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RECORD: Who we are CENEER g | oo

FIRENZE

V Public -private no profit research
center , participated by the  Univ.of

Florence MEMBERS
V focused on R&D in Biomass / .
Bioenergy / Bioproducts Public

A Univ. of Florence

- CREARO Interdepartmental Center led by
the Industrial Engine.Dept .

- Montepaldi dUniv. Special Farm.
A Pianvallico
Municipalities of Scarperia & San Piero and

Borgo San Lorenzo (Florentine Metropolitan
area ).

V Pilot/demo plants, chemical lab

Private

A Spike Renewables
Engin. company specialized in energy  projects .

A Bioentech
Innovative Start -up on thermochem.conversion

A ETAFlorence

Communication, Dissemination, Intern.projects .
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Global scenario:  Oil Prices at low g, | uvensima
endéstrong fl uct uailom

Source: Bloomberg

Stbck Exyluring
last five years

A 18/1/2016:
28.55 US$hbl.
MIN for last 12
years

A Samefor WT]
(North America)

V IRANisthe 5" largestOPE®il producer. Liftingsanctionsto IRANA +100.000bbl/d (3 7
% oftheir total prod.), and +400.00@bl/d in 1 month

V Thisgeneratedfurther drop in barrel value.

30Nov2016,Wien (A):
agreementreachedto

Leydi’%e@ﬂﬁﬂﬁd(‘;?é%”g, A MU.SWobI on 30.11.2016

Mbbl/d)
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EC TARGETS S [

2020 Package 2030 Framework

Binding via ETS and Effort Sharing Decision Binding via ETS and ESD methodology

Binding via Renewable Energy Directive Only binding at EU level

Binding via Energy Efﬁdmcg Directive Only binding at EU level
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AStudy on

BIOMASS FOR BALANCING THE GRID

ATwo main focuses
V Policy development
V Opportunities for R&D

AFinal document expectedend 2016 (draft ready)

[EA Bioenergy
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Germany: Shifting back to RES from
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Nuclear (Source: GearUp , on BP Stat.Review 2013) 2 & FIRENZE

energy consumption from nuclear and renewable sources
SourceE.VandenHeuve] 2015
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2020-point should be somewhere on
this line to reach targets

20
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renewables in
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no renewables
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BIOELECTRICITY IN THE EU, AND &2 |oniversima
SHARE OF CHP, 2014 viomess ony) FIRENZE

o
D No data

Average share in EU:
63%




Renewables /Biomass-based CHP .8, |wversma

In the EU 5 | RIRENZE

CHP fuel mix evolution in the EU (2005-2013) Penetration of the cogeneration principle by Fuel:
Natural Solid fossil fuels Renewable Oil and oil Other EU average in 2013 ‘

Gas \andpeat Sources \products F:l/els Renewables (biofuels, biomass, biogas) ”’///////////////

|
2013 /
2012 Natural gas and derived gases d////////%////%////////
2011 Waste non-renewable -///’/%7/////////%
i w0 Oil and petroleum products m%%%
2009 | | | |
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2007 I 1
IS \ |
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IJ;H. 20% 40% 60% BO% 100% B CHP “ non-CHP
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Example of DH load curve G | Dot Sun
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Load
100 %

Oil / Gas DH

Pellets DH
Heat Pump
DH Boiler

50 %
Biomass CHP

Waste CHP

Ind. waste
heat

0 1 2 3

4 5 6 7 8
Time 1 000 hours
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BALANCING THE GRID
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Mid term balancing

Balancing seasonal /
interannual energy
availability

Balancing variability in net
load (load minus variable
generation)

Short term balancing

Balancing forecast errors
in load and generation
(especially wind and PV)

Balancing unpredictable
fast changes (small
fluctuations and big faults)
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Need Impact

T
Y
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BALANCING THE GRID

Increase in balancing costs vs wind penetration.
Also the range of imbalance costs paid by wind
power in the markets are shown for Denmark, Spain
and the Netherlands

