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Catalytic fast pyrolysis 

Goal(s) 
– Improve pyrolysis oil quality regarding its application as a (precursor for) 

transportation fuels (lower O, less acidic, less unstable, less water, etc.) 
– Change pyrolysis oil composition to facilitate the production of value-added 

chemicals and/or groups of chemicals from the crude liquid product(s) 
 

Challenges 
– Low organic yield (low carbon efficiency) 
– Unfavourable economics due to high operating costs (feedstock, expensive 

catalysts) and relatively low value of the liquid product  low price fossil oil! 
 

Our approach 
– Combine the production of better bio-(fuel)oil with recovery of specific chemicals 

(e.g. acids, phenolics, anhydrosugars, etc.) 
– Research is supported by techno-economic assessments 



Applications for bio-oil and its fractions 

bio-plastics 

bio-char for soil improvement 

specialty chemicals  
for food, fragrance  
and pharmaceuticals 

bio-bitumen for green asphalt 

bio-resins for wood-adhesives 

bio-fuel for CHP 

fuel-additives 

high volume - low value market 100 €/t 

low volume - high value market 10000 €/t 

activated carbon, carbon-fibres 
and carbon-black 

additives for flooring material Cheap lignocellulosic biomass 
e.g. forestry residues and  
agro-residues 

Primary pyrolysis products 

PYRENA fast pyrolysis 

Integrated reactor system: 
─ EF pyrolysis (riser) – BFB combustor (annulus) 
─ 1-5 kg/hr, T up to 900°C, continuous operation 
─ Thermal pyrolysis (no catalysts) 
─ Ex-situ pyrolysis (downstream catalyst) 
─ In-situ pyrolysis (catalyst in combustor bed), 

suitable for continuous catalyst regeneration 
─ In-situ and ex-situ combined…. 

 
Pyrolysis oil recovery 
─ Condensation train with 4°C gas cooler,  

ambient temperature  ESP, -30°C cooler 



PYRENA process flow diagram 

PYRENA  

Advantages 
– Compact integrated design 
– Autothermal operation via char combustion 
– Lower fluidisation gas flow rate (riser) when compared to CFB 
– Continuous catalyst regeneration, combination in-situ – ex-situ catalysis 
– Pyrolysis – combustion  and pyrolysis – gasification possible 
– Production of larger bio-oil samples for further evaluation / application trials 
– Scale-up possibilities 

 

Challenges 
─ Compact integrated design 
─ Start-up; adjusting proper hydrodynamics  

 



Fast pyrolysis experiments 

Materials 
̶ Softwood: Rettenmaier Lignocel grade 9: 0.9 – 1.1 mm sawdust from selected conifers 
̶ Hybrid poplar fines < 0.5 mm (from Idaho National Lab. US; for Round Robin test) 
̶ Wheat straw fines < 0.5 mm (from Idaho National Lab. US; for Round Robin test) 

 
 
 
 
 
 
 
 

̶ Bed material: silica sand 60 – 200 μm 
̶ In-situ catalysis: alkali metal-based, powder  80 -140 μm 

 
 

Ash content at 550°C: 
 
Softwood : 0.5 wt% 
Poplar : 3.3 wt% 
Straw : 16 wt% 

Fast pyrolysis experiments 

Pyrolysis and sampling conditions 
̶ Feedstock intake 1 - 3 kg/hr, 500 - 520°C, 1 atm, N2 fluidization gas 
̶ Catalyst : biomass ratio ~6, contact time ~seconds, hold-up in combustor ~1 hr 
̶ Overall hot vapour residence time 2-3 sec 
̶ Fractionated pyrolysis oil collection via 4°C gas cooler, ESP and -30°C freeze condenser 
̶ Non catalytic experiments: after collection samples are back-mixed (ultrathurrax) 

 
 

 
 
 
 
 
 



IEA-T34 Fast pyrolysis Round Robin: 
non-catalytic results poplar and wheat straw 

Poplar 
– 64% oil (22% water, 42% organics);  

1-phase oil 
– 98% mass balance  

(64% oil, 12% gas, 22% char) 
 

 
Wheat straw 
– 44% oil (24% water, 20% organics);  

2-phase oil  
– 82% mass balance  

(44% oil, 9% gas, 29% char)  
 

Round Robin analysis results 

Measured by:  
Thünen Institute of Wood 
Research, Germany 
(Dr. Dietrich Meier) 
Incomplete analysis of 
wheat straw oil due to  
phase separation 
 
Conclusion: 
Results representative for 
proper fast pyrolysis! 
PYRENA suitable for FP! 

