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OUTLINE 
The project started in March 2019. In the first 24 months the consortium performed: 
1. biomass feedstock analysis, by screening 10 samples and 5 mixtures of 

representative biomass wastes, and then by more deeply testing two of the most 
relevant performance evaluations;  

2. gasification tests without and with primary sorbents to reduce sulphur and 
chlorine bearing compounds; 

3. literature review to select bio-syngas representative organic and inorganic 
contaminants for button cell and short-stack SOFC tests and so tar catalyst tests in 
order to select the catalysts to be applied within the filter candles and the 
secondary tar reformer and sorbents tests in order to select the material to be 
applied in the secondary sulphur and chlorine reactors; 

4. button cells at ENEA and short stacks at EPFL tests in order to understand SOFC 
performance (e.g. syngas behaviour and tar, sulfur and chlorine tolerance)  

5. performed overall plant simulations and final pilot plant design; 
6. pilot plant realization achieving pilot plant gasification with hydrogen stable over 

30%/v 
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Feedstock CATEGORY
Humidity (%-

wt, as 
received)

LHV MJ/kg
Ash %wt, dry 

basis
S %wt, dry 

basis
Cl %wt, dry 

basis
Ash melting T 

(DT) (°C)

Subcoal Municipal waste 3,20 21,68 15,60 0,10 1,00 1250,00

Olive pomace pitted
Secondary residues of 

industry utilising agricultural 
products

36,30 19,79 5,95 0,06 0,08 1290,00

Sawmill waste Primary residues from forest 11,20 18,89 0,41 <0.01 <0.01 1300,00
Multi-essence wood chips Waste from wood  24,50 17,88 1,45 0,02 <0,01 1370,00

Olive Prunings
Secondary residues from 

wood industries
14,90 17,76 1,55 <0.01 <0.01 1380,00

Almond shells
Secondary residues of 

industry utilising agricultural 
products

10,00 17,68 1,31 <0.01 <0.01 1000,00

Swarf and sawdust
Secondary residues from 

wood industries
6,60 17,14 0,43 <0.01 <0.01 >1385

Wood chips Primary residues from forest 8,90 16,74 0,54 <0.01 <0.01 >1385
Corn cobs Agricultural residues 9,00 16,62 3,04 0,03 0,44 645,00

Arundo Donax Agricultural residues 10,10 16,25 3,43 0,11 0,29 1185,00
1- Wheat Straw (pellets 10 mm) Agricultural residues 7,60 15,98 9,22 0,05 0,12 1065,00
2- Wheat Straw (pellets 6 mm) Agricultural residues 7,60 15,40 13,29 0,08 0,21 1135,00