Increase in balancing cost

¢ |reland (SEAI)
6.0 —a— UK, 2002
UK, 2007
.0 e —e— Colorado US
. = Minnesota 2004
g 40 ~ - Minnesota 2006
3 / v 8 . Califomia US
g 3,0 . ° = - Pacificorp US
2 .0 o —=—EWITS, US
S 20 - X e - Greennet Germany
= s O «— Greennet Denmark
Y | J———————— — X ---#-- Greennet Finland
@ e i +-- Greennet Norway
0.0 - . . ---a--- Greennet Sweden
0,0 % 10,0 % 20,0 % 30,0 %

Wind penetration (% of gross demand)

Holttinen et al. Design and operation of power systems with large amounts of wind power, Final summary
report, IEA WIND Task 25, Phase two 2009i 2011. VTT Technology 75, Espoo 2013
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Aspart of the EU Energy Union a target of a minimum of 10 %
interconnectioncapacitybetweenthe Member Stateshasbeenset ,
and Europeanwide transmissionplanning by ENTS@&defines
Projectsof Commoninterest (PCI) foimplementation to 2020

>10 & <15%

>15%

o

Expected status of grid interconnection capacity level 2020
after implementation of Point of Common Interest
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Small Scale
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CHP context
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Main types of Biomass
Fixed-bed Gasifiers

Biomass

S
S

Updraft

Feedstock
+

Gas, Tar, Water catalyst?

Pyrolysis

Reduction

Combustion

Pyrolysis ’
Combustio

Reduction V_l

N

~~

Downdraft

Gas, Tar, Water

(a) Downdraft Gasifier

N e --- -Gasifying agent

(1) Pyrolysis

(2) Combustion

(3) Gasification

Gas products

> Ash / slag

Ash

4

Feedstock
+

catalyst 9

h
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(b) Updraft Gasifier

—>(@as products

(3) Pyrolysis

(2) Gasification

(1) Combustion

----Qasifying agent

> Ash /slag

Source: H.Hofbauer, Wien University, 2007




Main types of Fluid-bed Biomass

Gasifiers
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Bubbling fluidised bed
gasifier

Freeboard Q

Fluid Bed

-%— Biomass

Plenum

--——  Ajr/Steam

T

Circulating fluidised bed
gasifier

4l—|7_h

i l Primary
Gasifier Cyclone

‘L R

-
= ot
. * AirfSteam
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Secondary
Cyclone

Dual fluidised bed
gasifier

product gas 4 t flue gas
-——— - ..:_o.: °‘.: :
biomass ‘ i 5
steam I ‘ air

Source: H.Hofbauer, Wien University, 2007




Biomass Gasifiers - Temperature
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Bicrnass Praducts Bubibiing )
fluldized bed  Siomoss
Dnul:llr:r\cl.l'rn-rl{ Ceeldant anm B 1500 o 5 100%
maving bed __ Products
i
300 900 1500 o B0 100%. W ! ]
C'xidantT Circulaing 1 'I
fuidized bed o ! 1 {
Eiomass l Creidant i
S - N —
ann S0 1500 i B 100w
Co-curnent
maving bad [ Products
3000 900 1500 a 100%.
Biomass
Cross-current
moving bed om0 1500 0 &0 100%
Chacani Products ¥ i
— 1 [
Entralned — SHEMESE L Ry Lt \ Lt ;
300 900 1500 0 50 100% Now e L i /
cwdart | e bempreepiicip —
) B WH o0 1500 0 &0 1M%
Source: Stassen , Prins , Van Swaaji , ?""?
Temperature (°C)
Ash melting
range
downdraft updraft fluid bed entrained flow
gasifier gasifier qasifier gasifier

Capacity —

(#)RE-CO



Installed capacity of gasification 2, | untversiTA

vs type of feedstock 8- | FIRENZE

40,000 -

= Operating

35,000 -

30,000 -

25,000 A

20,000 -+

Syngas (MWth)

15,000 -

10,000 -

5,000 -+

Coal Petroleum Gas Petcoke Biomass/Waste

Fig. 2. World gasification operating capacity by feedstock [56].

A.A. Ahmad et al. / Renewable and Sustainable Energy Reviews 53 (2016) 1333-1347
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Gasification Vs
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Steam /ORC/Stirling systems
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E
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©
= Stirling engine 4 Gas engine
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» Steam turbine
5 10 15 20

power production [MWel]

SourceScheftelowitzM et al, DBFZ
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Biomass gasification steps W% | Drot oo
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A Pyrolysis : biomass heating (usually up to 700 ° C), producing char and
releasing volatiles. Tars also produced when volatiles liquefy at low
temperatures.

