28nprily of methane, have been extensively
investigated. IrH, rich/CH, lean syngas mixtures, a catalytic reformer camarily affectH,/H,O
and CO/CQ equilibria, through shift reactions. In this cassccording to the gas shift
thermodynamics, low temperatures fa¥y in expense of CO. BotH, and CO are SOFC fuels,
while H; is more favorable. Low temperature gas shift ipoostes morél, in the process (due to
the conversion of steam) and lowers heat requirésn@ue to the lower temperature and the
greater extend of the exothermic reaction), butexpense of CO. On the other hand, high
temperatures increase thermal needs of the refoemdrdecreaseH,, in favor of enhanced
kinetics, greater extend of Gleforming, and C@s carbon incorporation, due to its conversion to
CO.

Figure 1 depicts the simplified flow diagram of thegrated process, on which the present

analyses was based. Along with the gasifier andStBEC, the process involves a syngas reformer,
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a burner for the total combustion of both the soéisidue from the gasifier and the unburned fuel

excess from the cell, and 3 heat exchangers.

Alkali or chlorine compounds, sulfur compounds #&ad, in the produced gas, may damage SOFC
as well as the catalyst of an interceded refornstage. High temperature gas cleaning is reported
as the optimum option, for the maximization of theerall efficiency of the gasification - SOFC
integrated processes [18]. Tar control can be sebiesither during the gasification, by the
appropriate primary catalysts, or in reforming sta§ulphur containing compounds, in biomass
derived gases varies from few ppms to few hundpgass, depending on feedstock. Nevertheless,
sulphur poisons reforming catalysts as well as S@R@es, with 1 ppm of sulfur referred as the
safety limit of the latest [9]. In the present studyngas cleaning is considered not to affect the
energy balance of the integrated process or thgaosition of the produced syngas, and will not be

taken into account during the thermodynamic catauis.

From the SOFC perspective of the integrated progesser density and fuel utilization determines
the overall efficiency of SOFCs, while these parearseare readily affected by the operational cell
voltage [9,10]. In the case of the wide range ofgsys compositions, the dilution obAO/CGHy
combustible agents, results a decrease of thegeltad the cells power density. Even a rush
literature survey can reveal a substantial luckinflamental research concerning syngas utilization
in YSZ based SOFCs, as those incorporated in tbposed project. Rare studies, report power
densities reduced to the 1/3 of the correspondalges concerning 41 due to the dilution of the
combustible agents [18-22]. In this context, Sulkdrexis has announced efficiencies closed to
27%LHV, of an 1kW SOFC, operating for 2.500 hounsb@-derived syngas [21], which is almost
1/2 of the regular SOFC efficiencies on Br reformed natural gas [8-10]. Studies of syngas
utilization in intermediate temperature CGO bas@¥FGSs, also reveal significant current density
reductions with Hdilution (almost 50% for Kdilution from 50 to 10%) [16].

Modelling studies of syngas utilization in SOFCedict efficiencies from 23% [18 ] and 35% [6]
to 42% [5] and 50% [26], the latest for theoretitcadl utilizations as high as 80%. Such utilizagon
are achievable in Hor CH/H,0 fueled SOFCs, in which open circuit voltages eaceed 1,2 V,
allowing operation at overpotentials as high as\Q,&ith almost optimum power densities [12,18].
This is hardly the case for syngas, where the @genit voltage might not even reach 0,6 V, and

the optimum operational over potential is not gréten 0,4 V [5,6,18,26].
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Numerous studies report performance characteristicsteam dilution of i while some of them
also examine the effect of fuel composition [27-29]rthermore, considering CO, Jiang reported a
60% drop of the current density when CO was diluee80% by CQ [29]. Generally, H electro-
oxidation is 2 to 3 times faster than CO’s [27,2R]e to the insufficient spillover of the latesthe
three phase boundary of the electrode-electrohtegface [30]. This results up to 5 times lower CO
contribution to the cell’s power output, comparedH,, over the most commonly used Ni/YSZ
anodes [29,31]. In order to enhance SOFC performamd CO utilization, several composite
anodes have been tested [32,33]. Exceptional eeh@rtt of CO contribution to the overall power
density, was observed over Cu/GECSZ anodes [29,30,34], which was attributed togkpansion

of electrochemically active zone of the anodehtéxtended surface of@onducting Ce@[30].