Poplar Wheat straw 
Density [g/cm³] 1.149 1.026 

Viscosity @ 20°C [cSt] 25.4 n/a 
Viscosity @ 50°C [cSt] 5.9 n/a 

Aging: Viscosity @ 20°C [cSt]   n/a 
Aging: Viscosity @ 50°C [cSt]   n/a 

Water content [%] 31.4 n/a 
TAN [mg KOH/g] 83.3 n/a 

Ash content in oil @ 775°C [%]     
Carbon C [%] 39.2 n/a 

Hydrogen H [%] 8.3 n/a 
Nitrogen N [%] 0.1 n/a 

Py-Lignin [%] 11.75 10.61 
Solids [%]     

Sodium Na [ppm] 2.2 10.6 
Potassium K [ppm] 16.6 725.3 

Magnesium Mg [ppm] 7.3 82.6 
Calcium Ca [ppm] 28.5 445.3 

Sulphur [ppm] 87.1 922.1 
GPC [g/mol] 1555 2296 

Dispersity 3.39 3.950 



Preliminary catalytic results with softwood 

General observations 
– Succesful experiment with stable pyrolysis  behaviour regarding temperatures, 

pressures and flows  stable hydrodynamics 
– Experiment duration 3 hrs at ~1.2 kg/hr feedstock intake 
– Acceptable mixing of sand with catalyst; acceptable loss of catalyst  

(<< 5%  of the original per hour); mainly dust and fines 
– Very active catalyst converts most biomass to gases, water and coke 
– No decline in catalyst activity (continuous regeneration seems to work!) 

 

Product yields (feedstock a.r.) 
– 30 – 40% total liquid yield, ~7 – 8% organics  

– Fraction 1 (gas cooler) : 31%, 5% org (25%O) 
– Fraction 2 (ESP) : 2.3%, 2% org (13%O) 
– Fraction 3 (freeze cooler) : 1%, 0.3% org (30%O) 

– 20 – 30% non-condensable gases 
– 30 – 40% char/coke 

1 2 3 

Techno-economic evaluation 

TEE to provide input for socio-economic assessment  
– Goal of the catalytic pyrolysis is to produce a bio-oil suitable as FCC co-feed 
– Modelling with input data from literature and from PYRENA experiments 
– Comparison of benchmark route (thermal pyrolysis – HDO) with catalytic route 

(catalytic pyrolysis – (HDO) ) to check the effect of a dedicated  fast pyrolysis catalyst 
on the subsequent (need for a) HDO treatment. 

 
 



Approach TEE 
─ 300 kton/a (dry) biomass (softwood), 8000 hrs operation, CFB pyrolysis 
─ Comparison thermal pyrolysis  catalytic HDO vs catalytic pyrolysis (ZSM5) 
─ TP HDO based on exp data, CP on literature data 
─ Construction of model (Excel) to calculate mass- and energy balances from both exp 

and literature data (Mercader, 2010, Paasikallio et al., 2014) 
─ Economics: estimation of CAPEX, OPEX and economic margin 

PYROLYSIS OIL UPGRADING FOR 
CO-PROCESSING IN STANDARD 

REFINERY UNITS 
PROEFSCHRIFT 
ter verkrijging van 

de graad van doctor aan de Universiteit Twente, 
op gezag van de rector magnificus, 

prof.dr.H. Brinksma, 
volgens besluit van het College voor Promoties 

in het openbaar te verdedigen 
op vrijdag 12 november 2010 om 16.45 uur 

door 
Ferran de Miguel Mercader 

geboren op 12 december 1981 
te Balsareny, Spanje 

Modelling approach 
Voorwas stap met water uit pyrolyse NIET met pine H 6.00% 0.00% #DIV/0! #DIV/0! #DIV/0! 0.053

WEL in stro / bagasse N 0.00% #DIV/0! #DIV/0! #DIV/0! 0.002598168
 -> module met vers water, met beetje zwavelzuur (pH = 3) (aanname PdW, 11-11-2014) O 46.00% 0.00% #DIV/0! #DIV/0! #DIV/0! 0.404

(RdS) Aanpassing fracties C,H,N,O ivm S, Cl, Na, K uit bestaande berekening
0.00% #DIV/0!