A Oxidation : Char and volatiles burnt with O2 to produce the needed
gasifying agents (steam & CQ) and CO. Exothermic reaction: heat is
released for following reduction reactions.

A Reduction  (mainly gasification reactions): Char + tar + hydrocarbons
gasified with CO, & steam.
A Producer gas mainly composed by CO, H, and CH,.
A Endothermic reactions, thus heat from oxidation reactions is used.

A Steam reforming (endothermic) of char and tar, as well as watei gas shift reactions
(exothermic).

A Reduction of H,0 in steam gasification = the most effective way to increase H.

A Boudouard reaction (endothermic) to CO. CO, may also be recirculated with O, within
oxyfuel combustion/gasification .

N. Mahinpey, A. Gomez / Chemical Engineering Science 148 (2016) 14-31

(#)RE-CORD
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gasification o8 | FIRENZE

A Feedstock : normally solid biomass (or solid fuels), of different physical &
chemical characteristics, even if liquid feedstocks can also be processed.

A Reactor : it determines how solid is maintained in the reaction chamber,
and the gas flow direction. CO2 and steam gasification agents.

A Heat transfer and heat source . radiation is most relevant heat transfer
mechanism. Thus, expecially as scale increases, indirect heating is not
sufficient. Most often direct heating through superheated steam or partial
combustion (air, O2).

A Producer gas/Syngas quality . Gas Cleaning mandatory for using the gas,
essential to make a difference towards direct combustion

A End use/application __: heating, power, CHP, chemicalsynthesys

N. Mahinpey, A. Gomez / Chemical Engineering Science 148 (2016) 14-31

(#)RE-CORD
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gasification - reactions B | FIRENZE

Main Gasification reactions
AC+CO2 2 C O Hg,§172.5 kd/mol (Boudouard, Endothermic)
AC+H20 AH 2 + C (Hy, =0131.3kJ/mol (Steam Gasif., Endoth )
ACO+H20/H 2 + C O Pl = 41.2kJ/ mol (WGS, Exoth., Homog.)
AC+H2 A CH 4 H{ = 74.5kJ/ mol (Methane production, Exoth.)

ACH4+H20/ C O + H 2H,; =05.8 kJ/ mol  (Steam Meth Ref., Endo, Homog.)
V Steam promotes (i) Steam Ref (endoth) of char & tars (i) WGS ( exoth)

V Boudouard react (taking place at T > 700 ° C) : controlling step at low gasification
T in CO2 gasification (<1000 ° C)

V If HR>200 ° C/min A no weight loss difference during pyrolysis step. Separating
Pyro from Gasif maybe not the best solution (Pyro >> fast than Gasif), as it affects
char reactivity

N. Mahinpey, A. Gomez / Chemical Engineering Science 148 (2016) 14-31

(#)RE-CORD
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Char reactivity and process 82, | untversiTa
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efficiency vs product (gas) quality =2&:|iRiN:
(HARREACTIVITY

A T and HR (more than p) in pyrolysis
V Strong influence on char gasif. reactivity GASl FlCAT|O& GAS QUALITY

V 9Ti HR A Zprocess thermal efficiency

Summary of the effects of increasing temperature on syngas production and re-

o If Pyrolysis (P) is part of Gasification action rate.
(G), PRes.Time(Rt) is <than G Rt, as P

is >> faster than G (irrespective to femperature Characteristics
gaSifying agent)_ Low ( < 1000 °C) — CO decreases, H, increases, WGS reactions more
dominant than Boudouard reactions
o IfP and G are done in - H,/CO ratio increases for air-steam gasification due to
; ; WGS and steam reforming reactions
d.lffe.r.entlsep.arated reactors, m — CO/CO; ratio decreases due to a balance between CO-
Slqnlflcantlv mcreased’ and char is < producing and CO-consuming reactions
reaCtive — Slower reaction rate
. : : — Longer residence time to achieve high conversion
A time char held at high T is not controlled \ " Taremay be produced
and not negllglble vs tot Rt (Char thi st)o Hidh (G 1000 °C) - CO and H, increase due to Boudouard, steam reform-
. . . ing and WGS reactions
A Kinetic models not reflectlng actual — CHy4 decreases due to steam reforming
behaviour at industr . scale (aS based - H>/CO ratio increases for air-steam gasification
on |Sc_)thermz_al pyronSIS in _Inert gas, far 'rfzfr;”i?;;ease due to thermal cracking and steam
from industrial scale CondltlonS) - Improved cold gas efficiency (CGE)
A .. ~ - Higher reaction rates and carbon conversion
A As HR \ A ReaCUVlty Yy Very high (~1500 °C) - H, and CO decrease due to sintering