Rice husks
Secondary residues of 

industry utilising agricultural 
products

5,20 15,19 14,70 0,02 0,03 990,00

Digestate
Digestate from biogas 

production 
71,20 12,69 25,81 0,97 0,10 1245,00

Black Liquor
Secondary residues from 

wood industries
20,60 11,20 48,28 0,74 0,12 680,00

Municipal solid waste Municipal waste 23,00 10,22 47,01 0,20 0,40 1220,00

Relatore
Note di presentazione
density), chemical (high Calorific Value, high volatile substances, low ash, high Carbon to Nitrogen ratio, low Chlorine and Sulphur content) characteristics including economic aspects (e.g. cost) . Moreover, full characterization of the biomass selected as the representative feedstocks (proximate and ultimate analysis, elements determinations, ignition and burn-out temperatures, ashes characterization) was conducted (see figure below and www.blazeproject.eu/resources). From the analysis of the collected data set all woody and herbaceous biomass feedstocks were usable for gasification with a BFB reactor, since no significant risk of reactor bed defluidisation is expected. However, for most feedstocks, the presence of contents of S and Cl could lead to gaseous products containing S and Cl (e.g. H2S, HCl and alkali halides) that are too high for immediate use in a SOFC. A first gas cleaning to reduce their concentrations at level consistent with the SOFC specification needs to be considered for all these biomass 
The assessment further revealed that corn cobs, black liquor (BL), MSW and digestate were less attractive for gasification in a BFB reactor. Corn cobs and BL were unsuitable due to their rather low ash melting temperatures compared with the typical values adopted in BFB gasification (i.e. slightly above 600 °C vs 800-850 °C) thus leading to a possible reactor block. MSW and digestate appeared as utilizable feedstocks, although at reduced performance due to the significantly lower heating values compared with all the other considered matrices, and due to the higher ash content. Moreover, their characterization also revealed a rather high content of K, Na, Pb and Zn, which in combination with the high content of Cl could lead to the formation of their respective chlorides, present in the form of vapors in the product gas. KCl and NaCl are known to have a negative effect on SOFC performances; no reference literature is available about PbCl2 and ZnCl2 and their effect on SOFC, however their presence in the producer gas must be considered because of their environmental issues. RDF, MSW and digestate, on the basis of the ultimate analysis, can lead to a producer gas with relatively high contents of H2S and HCl and therefore their formation should be taken into account and properly addressed, since both species are known to have deleterious effects on the stable and long-term functioning of the SOFCs.
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Reference steam gasification composition fixed: 40% H2, 22% CO, 15% CO2, 5% CH4, 
18% H2O 
Representative contaminants levels fixed: 2 organic (toluene between 250 and 750 
mg/Nm3, and naphthalene between 25 and 75 mg/Nm3, i.e. 5 and 15 ppm) and 2 
inorganic (H2S between 1 and 3 ppm, KCl between 50 and 200 ppm) 
The bed of olivine and calcined dolomite, 70:30 by weight, provided reduction (from 
23% to 76%) in the contents of both Tar and inorganic contaminants. 
 

Relatore
Note di presentazione
Downstream the plant modifications, a first gasification campaign was started with the aim to evaluate, according to the purpose of the task, the cleaning effect of in-bed calcined dolomite on the contaminant levels in the producer gas, and the reliability of the upgraded facility.
Steam/oxygen gasification tests were then carried out using low grade corn grit as a feedstock and olivine and olivine/dolomite mixture as bed The experimental results provided positive evidence of the efficacy of the calcined dolomite at typical gasification conditions (i.e. ER  ≈ 0.25, S/B ≈ 0.5, Tbed ≈ 830 - 850 °C). Specifically, compared with olivine, a mixed bed of olivine and calcined dolomite, 70:30 in percentage by weight, provided a significant reduction (from 23% to 76%) in the contents of both Tar and inorganic contaminants.
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Test with GHSV from 5000 to 15000 showed from 100% to 90% tarry carbon to COx 
Lowering the temperature from 800 to 700 °C or adding sulphur (H2S) decreased the 
conversion 
Similarly a relaese of H2S was observed from ZnO sorbents when the temperature was 
increase from 450 to 650 °C or water added. 
Best configuration of catalyst within ceramic candles is only in the peripheral part 