Biomass Op. hours 8000 hr/yr Biomass
Rettenmaier, LIGNOCEL 9S, selected conifers Scandinavian spruce 10%  moisture Phyllis ID-number #163
Mass 37500 kg/hr DW Scale Mass 41666.67 kg/hr Material wood, spruce
Moisture 10% Dry feed 300 kton/yr
Composition (wt%) Mass per element (kg/hr) kmol/hr mol%
C 51.09% 52.84% 19814.61371 1649.843 34.8% C 52.84% 19814.61
H 5.54% 5.73% 2148.619299 2131.567 44.9% H 5.73% 2148.62
N 0.12% 0.12% 46.54049023 3.321948 0.1% N 0.12% 46.54049
S 0.01% 0.01% 3.878374186 0.120972 0.0% S 0.01% 3.878374
Ca 0.30% 0.31% 116.3512256 3.282122 0.1% Ca 0.31% 116.3512
K 0.060% 0.06% 23.27024511 1.01219 0.0% K 0.062% 23.27025
Si 0.04% 0.04% 15.51349674 0.396765 0.0% Si 0.04% 15.5135
O 39.53% 40.88% 15331.21316 958.2008 20.2% O 40.88% 15331.2

Total 96.69% 100.00% 37500.00 4747.745 Total 90.00% 37500

Ash 0.96% 360 Ash 0.414%
Moisture 4166.666667 kg/hr Moisture 10.0% 4166.667
H 11.19% 466.25
O 88.81% 3700.41

Ratio Oil/Gas/Char: Sascha Kersten (no source) 0.65 0.2 0.15 100.0%
PdW 0.737896336 0.12920068 0.132903 100.0% 105.3%

LET OP: Char composition gefit!
i-Propanol Pyrolysis Oil Pyrolysis gas Char
Additive (Mercador, p. 53) 2% Oil composition (PYRENA 6-9 Oct 2015) (Assumed to contain only CHO)
Mass 614.9136131 kg/hr Mass 30745.68 kg/hr Mass 5383.36181 kg/hr Mass 5537.624 kg/hr 41666.7

Composition (wt%)

Mass per element (kg)

Composition (wt% w.b.)

Mass per element (kg/hr)

kmol mol% Composition (wt%)

Mass per element (kg/hr)

kmol per element

mol% (C = 100%)

Composition (wt%)

Mass per element (kg/hr)

kmol mol%
C 59.96% 368.6780291 C 56.71% 13076.01 1088.76 34.8% C 36.8% 1982.39631 165.0621409 1 C 85.9% 4756.207 396.0205 66.7%
H 13.42% 82.51511591 H 6.61% 1523.639 1511.547 48.3% H 1.3% 71.89 71.32058826 0.432083262  H 3.0% 165.2942 163.9823 27.6%

N 0.00% 0 0 0.0% N 0.0% 0 0 0 N 0.8% 46.54049 3.321948 0.6%
S 0.000% 0 0 0.0% S 0.0% 0 0 0 S 0.1% 3.878374 0.120972 0.0%
Ca 0.000% 0 0 0.0% Ca 0.0% 0 0 0 Ca 2.1% 116.3512 3.282122 0.6%
K 0.0000% 0 0 0.0% K 0.0% 0 0 0 K 0.4% 23.27025 1.01219 0.2%
Si 0.0000% 0 0 0.0% Si 0.0% 0 0 0 Si 0.3% 15.5135 0.396765 0.1%

O 26.62% 163.7204681 O 36.69% 8459.61 528.7256 16.9% O 61.8% 3329.1 208.0671467 1.260538278 O 7.4% 410.5694 25.66059 4.3%
3129.033 100.0%