3. Experimental

Experimental data have been obtained for olive ésrgasification in a downdraft fixed bed
reactor (height 500 mm and diameter of 12,5 mnatmbspheric pressure. Gasification took place
at a temperature range of 750-%&0 with air in various equivalence ratios (0,1442), and under
atmospheric pressure. In each run the main compemdrthe gas phase were CO, £8, and
CH,. Experimental results showed that gasificatiorhvaiir at high temperatures (930) favored
high gas yields and the hydrogen content increasdreactor temperature, while CO, CH4, light
hydrocarbons and tar followed an opposite trend.

Samples of olive kernels (particles with diametess that 1 mm) were used. The calculation of the
air flow rate was determined using a chronometedramolumetric cylinder, at the start-up of each
experimental run. The reactor was placed vertidally the furnace and heating was turned on by
setting the controllers at the selected operagngperature. Temperature was measured by a K type
thermocouple which was placed vertically inside idctor and in touch with the biomass sample.
Air was used as the gasification medium at vargggivalence ratios; introduced into the reactor
through a vertical pipe in a downward flow and was preheated before entrance (ambient
conditions). From each experiment gas was samplsithg an airtight gas sampling bag and
analyzed at laboratory’s gas chromatograph (Mod8B06I, Agilent Technologies). Gas
Chromatograph (GC) was fitted with two columns HBt® (30 m* 0.530 mm*4Qum) and HP-
Molsiv (30 m* 0.530 mm*50um), with helium as carrier gas. GC’s temperaturafiler was an
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isothermal at 50C. The standard gas mixture used GC calibrationpased from CO, CQ H,,
CH,, GH4 and GHs 1 v/iv9% balanced in helium.

Olive kernels produced a maximum gas yield of ~wd&% at equivalence ratio of 0,14 and 950
°C. The maximum heating value of gas from olive késrwas 10,52 MJ/NPrat 950°C and 0,21
equivalence ratio. The production of (COjHt 950°C reached the yield of 57% v/v% of the gas.

4. Assumptions and calculations

The focus of the present study was a parametriysiaaf efficiencies and power generation of the
integrated biomass gasification - SOFC process.effieet of various parameters such as, extend of
biomass gasification, LHV of biomass, steam to carbxcess, turbine electrical efficienyO
utilization in SOFC has been evaluated. The basthéomass and energy balance calculations was
1 kg of raw biomass per second. Experimental vatiiesive kernel elemental characteristics are
given in Tablel. In the same table, experimenttd da gas composition are also presented. 5 % of
the massive biomass inlet, correspond to the resifithe gasification process (both char and tar),
which was removed in the hot gas cleaning systefigafre 1. This residue was fed to the burner,

where it was combusted, and its thermal contentomasidered to be totally recovered.

The heat demand or generation of the gasifier walsulated, by taking into account the
experimental lower heating value (LHV) of the olikernel (19,00 MJ/Nrfat 950°C). The specific
heat of the olive kernel and char were assumed|dquthat of the average wood and wood
charcoal (2,3 and 1,01 kJ&g respectively) [17]. The energy demands of thefigs, which was
assumed adiabatic, were balanced by adjusting@mpérature as well as the temperature and the
feed rate of the gasifying air supply (Figure 1) tis point, it must be noted that no heat losses

either the processes or Figure 1, were taken ctoumnt.