Relatore
Note di presentazione
UNIVAQ performed different test campaigns on tar catalysts using the micro-reactor test rig shown in the figure below. First, tests were carried out with a nitrogen flow to get a space velocity similar to that achievable in the candle (5000-6000 gas hourly space velocity, GHSV). The obtained conversion was in all cases close to 100 %. In order to obtain better discrimination in efficacy, the space velocity was gradually increased till 15000 GHSV. With different inlet tar concentrations the two catalysts tested were similarly active, both converting more than 90 % of tarry carbon to COx, confirming the first order kinetics. A relevant decrease in conversion was observed after lowering the temperature from 800 °C to 700 °C and due to the presence of Sulphur. Gasification tests with catalytic filter were carried out in a bench-scale experimental set-up in the laboratories of the University of Teramo, shown in the figure below together with the sorbents test bench realized in USGM. 
By using almond shells alone and in mix with SRF, from the obtained results it was possible to observe that for similar operating conditions (temperature and Steam/Biomass ratio), the test carried out with the mix gave a lower gas yield and extremely high tar content, compared with the tests with simple almond shells. The higher tar content was ascribed to the decomposition of the complex hydrocarbons present in the plastic materials contained in the SRF, that can likely be related to a high production of hydrocarbons, such as lighter tars. Different configurations were tested in order to avoid excessive pressure drops for the gas in the catalytic volume and higher catalytic activity: the best configuration was found to be the one where the catalyst was inserted only in the peripheral part of the cavity of the filter, leaving an internal empty space for the gas to leave the candle, by confining the catalyst in the external part of the candle by means of a ceramic porous tube inserted as boundary between the catalytic volume and the hollow space.
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SP manufactured 30 button cells to ENEA and 4 stacks to EPFL. Button investigated to 
perform mechanistic studies on conversion and poisoning effects of contaminants while 
stacks to investigate the operational window of the SOFC stack.  
ENEA tested by H2-N2, H2-H2O and CO-CO2 identifying up to six different processes 
from the DRT plots (P1 and P2 fuel electrochemical oxidation anode side, P2 charge 
transfer mechanism O2 to O2- cathode side, P4, P5 and P6 mass transport, gas 
conversion impedance and diffusion of the cathodic gas in the porous structure 

Relatore
Note di presentazione
SP manufactured 30 button cells to be used at ENEA and 4 short stacks to be used at EPFL. Button cells were investigated in order to perform mechanistic studies on the conversion of syngas and on the poisoning effects of contaminants while short stacks were tested in order to investigate the operational window of the SOFC stack. ENEA successfully performed an extensive parametric investigation on button cells samples fed by the following gas mixtures: H2-N2, H2-H2O and CO-CO2, along with a parameterization on the O2 content at the cathode side in order to identify the cathodic processes. Up to six different processes were identified from the DRT plots that were obtained from the impedance spectra, and allowing for quantification of the respective electrochemical processes that take place in the fuel cell. DRT peaks P1 and P2 were both ascribed to the electrochemical oxidation of the fuel occurring at the anode side (e.g. P1 is related to the transport of O2- ions within the YSZ matrix of the anode functional layer) and they showed a prominent dependency on the operating temperature. P2, being unaffected by anodic fuel type and composition, and slightly influenced by the O2 content in the oxidant stream, was ascribed to the charge transfer mechanism for the reduction of O2 to O2- at the cathode side. P4, P5 and P6 were associated, respectively, to mass transport, gas conversion impedance and diffusion of the cathodic gas in the porous structure
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EPFL completed the adaptation of the test bench to host the new stack design as 
showed in figure below. The initial IV curves measured in H2/N2 gas conditions showed 
good homogeneity of the different repeating units. 

Relatore
Note di presentazione
SP manufactured 30 button cells to be used at ENEA and 4 short stacks to be used at EPFL. Button cells were investigated in order to perform mechanistic studies on the conversion of syngas and on the poisoning effects of contaminants while short stacks were tested in order to investigate the operational window of the SOFC stack. ENEA successfully performed an extensive parametric investigation on button cells samples fed by the following gas mixtures: H2-N2, H2-H2O and CO-CO2, along with a parameterization on the O2 content at the cathode side in order to identify the cathodic processes. Up to six different processes were identified from the DRT plots that were obtained from the impedance spectra, and allowing for quantification of the respective electrochemical processes that take place in the fuel cell. DRT peaks P1 and P2 were both ascribed to the electrochemical oxidation of the fuel occurring at the anode side (e.g. P1 is related to the transport of O2- ions within the YSZ matrix of the anode functional layer) and they showed a prominent dependency on the operating temperature. P2, being unaffected by anodic fuel type and composition, and slightly influenced by the O2 content in the oxidant stream, was ascribed to the charge transfer mechanism for the reduction of O2 to O2- at the cathode side. P4, P5 and P6 were associated, respectively, to mass transport, gas conversion impedance and diffusion of the cathodic gas in the porous structure
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CFD Simulations of a 3D Vessel with catalytic candles for validation of the 2D model with 
experimental data from the bench scale gasifier in order to identify the best layout 
considering various freedoms of system configurations, e.g., different options of: gas 
cleaning units, anode off-gas recirculation, heat exchangers, pressurised 
gasifier/combustor or different fan/blowers. 