Total 100.00% 614.9136131 Total 100.00% 23059.26 Total 100.0% 5383.36181 444.4498759 61.49% is dry oil (organic fraction) Total 100.0% 5537.624 593.7975
101.4% Caloric value 6.90 MJ/kg 20.50% is aqueous fraction Char composition: aim for caloric value

HHV_milne 38.18490698 MJ/kg Water 25.00% 7686.42 426.6441 Water Caloric value HHV 32.21 MJ/kg HHVMilne = 0.341·C + 1.322·H - 0.12·O - 0.12·N + 0.0686·S - 0.0153·ash,

Solids 0.00% 0 Solids All ash here LHV 31.55396 MJ/kg LHVdry = HHVdry - 2.443 · 8.936 H/100
HHV 23.67
LHV 22.22707

Increased homogeneity pyrolysis oil
Calculated composition
Mass 31360.5943 kg/hr To internal heating of process Sale of char, if any

Composition (wt%)

Mass per element (kg/hr)

Gemeten Manually iterated a composition To internal heating of process

C 56.79% 13444.6887
wt (g) 
tests wt% GAS wt (kg/hr)

C (kg/hr)
H (kg/hr)

O (kg/hr)
LHV MJ/hr wt% Old:

H 6.78% 1606.15462 28.9 5.6% CH4 301.685391 225.8597 75.8256763 0 15,087 0.05604033 solving: first CO and CO2 for oxygen balance
N 0.00% 0 221.4 42.9% CO 2311.18151 990.9779 0 1320.203648 23,366 0.42931937 then methane for carbon balance C (g) H (g) Total CxHy
S 0.00% 0 265.4 51.5% CO2 2770.49491 756.0473 0 2014.44756 0 0.51464029 then hydrogen for hydrogen balance 0.110769 0.009231 0.12
Ca 0.00% 0 0 0.0% Other CxHy 0 10.61426 1.82573817 0 0 0 6.042857 1.007143 7.05
K 0.00% 0 515.7 100% 36.7% 1.3% 61.7% 2.56 0.64 3.2
Si 0.00% 0 checks sum tot sum C sum H sum O 0.978462 0.081538 1.06
O 36.43% 8623.33083 iteration 5383.4 1983.499 77.6514144 3334.651208 5395.801813 0.922174 0.087826 1.01

top 5383.4 1982.396 71.891153 3329.074348 5383.361813 10.61426 1.825738 12.44
Total 100.00% 23674.1741 d_comp -1.102878 -5.7603 -5.57686022 LET OP: Char composition gefit!

Heat from gas: 10.6814 MW 10.68139717
Water 7686.42016 Needed for pyrolysis 20.55451 MW 20.55451389
Solids 0 Needer for HDO 10.5739 MW 10.57390472

Mercader, p. 53 0.106

Forest residue pyrolysis oil (top phase) Forest residue pyrolysis oil (bottom phase) Hydrogen for HDO Excess H2 5 x stoich. Volume H2 introduced
composition (Mercador p. 85) 290 NL H2/kg feed oil = 0.02608362 kg H2/kg oil H2 supply vessel n (H2)= pv/rt 177.2384 mol

Mass 3324.223 kg/hr Mass 28036.37 kg/hr Mass 731.2899384 kg/hr "Stoichiometric" 731.2899 kg/hr m (H2)= 0.357313 kg

Composition (wt%)

Mass per element (kg/hr)

kmol/hr mol% Composition (wt%)

Mass per element (kg/hr)

Composition (wt%)

Mass per element (kg/hr)

Composition (wt%)

Mass per element (kg/hr)

C 76.58% 2026.876 168.765734 50.8% C 54.30% 11417.81 C 0.00% 0 C 0.00% 0 m (oil) 2.5 kg
H 5.07% 134.2451 133.179686 40.1% H 7.00% 1471.909 H 100.00% 731.2899384 NL @ H 100.00% 2925.16 m (H2 cons.) 0.065209
N 0.00% 0 0 0.0% N 0 N 0.00% 0 273.15 K N 0.00% 0
S 0.00% 0 0 0.0% S 0 S 0.00% 0 1 atm S 0.00% 0 Conclusion: 5x excess H2
Ca 0.00% 0 0 0.0% Ca 0 Ca 0.00% 0 Ca 0.00% 0
K 0.00% 0 0 0.0% K 0 K 0.00% 0 K 0.00% 0
Si 0.00% 0 0 0.0% Si 0 Si 0.00% 0 Si 0.00% 0
O 18.35% 485.7741 30.3608789 9.1% O 38.70% 8137.557 O 0.00% 0 O 0.00% 0