— Reaction shifts to combustion from gasification region

‘ - Particles collapse and shrink
RE .CORD — Lack of surface area

N. Mahinpey, A. Gomez / Chemical Engineering Science 148 (2016) 14-31 30




Actual operation conditions of

UNIVERSITA

small -scale fixed bed gasifier o BRI

AVery often the operation of actual small scale industrial gasifiers
IS performed far from design conditions

A It may be due to inadequate feedstock  (moisture, size,
c omp o s i t igasiiier designo ror distribution of flows , etc

Alnsufficient T in key sections of the gasification system
AReduced Cold Gas Efficiency , higher tar load in PG

A Interesting evaluation carried out by Pittaluga in 2008

100 % wood chip 100% clean coal 70% wood chips - 30% clean coal
. Contenuto idrico w Potere calorifico . Contenuto idrico w Potere calorifico Densita Contenuto idrico w Umnidita u Potere calorifico
Campione N* (%) inferiore (kJ/kg) L= /Rt (%) inferiore (kJikg) (kgim?) (%) (%) inferiore (kJfkg)
1 10,05 164058.65 369,50 4 31385 281,00 400 417 20718,78
2 125 15895.21 225 425 31385 28250 450 471 20718,73
3 11,1 168185.60 367,20 395 31385 282,00 5,00 5,82 20718,78
4 112 1616764 370,10 41 3385 281,75 3,00 3,09 20716,73
5 11,8 168041.90 367,00 3,85 31385 281,95 350 3,63 20716,73
Valore medio 11,33 16140,40 369,21 4.05 31395 261,84 4,00 4,28 20716,78

(#)RE-CORD
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Small scale imbert-type gasifier
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Wood chips vs mix with coal 8- | LIRENZE

Temperatures
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Prof. Ferruccio Pittaluga

PARCO , : -
SCIENTIFICO / Univ. degli Studi di Genova
TECNOLOGICO

DELLA LIGURIA

Facolta di Ingegneria

DIMSET-DIPTEM




Small scale imbert-type gasifier 28, | UNIVERSITA
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Wood chips vs mix with coal C& | IRENZE
Energy balance -

100 % wood chips 70 % wood chips i 30 % clean-coke
biomassa in 13 kg/h . miscela in 5.8 ka'h .
PCl biom TEalng ] " I 238 kW PCl miscela 06 Mg | " | 04w
] as out 26.7 ka'h syngas out 30.2 ka'h
Pout | 33.1Kkw
PClsyngas | 4Mums ] ' °W I 6.5 kW PClsyngas aahdimz | o0
frendimento ga ssificazione | 45 2 % rendimento gassificazione | Eo.7 %

PARCO Prof. Ferruccio Pittaluga
SCIENTIFICO e Univ. degli Studi di Genova
TECNOLOGICO

DELLA LIGURIA

Facolta di Ingegneria

DIMSET-DIPTEM




Double stage

@dcirad

Biomasggasificationprocess
and apparatus

and their applications
EP1312662A2 - 2003

PhilippeGirard
Laurent Van deSteene
Thomas Koch

Gérard Antonini
AmmarBensakhria

To o Jo Do Do o T» Do Do
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PYR:Pyrolysi€hamber

Char(CH)Reduction EGR (T
Chamber CRC e ,, 7
PG:PyrolysisGas | * Zggooc : } J
CH:Char B . AS | \7 A
AS:Ashes % b o m | e Fw
GWC: Gasvasher - A Gwe
Cooler L ™ ww o
WW: Waste Water ., jeu| & 2
ALK:Alkali Vapours | Ve
PhS PhaseSeparator | I 1200
§ Afr_1500° C
ey (RO s
— Water
RS co,li(}rzo L s(zf,i
Figure 1 B
A Total TarCombustionand Tar
CrackingChamber (TCCG)
A HG: HotGases
A EGRExhaustGasRecirculation
A EG:Preheatinggases