According to Figure 1, the gas at the outlet of glasifier (at a temperature assumed equal to its
operation temperature, 98Q) entered the reformer, after char and tar residae separated at the
corresponding hot gas cleaning system. Preheatsinstvas also fed to the reformer, at the
appropriate temperature, in order to balance tla tejuirements of the endothermic reforming

reactions.
In the reformer, the following reactions

CH+HO<CO+3H (1)
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CO + H20-CO2 + H2 )

CH+2HO<CO,+4H 3)

were assumed to be at equilibrium, at the operatérgperature, and according to the 250
composition at the inlet. Steam excess, definethagatio of its supply to the stoichiometrically
required for the total conversion of methame&s considered as a variable, in the performed

analyses.

H,, CO, CQ, CH;, H,O and N mixture, from the reformer, was fed in the SOFQdm
compartment. ClHwas assumed not to react with the electrochenoixgden, whileH, and CO
utilization were considered as variables, along with the electrical efficiency of the celkpeessed
as the fraction oAG, of the reactions taking place, which was disectinverted to electricity. The
rest of theAH of these reactions was regarded as the heatagereat the SOFC. The air inlet to
the cell was adjusted so that oxygen concentratidhe outlet would be equal to 18 % mol, which
is a typical value for SOFCs operation [3,12], whits temperature was controlled by the

corresponding heat exchanger, so that the temperatihe cell would be fixed to 95C.

Depleted air, from the cathode compartment of &k anburned fuel from the anode and tar/char

residue from the gasifier, along with an additioaalbient air stream, were fed to the burner. The
massive flow rate of the latest was adjusted sbtheatemperature of the burner, and consequently
of the outlet, did not exceed 1,5%0.

Total combustion was assumed in the burner, soithaiutlet consists only of #, CQ,, O, and

N,. The thermal content of this stream was, in adlesa proven sufficient to preheat the air utilized
in the gasifier, the reformer’s steam supply areldh for the SOFC, at the required temperatures,
while a significant amount of heat excess was dea steam turbine for the generation of additional
power. Theelectrical efficiency of the turbine was considered as a variable, while the un-converted

heat supply to the turbine was regarded as thedeseration of the integrated process.

4. Results and Discussion

In the analysis that follows, the SOFC temperatuas, in every case is equal to $&) the whole
process is considered adiabatic, and efficiendigayes refer to the LHV of the biomass supply to

the integrated process. Electrical efficiencieshef SOFC, the turbine and the overall process are
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defined as the percentage of the LHV of the bionfadsto the process, which is converted to

electricity:
wS0FC “,tur'blne
SOFC _ el trbine _ el owverall _ . S0FC + turbine
T"EI. - LH‘I.'F T‘IEI. - LH‘I.'F T"El. - T‘IEI. rIEI.

In Figure 2a, the process and the SOFC’s electeffadiency, as well as the process thermal
efficiency, are plotted versus the extent of gaatfon (inversely expressed as the massive fraction
of the un-gasified char/tar residue). As it can deen, as the un-gasified residue increases
(expressed as massive percentage of the biomads fge°  andne?"*"" decrease, whil@merma
increase, as expected, since more fuel is fedttlirecthe burner, in expense of syngas fed to the
SOFC. In Figure 2b, the electrical power generabbithe integrated process is depicted, along
with the SOFC’s and turbine’s contribution to theerll electrical power output. Since less
biomass is converted to syngas, SOFC contributiecredises with the increase of gasification
char/tar residue. This decrease drifts the ovealttrical output, despite the fact that, additlona
heat generation at the burner enhances the ekdgieever generation of the turbine. These results
are consisted to the assumptions that turbineisieficy was set equal to 35 % of the heat supply,
while SOFC’s overall efficiency is equal to 51 % (% fuel utilization x 60 % efficiency) of the
heating value of the syngas supplied. It must beotksl that not all the heat generated by the
burner, reach the turbine, because a fractionisfitbat is consumed in the heat exchangers of the
process. Thus, despite the fact that the same “athai combustion occurs throughout the
process, regardless the extend of gasificatigif®™®' increases with this extend, since more fuel is
supplied to the SOFC.