Relatore
Note di presentazione
The modeling activities performed a full process and system design with detailed CFD and process flow diagram (PFD) from the viewpoints of process and system reliability, efficiency, cost and socio-environmental impacts. For example, CFD Simulations of a 3D Vessel with catalytic candles for validation of the 2D model with experimental data from the bench scale gasifier (Figure 5a) were performed. System simulations were already performed [29-32] in order to identify the best layout considering various freedoms of system configurations, e.g., different options of: gas cleaning units, anode off-gas recirculation, heat exchangers, pressurised gasifier/combustor or different fan/blowers; see Figure below and www.blazeproject.eu/resources. 
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EPFL has simulated potential BLAZE plants by means of the modelling software Aspen 
Plus, consisting in the allothermal gasifier, gas purification units, SOFC unit, recirculator 
and auxiliaries. The cases B, D and F, showed in the table below, were specifically 
modeled, see related deliverable www.blazeproject.eu/resources . 

Nam
e 

Description 

Case 
B 

Pressurized gasifier. AOG sent to the SOFC LSM 
inlet stream (RR=0.5) and the rest to the gasifier 
combustor. The turbo-fan is used in the AOG to 

LSM stream. FU global = 0.75. 

Case 
D 

Pressurized gasifier. AOG sent to the gasifier 
combustor (without turbo-fan). Case D1 (FU = 0.6) 

and D2 (FU = 0.75). 

Case 
F 

Analogous to B, without a pressurized gasifier but 
with a suction blower after the tar reformer. FU 

global = 0.75. 

Relatore
Note di presentazione
The modeling activities performed a full process and system design with detailed CFD and process flow diagram (PFD) from the viewpoints of process and system reliability, efficiency, cost and socio-environmental impacts. For example, CFD Simulations of a 3D Vessel with catalytic candles for validation of the 2D model with experimental data from the bench scale gasifier (Figure 5a) were performed. System simulations were already performed [29-32] in order to identify the best layout considering various freedoms of system configurations, e.g., different options of: gas cleaning units, anode off-gas recirculation, heat exchangers, pressurised gasifier/combustor or different fan/blowers; see Figure below and www.blazeproject.eu/resources. 
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Air to SOFC

Gasification 
chamber

H5Air compressor 
(SOFC)

SOFC stack

Biomass

Combustion 
chamber

C1
Syngas

Catalytic 
candles

Cl 
reactor

S 
reactor

H2

Tar 
reformer

H4

C4

Air to burner

Air compressor 
(gasifier)

LPG

H1 C3

Flue gas

140 °C

50 °C

Pump 3

Water

Cooling water Cooling water

25 °C 65 °C

COG

25 °C

120 °C

VL 
separator

Steam

5 bar
220 °C

2.5 bar

Turbofan

1.29325 bar

1.07325 bar

1.05825 bar

1.04325 bar

1.01325 bar

1.29325 bar

1.02325 bar

H6S H6EC H6EV

Water

Pump 1

25 °C
1.29325 bar

H3

T H3

Water

H7S H7EC H7EV Pump 2

C2

C6/H8

T H1 T C2

T Gasif

T H6S

T C1 T H2

T in 
SOFC

STB

FU

1.19325 bar

To change:
TH3BIS 20-760
TH1 100-760
TC2 20-300
FU 0.6-0.8
STB 0.33-0.98
TGASIF 750-850
TH6S 200-400
TC1 200-450
TH2 550-700
TINSOFC 690-750