SL: Liquidslag
34
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Double stage
'J_[‘

&écirad
Combustion air ﬁ ":IT [ Pyrolysis gas

Wood chip hopper
N Air injection
[
ANl
| . Partial oxidation
zone
Partial oxidation
fiame \\ : r
Gasification zone Post combustion \
gas \ LA
¢ Pyrolysis char
o k2
. o]
/_ Char bed

‘ Syngas outlet
/ Syngas
»// i

A

Ashes collection




Duel stage : Operational
experience

| Viking gasifier, DTU
CHP application with

17 kWe power
production




Viking - Denmark W% | Drot oo
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Fuel

l Cooled exhaust

T D d I
rying and pyrolysis 600 °C

ATwo stagegasifiers: H /\/\/V\/\/\/V\/

very effective tar 5 ’f\ _—
oxidation
reductlon even at <Elect1icit}= Exhaust

50,000 mg/Nm?® tar

=1100 *C

500 mg.":'ﬁn:l3 tar

small scale

Roots
blower

/ /|G 750 °C

s ‘/ 7 . 23 1|:lg.-"l"i71'|:l'q tar

. ’ . Ash
Condense Particles Exhaust

d water Air preheat  superheat

< 5 mg/Nm® tar




Two-stage gasifiers - TK Energy S, | UNIVERSITA
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TK Energi AS

Combustion zone

| Outer shell | \ B N
//

| Pyrolysiszone |

I Combustion zone |

TT1] ] /T Char bed
/ R Sl

| Biomass in |

- W,
P,
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Two-stage gasifiers - TK Energy
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Health & Safety J DEGLI STUDI

T TK Energi AS

A Cold pressure barriere calculated to
with stand maximum explosion
pressure

A Insulation materials will not reduce
and reduce strength of outer shell

A No moving parts that can cause
blockages

T T )
o

ity
L
I ew s
A imews
R

" IWanT
A waslnl
»  Fheeom
2002
- g
T
O 00x 080
v e g 3 O AL

Source: Thomasock 2005
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The NOTAR®
REACTOR

Combustion in gaseous phase
- Avoids clinker formation
Independently controlled 0 - Adapted to highly mineral waste

COMBUSTION

Optimum control of combustion parameters
- Destroys tar at high temperature
- Tar free combustion gases @

Reduction is fed with tar free products (9+@)
Optimised - Production of tar free syngas

REDUCTION ZONE Maximum gas temperature of 700°C

- No bed clinkering or sintering
- Metal and pollutant condensate in biochar

> NO TAR
SYNGAS > NO HEAVY METAL

RE-CORD
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THREESTAGE GASIFIER, FIXED BED,

WHICHHAS BUFFER ZOBEGASEOUS FLOW e
BETWEERYROLYSIS ZONE AND COMBUZIOOK - GAS 90°C
LamprosElefsiniotis, 2008 : ~BPG
BEO—,
o \‘ " -|
Bibliographic data: EP2126008 (A2) — 2009-12-02 15— I
N
e | codfis
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A Large High Temperature reaction zone
combined with Extensive GasCleaning

A Mix of dry and wet gascleaning steps




Updraft configurations

Novel power plant: 1.8 MWe + 3.3 MW heat

» Supplier: Condens Oy
» Kokemaki, Finland

Tar reformer

Scrubber

Novel
gasifier

Gas cooler
and Filter

(#)RE-CORD
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A Few other cases of Updraft

Gasifiers proposed in CHP.

A Extensive cleaning needed

Feasibility to be carefully
considered.