In Figure 3, the performance of the integrated @ssds plotted vs the LHV of the biomass feed.
According to the performed analyses the increaseamass heat content renders the gasifier more
exothermic and increases the heat supply to thantewr Therefore, the decline of the overall
electrical power generation of the process is mopg@tional to the decline of SOFC'’s electrical
output, due to the fact that more power is gendratethe turbine, as the LHV of the biomass
increases. This can explain the enhanced contibudf the turbine, depicted in Figure 3b.
Nevertheless, the overall electrical efficiency tbé integrated process decreases, despite the
increase of the overall electrical output, duehe dreater increase of the LHV denominator, during

the calculation of the efficiencies depicted inufg 3.
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According to Figure 4b, the increase of steam ex@dsthe reformer of the integrated process
results a small initial increase of the overallceieal power output, followed by a constant
decrease. The same behavior is also noticed irrd=iga, concerning the overall efficiency. The
maximum electrical output and efficiency correspotalsteam supply to the reformer equal to two
times the stoichiometrically required steam, fag thtal conversion of methane. Nevertheless the
efficiency of the SOFC, as well as its contributimnthe electrical power generation, increases
constantly with steam excess. Here, it must beddtitat steam excess influences the overall
process in two manners. On one hand it shifts gdibrium of reaction (3) to the products, which
results additional hydrogen incorporation and ewkdnpower generation in the SOFC. On the
other hand it increases the heat demands of tleermef and decreases the thermal input to the
turbine, as well as the thermal output of the psscé\ccordingly, overall power generation and
efficiency increase as long as that additional bgdn incorporation to the process overcomes the
additional heat requirements of the reformer, wthis situation is readily affected by the relative
efficiencies of the turbine and the SOFC.

The situation is quite similar in case of Figurevihere the performance parameters of the
integrated process are plotted vs the temperafutteeaeformer. The increase of this temperature
shifts the equilibrium of the reactions in the refier to the products, but requires additional heat
supply to the reformer. The situation becomes noomplicated due to the fact that in order to
adjust the temperature of the adiabatic reformah&oappropriate value, steam excess should be
altered. The overall result is a constant incredisbe SOFC efficiency, which is accompanied by a
proportional increase in the overall efficiency gmalver output, until almost 85T. Above this
temperature, SOFC efficiency tends to a limitintpeaand the overall efficiency decrease, since
the increase of hydrogen generation in the reforo@r not counterbalance heat consumption.
Above 900°C, the overall power generation decreases signifigadue to a rapid deterioration of

turbines contribution and despite the sharp ine@eéshe SOFC’s contribution.

Demonstrative SOFC stacks are referred to achilmetrieal efficiencies of the order of 60 % of

the free energy of the electro-oxidation reactieactions occurring at the anode [8,9]. Thus, Figure
6 presents the dependence of the performance afittgrated process on the electrical efficiency
of the incorporated SOFC. As expected, the incredske SOFC efficiency increases the overall

electrical power output, in expense of the thergealeration of the process.

Nevertheless, the SOFC electrical efficiency, thialtthermal efficiency and the total electrical

efficiency can reach the values of 42%, 38% and G2%pectively. Another parameter that
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significantly affects the SOFC contribution to tbeerall efficiency of the integrated process of
Figure 1, is the fuel utilization. As mentioned abpfuel utilization depends on the open circuit
and the operational voltage of the cell. Concerrigdrogen, an operating voltage of 300 — 500
mV, per unit cell, is readily achievable when hyglo content at the anode exhaust is almost 15 %.
This means that, introducing a syngas mixture o¥@20ydrogen, to the SOFC, the usual operating
voltage obtains about 25 % fuel utilization [5,61%21,26]. By taking into account that hydrogen
fuelled SOFCs can achieve fuel utilization of tmdew of 85 %, Figure 7 depicts the effect of fuel

utilization, on the SOFC'’s efficiency and the o\kee#ficiency of the integrated process.