332.306299
Total 100.00% 2646.896 Total 100% 21027.28 Total 100.00% 731.2899384 Total 100.00% 2925.16

0
Water 677.3273 Water 25.00% 7009.093 Water 0 So: unreacted H2 is 4 times what was 
Solids 0 Solids 0 Solids 0 reported in Mercader

Intermediate reaction mixture (calc.)
To internal heating

LHV_milne 29.50768 MJ/kg LHVdry = HHVdry - 2.443 · 8.936 H/100 Mass 28767.66121 kg/hr

Composition (wt%)

Mass per element (kg/hr)

C 52.48% 11417.8122
H 10.13% 2203.19943
N 0.00% 0 (not part of the mass 
S 0.00% 0 balance as reported 
Ca 0.00% 0   in Mercader)
K 0.00% 0
Si 0.00% 0
O 37.40% 8137.556762

Total 21758.56839

Water 25.00% 7009.092818
Solids 0.00% 0 onduidelijk/irrelevant?

Properties oil after HDO (300°C) from Mercador, p. 59 (93% normalized to 100%) 0.53763441 0.279569892 + 0.043011 100% 93%
Water 0.139784946

RdS: Waar komt deze long residu vandaan?
Long Residue H/C ratio 1.5 Top oil or bottom oil (p.59 Mercader) Aqueous phase HDO Gas HDO (at room temperature, atmospheric) Gas (composition from Mercader + Excess H2)

According to Mercader - excluding H2 for recycle
Mass 61865.94 kg/hr Mass 15466.48 kg/hr Mass 12063.85793 kg/hr Mass 1237.319 kg/hr Mass 4162.479

Composition (wt%)

Mass per element (kg/hr)

Composition (wt%)

Mass per element (kg/hr)

kmol/hr mol/mol C Composition (wt%)

Mass per element (kg/hr)

Mol per element (kmol)

Composition (wt%)

Mass per element (kg/hr)

Mol per element (kmol/hr)

mol% Composition (wt%)

Mass per element (kg/hr)

Mol (kmol/hr)

mol%
C 54948.23 C 67.70% 10470.81 871.840968 1 Tot - gas - oil C 43.75% 541.2872 45.06971 27.1% C 13.00% 541.2872 45.06971
H 6917.712 H 9.70% 1500.249 1488.34226 1.70712586 C 8.03% 405.7150107 33.781433 H 6.78% 83.88719 83.22142 50.0% H 72.29% 3009.047 2985.166
N N 0.00% 0 H 12.25% 619.0632413 614.150041 N 0.00% 0 0.0% N 0.00% 0 0
S S 0.00% 0 N 0.00% 0 0 S 0.00% 0 0.0% S 0.00% 0 0
Ca Ca 0.00% 0 S 0.00% 0 0 Ca 0.00% 0 0.0% Ca 0.00% 0 0
K K 0.00% 0 Ca 0.00% 0 0 K 0.00% 0 0.0% K 0.00% 0 0
Si Si 0.00% 0 K 0.00% 0 0 Si 0.00% 0 0.0% Si 0.00% 0 0
O O 22.60% 3495.426 218.464094 0.25057792 Si 0.00% 0 0 O 49.47% 612.1444 38.25903 23.0% O 14.71% 612.1444 38.25903

O 79.73% 4029.986857 251.874179 166.5502 Total 100.00% 4162.479
Total 61865.94 Total 100.00% 15466.48 Total 1237.319

Total 100.00% 5054.765109 899.805653 H2 70.27% 2925.2 1451.0 97.61%
Water 5.7 CO2 66.78% 826.3281 53.21% CO2 19.85% 826.3 18.8 1.26%
Solids Water, ex. Produced wate 7003.392818 CO 1.60% 19.80842 2.00% CO 0.48% 19.8 0.7 0.05%