A Other Updrafts proposed in

Gas engines

combination with with
External Combustion Systems
(Stirling, ORCs)
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External

Internal
reverse flow thermal
Biomass Biomass

Steam

2

o, Stea m\ / o)
0, Steam
Biomass
— —
Ultra high
gasification
/ \ temperature

External
thermal

Biomass
—_—

0, Steam
Exteme_ﬂ 0,. Internal “Ph ysic_af ”
catalytic Steam catalytic separation Eg.
Biomass Biomass Biomass - wet scrubbing
—| - adsorption
- centrifugation
0, Steam 0, Steam

Source: Stassen , Prins , Van Swaaji , 2002
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Table 4: Residual tar matter contamination after treatment in
[mg/m* stc. dry producer gas] [3.4.6.7.14]. with 500 mg
m’/st.c.dry at the inlet

Technology Contamination at the
outlet
A Different systemswith Tn situ catalvis 50-200
Varlable performances Part. combustion 10-100
Post catalyis 50-250
A Needto selectthe most Wash tower 300-400
appropriate and cost-effective ~ Spray tower 400-500
solutions for the specific Sieve colum 100-200
Packed colum 100-200
pla_mt scale and operator Packed colum. solv. 10-100
skills.. Venturi scrubber, drop. 40-200
Adsorption 50-200
Co adsorption on filtercake 200-500
Electric precipitator cooled 5-50

Kleinhappl , 2002




Gas Cleaning

requirements

A Tars, particulate matters, NH ,,
H,S,HCI and SO,

A Tar the most relevant

A Tar tolerance (CHP) limit :
V D500 mg/Nm 3: compressors
V D100 mg/Nm 3: IC engines
V D5 mg/Nm 3: industrial GTs

AIC & nGT A small scale CHP

A Tar & NH ; formation A f (air-
fuel ratio & processT)

Ay T & AlFratio ZTar/NH , but

A Costly materials

A Lesschemical energyin the
producer gas

(#)RE-CORD

Renewable and Sustainable Energy Reviews 40 (2014) 118-132

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

[EF journal homepage: www.elsevier.com/locate/rser

STTA
STUDI

Biomass gasification gas cleaning for downstream applications:
A comparative critical review

Mohammad Asadullah*

Faculty of Chemical Engineering, Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia

NZE

Biomass
gasification
Fixed bed Fluidized bed
Gas quality Co-current Counter Bubbling Circulating
current fluidized bed fluidized bed
[65-68] [65-68] [88-92] [67, 69, 70]
Tar, mg/Nm® 10-6000 10000-150000 1500-9000 9000-10000
PM, mg/Nm® 100-8000 100-3000 12000-16000 7000-12000
LHV, MJ/Nm® 4.0-5.6 3.7-5.1 3.5-5.0 3.6-59
H,, vol% 15-21 10-14 10-15 15-17
CO, vol% 10-22 15-20 13-20 15-18
COy, vol% 11-13 8-10 17-22 16-18
CH., vol% 1-5 2-3 1-4 4-6
C.H.,, vol% 0.5-2 nd nd 1.0-1.5
N,, vol% rest rest rest rest
Gas quality requirement
Gas quality IC engine Gas turbine F-T synthesis
[20, 72, 93, [20, 73, 95, 96] [97-99]
94]
Tar, mg/Nm’ <100 <5 (all in vapor <1®
phase)

PM, mg/Nm® <50 <20 0
Particle size, pm <10 <0.1
Minimum LHV, MJ/Nm® - 4-6 -
Minimum H; content, vol% - 10-20 -
Max alkali concentration, ppb - 20-1000 <10
S component (H:S, SO,, CS,, - <1 <1
ppm
N component (NH; + HCN), ppb - - <20
HCI, ppm - <0.5 <0.1
Alkali metals, ppb <350 <10
“Unit in ppmV
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General Cold gas cleaning Hot has cleaning
classification

Specific Dry cleaning Wet cleaning Thermal treatment | Catalytic treatment

Classification

Main critical Disposal of tars Disposal of tars Slow reaction rates Slow reaction rates

issues (inertness of poly- (inertness of poly-
aromatic HC). High T aromatic HCs). High T
and Activat.Energy to and Activation Energy
start reactions. to start reactions.

Adsorption of

impurities ( HCI, H2S,
SOX) on cat.active sites.
Tar conversion to cocke
on cat.surface/active
sites.

Cat.resistant to hot gas
clean-up.