From Figure 7a, it can be seen that by increasusy ditilization from 15 to 85 %, the over
efficiency increases from 40 to about 60%. Thisiitedenotes the importance of fuel utilization,
for the effectiveness of the integrated procesag&y's fuel components are primarily &hd CO.
Despite the fact that the free energy of CO’s costibn (283 kJ/mol) is higher than that of
hydrogen’s (242 kj/mol), and the kinetics of itsidation faster, K is considered as a more
effective fuel for SOFCs, due to the special chirgtics of anodic reactions. In SOFC anodes,
electro- oxidation primarily occurs at the threagé boundary between the gas phase, the electrode
and the electrolyte. Therefore, adsorbed fuel gsean the electrodes surface have to diffuse to the
three phase boundary. This process is quite fagh@small hydrogen atoms, whether it is rather
slow for the adsorbed CO molecules [27,28,30]. Regpe fact that several anode composites, that
facilitates CO electro-oxidation, have been devetbm the laboratory [32,33], it is not ensured
that in larger scale SOFC applications, CO utilatwill be the same with that of hydrogen, as
assumed in Figure 7. Thus, in Figure 8 depict fifeceof CO utilization, on the SOFC and the
integrated process performance. From Figure 8zaritbe seen that, for 85 % Hitilization, the
increase of CO conversion from 15 to 85 %, resatténcrease of overall efficiency from 52 to 60
%. This increase by almost 15 % denotes the sagmtie of CO utilization for the integrated

process.

Finally, Figure 9 presents the effect of the tuefsnefficiency on the overall performance of the
integrated process. As it is obvious from Figure #ee SOFC can achieve an overall 40 %
conversion of biomass heating value to electricltge incorporation of a bottoming turbine, in
order to utilize the SOFC exhaust heat and un-laufoel along with the thermal content of the
gasification residue, results a substantial inaezfsthe overall efficiency by almost 25 % (from
less than 40 to more than 50 %), when the intriakéctrical efficiency of the turbine is only 20 %.

This enhancement can overcome 60 % (from less48da almost 70 %), in case that the turbine’s
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efficiency can reach 50 %. Nevertheless, evenenldlt case, turbines contribution to the overall

power generation falls short the contribution & 80OFC, as it can be seen from Figure 9b.

5. Conclusions

The aim of the present analysis is to examine ffexteseness of incorporating an SOFC in the
conventional gasification — turbine process. Thisorporation would be justified if the SOFC is
able to substantially upgrade the efficiency of thhemass — to —energy conversion. As it can be
resulted from the present analysis, which, nevitise deals with the ideal case of thermodynamic
efficiencies under no thermal losses operation, SOéntribution to the overall power generation
usually exceeds 60 % while integrated gasificationombined cycles with e.g. engines, turbines
etc, gives overall efficiencies (45-50%) [31]. Fatmore, the overall electrical efficiency of the
integrated process for olive kernel can, ideakyah 62 % of the heating value of the biomass feed,
whereas conventional technologies, like turbines only randomly reach 40 % of the heat
supplied to their inlet. Even in the case of 15l futilization (Figure 7), SOFC can contribute

more than 20 % of the overall power output.
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TABLES

Table 1. Experimental data of olive kernel gasification in the experimental fixed bed reactor

Elemental analysis (w/w%) Olive ker nel
C 48,61
H 6,41
O 44,98
N n.a.
S n.a.
Proximate analysis (w/woo)

Moisture 4,59
Volatile mat. 75,56
Fixed carbon 16,39

Ash 3,46
HHV
(MJ/ kg, dry) 20,39
LHV
(MJ/ kg, dry) 19,00
Reactor type Fixed Bed
Gasification temp.(°C) 950
Air factor 0,42
Product Yields (w/w%)
Gas 29,98
Char 30,98
Tar 38,97
Gas composition (v/v% )
CO 4,81
CO2 19,47
H2 7,78
CH4 2,99
C2H4 0,17
C2H6 0,43
LHV gas
(MJ/ m3) 2,89
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Captionsof figures

Figure 1. Simplified flow diagram of the integrated proceksbiomass inlet, 2.gasification air

inlet, 3. produced syngas, 4. gasification residusteam inlet to reformer, 6;,lHch mixture to

cell, 7. air inlet to cell, 8. anode’s exhaust (umted fuel), 9. cathode’s exhaust (depleted afY), 1
gaseous burner feed from the cell, 11. burner'séet, 12. ash removal, 13. burner’s exhaust to
gasifying air heat exchanger, 14. gasificationtdraet to the process, 15. burner exhaust to steam
heat exchanger, 16. water’s inlet to process, dihdy’'s exhaust to SOFC’s air heat exchanger, 18.