Results Case B Case D1 Case D2 Case F 
Power SOFC (kW) 27 22.4 27 27 
Wnet (kW) 25.4 20.7 25 25.2 
Syngas LHV (ar) (MJ/kg) 12.47 12.47 12.47 12.47 
Syngas flow (kg/h) 15.9 15.9 15.9 15.9 
Inlet biomass (kW) 58.6 58.6 58.6 58.6 
CGE 0.67 0.65 0.63 0.65 
Eff_SOFC 0.49 0.41 0.5 0.49 
Eff_elec 0.36 0.32 0.33 0.34 
Eff_total 0.7 0.63 0.63 0.66 
Steam to sell 25.5 kg/h 20.1 kg/h 22.7 kg/h 27.2 kg/h 

Relatore
Note di presentazione
The modeling activities performed a full process and system design with detailed CFD and process flow diagram (PFD) from the viewpoints of process and system reliability, efficiency, cost and socio-environmental impacts. For example, CFD Simulations of a 3D Vessel with catalytic candles for validation of the 2D model with experimental data from the bench scale gasifier (Figure 5a) were performed. System simulations were already performed [29-32] in order to identify the best layout considering various freedoms of system configurations, e.g., different options of: gas cleaning units, anode off-gas recirculation, heat exchangers, pressurised gasifier/combustor or different fan/blowers; see Figure below and www.blazeproject.eu/resources. 
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  Test #1 Test #2 Test #3 

Biomass Hazelnut shells 
Biomass feed rate a.r. (kg/h) 10 15 15 
Olivine d3,2 diameter (µm) 557 
Steam (to gasifier) (kg/h) ~11.5 ~11.5 ~11.5 
S/B ~1 ~0.75 ~0.75 
Air (to combustor) (kg/h) 43 
Air injection (l/min) - - 80 
LPG (to combustor) (l/min) 16 
T gasifier (°C) 810 830 860 
T upper freeboard (°C) 615 680 750 
T combustor (°C) 910 930 960 
Steam Inlet T (°C) 300 
Air inlet T (°C) 25 
Length of tests (min)   60   
H2 (%vol dry) 36.30 34.34 32.70 
CO (%vol dry) 19.03 21.40 19.16 
CO2 (%vol dry) 29.08 33.36 33.58 
CH4 (%vol dry) 10.25 10.90 7.04 
LHV (MJ/Nm3) 9.99 10.31 8.68 
Tar (g/Nm3) 8.05 10.57 3.30 

Relatore
Note di presentazione
UNIVAQ performed different test campaigns on tar catalysts using the micro-reactor test rig shown in the figure below. First, tests were carried out with a nitrogen flow to get a space velocity similar to that achievable in the candle (5000-6000 gas hourly space velocity, GHSV). The obtained conversion was in all cases close to 100 %. In order to obtain better discrimination in efficacy, the space velocity was gradually increased till 15000 GHSV. With different inlet tar concentrations the two catalysts tested were similarly active, both converting more than 90 % of tarry carbon to COx, confirming the first order kinetics. A relevant decrease in conversion was observed after lowering the temperature from 800 °C to 700 °C and due to the presence of Sulphur. Gasification tests with catalytic filter were carried out in a bench-scale experimental set-up in the laboratories of the University of Teramo, shown in the figure below together with the sorbents test bench realized in USGM. 
By using almond shells alone and in mix with SRF, from the obtained results it was possible to observe that for similar operating conditions (temperature and Steam/Biomass ratio), the test carried out with the mix gave a lower gas yield and extremely high tar content, compared with the tests with simple almond shells. The higher tar content was ascribed to the decomposition of the complex hydrocarbons present in the plastic materials contained in the SRF, that can likely be related to a high production of hydrocarbons, such as lighter tars. Different configurations were tested in order to avoid excessive pressure drops for the gas in the catalytic volume and higher catalytic activity: the best configuration was found to be the one where the catalyst was inserted only in the peripheral part of the cavity of the filter, leaving an internal empty space for the gas to leave the candle, by confining the catalyst in the external part of the candle by means of a ceramic porous tube inserted as boundary between the catalytic volume and the hollow space.
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USGM: Guglielmo Marconi University 
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