Cat.selectivity to gas
and not coke pathway

Type of Cyclone, rotating particle | Spray towers, packed High -temperature Primary bed in the
equipments separators (RPS), column scrubber (wash devices such as ceramic | gasifier or in the
electrostatic precipitators | tower), impingement filter/candle filter secondary reformer
(ESP), bag filters, baffle scrubbers, venture
filters, ceramic filters, scrubbers, wet
fabric/tube filters, sand electrostatic

bed filters, absorbers, etc. | precipitators, wet
cyclones, etc. Source: Asadullah , 2016
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AEnginesneedgasat T,
A Cooling before or after cleaning.
ADry vs wet

A Dry: mainly physical removal without using water A no water cleaning system
needed.

A Wet: cools the gas &collect particles and impurities . H3, HCI, H2S and SO2
highly soluble in water. Very effective. Necessaryto reach sufficient residence
time (difficult at large scale). Sometars are however non polar and do not
dissolve in water and constitute a separate condensate. Somémpurities can
escapethe scrubber. Water cleaning systemto be installed.

AWet scrubbing is normally combined with physical treatments,
e.g.cyclonesand filters .

(#)RE-CORD




Details of cold gas cleaning including gasifier and leedstock types, equipment involved In cleaning and gas composition and quality.

Cold gas cleaning

Gasifier type Feedstock type Gas cleaning equipment Gas composition (vol%) Tar PM LHV  Cold Electrical Ref.
with feeding rate (mg/ (mg/ (M]/ @gas eff,, (%)
(kg/h) H, CO CHy; CO; N Nm? Nm?® Nm?) eff, (%)
Fixed bed gasifier
Fixed bed Wood chip, 250 Cyclone, spray tower, packed column scrubber, 161 166 23 13.8 512 4.7 53.0 16 [118]
downdraft condenser, a purification tower, two wire mesh
mist eliminators
Double air Eucalyptus wood, Cyclone, heat exchangers, and a bag house filter 168 19.0 09 136 506 <35 <10 46 67.0 [119]
stage 10-12
downdraft
gasifier
Downdraft Sawdust and Cyclone, venture scrubber, chiller condenser, two 172 212 25 122 67.7 5.6 67.7 [120]
gasifier sunflower seed saw dust filter and a bag filter
pellet, 54
Fixed-bed twin Wood chip, 25 A cyclone and a RME (rapemethylester)/H;0 183 204 25 14.7 455 180- 0.7 5.8 63.5 [121]
fired quench system followed by a wet electrostatic 240
precipitator (ESP)
Two stage Corncob, 45-50 Heat exchanger, bag filter, limestone +activated  25- 25- <2 16- 8.0- 20 20 [122]
downdraft carbon + desulfurization sorbent packed in a 38 38 25 100
absorber
Two stage Wood chip Heat exchanger, bag house filter, paper cartridge 32.5 150 21 195 30.0 15 6.0 25 [123]
downdraft filter, demister
Downdraft Olive kernel, 100- Cyclone, venture scrubber, heat exchanger, chiller, 241 107 42 46 75.0 10 10 446 750 16 [124]
gasifier 110 mist eliminator, fine filter
Dual fired Wood, 98 Heat exchanger, bag house filter and paper 213 205 11 107 89.7 35 3 53 89.7 21 [125]
downdraft cartridge filter
gasifier
Downdraft Rice husk, 85 Cyclone, wet scrubber, bag filter 69 172 41 194 5.6 [126]
gasifier
Downdraft Wood chips, 50 Physical filter 934 294 02 9.71 730 5.1 73.0 10 [126]
Downdraft Wood chips and  Cyclone, water scrubber, chiller scrubber 5.52 18 [126]
gasifier rice husk, 80 and
120
Fixed bed Wood chip Cold gas cleaning 4.6 70.0- [126]
down draft 75.0
gasifier
Fluidized bed gasifier
Dual fluidized Poplar chips, 57- Pilot gas cleaning using CaO absorber, cyclone 331 251 104 193 70.0 21 127 700 [127]
bed steam 92 and cold gas filter
gasification
Dual fluidized Heat exchanger, filter and scrubber 506 16.5 129 123 10.0 1000 [128]
bed
Bubbling Pine, maple-oak  Cyclone, bag house filter, iso-propyl alcohol 16- 19- 6-7 19- 8.26 [129]
fluidized bed wood, seed corn, impinger 17 21 20
86-170
Fluidized bed  Sewage sludge, Cyclone, gas cooler, granular bed filter, Ceramic  13.8 133 42 13 547 4.7 70 [130]
570 filter, water absorber, packed column for NH; and
H,S Source: Asadullah , 2016