SOFC'’s air inlet to the process, 19. exhaust gaplguo turbine, 20. process exhaust.

Figure 2. Dependence of the electrical and thermal efficievidyie integrated process (a), and the
contribution of the SOFC and the Turbine to theegated electrical power (b), on gasification
extend (LHV = 19 MJ/kgTgas = 950 oC, Air equivalent ratio = 0,14 kg/kgefl+ 800 oC, S/C =

2, Tcell =950 oCycell = 60AG%, Uf,H2 = 85 %, Uf,CO = 85 9%mST = 35 %).

Figure 3. Dependence of the electrical and thermal efficievfdyre integrated process (a), and the
contribution of the SOFC and the Turbine to theegated electrical power (b), on biomass lower
heating valueTgas = 950 oC, Air equivalent ratio = 0,14, TreBG9 oC, S/C = 2, Tcell =950 oC,
ncell = 60AG%, Uf,H2 = 85 %, Uf,CO = 85 %ST = 35 %).

Figure 4. Dependence of the electrical and thermal efficievidye integrated process (a), and the
contribution of the SOFC and the Turbine to theegated electrical power (b), on steam to carbon
excess (LHV =19 MJ/kdr'gas = 950 oC, Air equivalent ratio = 0,14, TrefGO®C, Tcell =950
oC,ncell = 60AG%, Uf,H2 = 85 %, Uf,CO = 85 %ST = 35 %).

Figure 5. Dependence of the electrical and thermal efficievfcihe integrated process (a), and the
contribution of the SOFC and the Turbine to theegated electrical power (b), on reformer’s
temperature (LHV = 19 MJ/kd,gas = 950 oC, Air equivalent ratio = 0,14, S/C F&¢ll =950 oC,
ncell = 60AG%, Uf,H2 = 85 %, Uf,CO = 85 %ST = 35 %).

Figure 6. Dependence of the electrical and thermal efficievidyre integrated process (a), and the
contribution of the SOFC and the Turbine to theegated electrical power (b), on SOFC efficiency
(LHV = 19 MJ/kg,Tgas = 950 oC, Air equivalent ratio = 0,14, TrefGO®C, S/C = 2, Tcell =950
oC, Uf,H2 = 85 %, Uf,CO = 85 %ST = 35 %).
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Figure 7. Dependence of the electrical and thermal efficievicthe integrated process (a), and the
contribution of the SOFC and the Turbine to theegated electrical power (b), on fuel (CO and
H2) utilization in the SOFC (LHV = 19 MJ/k@,gas = 950 oC, Air equivalent ratio = 0,14, Tref =
800 oC, S/C = 2, Tcell =950 ofgell = 60AG%,nST = 35 %).

Figure 8. Dependence of the electrical and thermal efficievfdyre integrated process (a), and the
contribution of the SOFC and the Turbine to theegated electrical power (b), on CO utilization in
the SOFC (LHV = 19 MJ/kdl'gas = 950 oC, Air equivalent ratio = 0,14 Tref D&, S/C = 2,
Tcell =950 oCpcell = 60AG%, Uf,H2 = 85 %nST = 35 %).

Figure 9. Dependence of the electrical and thermal efficievicihe integrated process (a), and the
contribution of the SOFC and the Turbine to the egated electrical power (b), on turbine
efficiency (LHV = 19 MJ/kg,Tgas = 950 oC, Air equivalent ratio = 0,14, TrefGO&C, S/C = 2,
Tcell =950 oCpcell = 60AG%, Uf,H2 = 85 %, Uf,CO = 85 %).
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