Water. Incl produced 11024.67879 CH4 10.31% 127.6285 22.55% CH4 3.07% 127.6 8.0 0.54%
Water H 1233.667432 C2H6/C3H8 21.30% 263.5537 22.24% 0.75 0.25 C2H6 4.75% 197.7 6.6 0.44%
Water O 9791.011363 C3H8 1.58% 65.9 1.5 0.10%

Total 1237.319 100.00% Total 100.00% 4162.5 1486.5 100.00%
C/H/O ex. Water mass per elemmol per element (kmol) for calc. only
C 405.7150107 33.781433 CO2 23.41614 826.3281 Actual vapor fraction: 0.131338
H -614.60419 -609.72638 CO 0.561323 19.80842
O -5761.02451 -360.06403 CH4 3.616683 127.6285

C2H6/C3H87.468476 263.5537
tot kg 35.06262 1237.319

0.8 0.2

To purge / H2 rtecycle
HHV_milne 9.3605141 MJ/kg LHV_milne 16.46361 MJ/kg

Anaerobic digestion LHVdry = HHVdry - 2.443 · 8.936 H/100
37.1% COD

van je ruwe biomassa omgezet in top oil O2_need 61.38185398 kmol O2
O2_need 1964.219327 kg O2

HHV_milne 33.1971 MJ/kg
LHV 31.07953 MJ/kg

Phyllis: LHVdry = HHVdry - 2.443 · 8.936 H/100
Priority list for internal heating

1 Pyrolysis gas 1+2
2 HDO gas 1+2
3 Char
4 Top oil
5 Bio gas

Next step: block scheme

To anaerobic digestion

Methane to: internal heating
CHP in gas engine optional

Gas composition

H2 0.00 g
CO 221.39 g
CO2 265.36 g
CH4 18.56 g
C2H2 0.12 g
C2H4 7.05 g
C2H6 3.20 g
C6H6  1.06 g
Toluene 1.01 g
Total 517.76 g % Gas 13.61%

─ Feedstock input data 
 
 

─ Thermal pyrolysis 
 

─ Pyrolysis oil stabilising 
 
─ Pyrolysis oil fractionation 

and hydrodeoxygenation 
 

─ Intermediate HDO-oil 
 
─ HDO-oil fractionation 

 
 

─ Co – FCC feed  



Mass- and energy balance 

M & E balance for thermal pyrolysis  hydrodeoxygenation 

Preliminary TEE results 

Parameter Thermal pyrolysis   
hydrodeoxygenation 

Catalytic pyrolysis 
(ZSM5 catalyst) 

Mass & energy balance 

Organic oil product yield (a.r.) for co-FCC 36.0 wt% 16.5 wt% 

O content in the oil 22.6 wt% 21.5 wt% 

Lower heating value 31 MJ/kg 29 MJ/kg 

Gas yield (a.r.) 15.4 wt% 18.7 wt% 

Char yield (a.r.) 12.8 wt% 24.0 wt% 

Excess energy yield (e.g. for electricity and/or steam) 32 MW 51 MW 

Economics 

Economic margin @ 100 $/t for wood and 44 $/b for crude oil - 6 M€/a - 3 M€/a 

Approximate CAPEX 100 M€ 70 M€ 

Wastes 

Waste water yield (a.r.) 28 wt% 41 wt%  



Conclusions / outlook 

PYRENA suitable for (catalytic) fast pyrolysis 
– First promising results in IEA Round Robin collaboration 
– Recently: successful functional thermal pyrolysis and in-situ catalytic pyrolysis tests 

with softwood after several adaptations 
 

Approach to produce “better” bio-oil 
– Combine in-situ with ex-situ catalysis 
– Recover bio-oil in fractions  ensure direct phase separation to remove water 
– Use lower (< 500°C) pyrolysis temperature in combination with somewhat  

longer solid and vapour residence times to improve final product stability 
– Use reactive riser gas (e.g. steam, H2, CO, CO2,..) 

 

Techno-economics 
– Presently, both TP HDO and CP do not seem to be economically feasible at the 

current market prices for wood and crude oil,  chemicals as money maker? 

TThank yyou!  



Thank you for your attention! 
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Questions and more information: dewild@ecn.nl 
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