Hot gas cleaning S |

FIRENZE

AThreee main routes for hot gas cleaning
V Filtration
V Tar removal by thermal cracking
V Tar removal by catalytic cracking

AHot gas filtration
V Mostly cyclonesand ceramic candlesto remove particulate & tars
V Critical issues Pressurebuild-up ( A Coupled PressurePulse CPPcleaning)

V Ceramic candles: good perf.with particulates, poor with tars (which remaines in
the gsphaseand can passthrough the candle filter )

(#)RE-CORD
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A Thermal Tar Cracking

V At high temperature (order of 1000-1300 ° C) large organic molecules cracked to smaller
and non-condensableones

V Higher Air-Fuel ratio normally necessaryto achievethe necessaryhigh T A reduced
heating value of the gas

Details of hot gas cleaning data derived from different gasifiers.

Gasifier and Scale (kg/h) Temperature Gas composition (vol%) LHV (MJ/Nm?) Cold gas Ref.
feedstock type (°C) efficiency (%)
H, Cco CH4 CO, Tar (mg/
Nm?)
Downdraft Pilot, 12 1000 14.0 240 2.0 14.0 <50 5.8 60-78 [30]
Downdraft Large-scale 1000 13.0-15.0 20.0-23.0 - 10.0-11.0 - 42-43 76 [114]
demonstration,
5000

Downdraft Pilot, 18.7 900 8.7-13.2 20.8-23.6 3.6-52 9.3-145 4800 6.1 67 [141]
Updraft and Pilot, 30 950 104 15.1 03 12.8 450 3.2 - [13]

Downdraft
Regenerative Pilot, 5 1000 14.1-16.3 14.2-21.6 5.2-25 15.2-10.3 44-107 5.2-54 - [142]

downdraft
Down draft Pilot 954 11.1-20.9 14.3-20.2 29-28 - 45 4.2-6.0 60-7 [143]
Downdraft Pilot 5.4 1000-1200 111 18.6 22 11.2 3000 4.7 - [115]
Down draft Pilot 3-4 1050 111 18.56 2.0 13.12 5 3.8-4.0 63-6 [116]
Continuous Fixed  Pilot 4 1050 15.9 9.8 0.2 10.8 - 34 - [144]

bed
Downdraft Pilot 2.-3.5 900-1200 17-23.3 9.9-13.5 1.5-28 9.9-145 - 41-54 63 [117]
Downdraft Pilot 15 1100 10-12 18-22 <1 5-20 - 4.2 - [145]

Source: Asadullah

(#)RE-CORD
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A Catalytic Tar Cracking
V Tar are reformed on a catalyst bed. Four main groups: (1) mineral, (2) nickel based (3)
noble metal catalysts and (4) iron basedcatalysts

V Magnesite (MgCQy), olivine (magnesium iron silicate (MgFe),SiO,), dolomite, nickel -basedcatalysts (as
commercial Nii MgAl,O,).

V Barrier: poisoning of catalysts (e.g. S for nickelbased catalysts)

V Investigation by Corella et alshowed that Ni-basedcatalystsin secondarybed cansurvive
only when tar conc.at gasifier exit is < 2 g/Nm 3, while normally it is 2.25-42 g/Nm 3 A
primary bed with dolomite to reduce tar to 2 g/Nm 3,

V Recentwork by Asadullah et al on novel metal catalyst (Rh) at rather low T (650-700 ° C),
and on char-supported iron catalysts

Details of catalytic hot gas cleaning data derived from different gasifiers.

Gasifier and feedstock type Scale Catalyst Gas composition (vol%) LHV Ref.
(kg/h)  type/non-catalytic (MJ/Nm?)
H, CO CH4 C02 N, Tar
(mg/Nm”)
Fluidized bed for wood 20 Sand Primary bed 219 31.7 8.6 30.7 31,5 1041 - [152]
Fluidized bed for wood 20 Olivine (MgFe),Si04 194 301 89 36.0 531 1238 - [150]
Primary bed
Fluidized bed for wood 20 Magnesite (MgCO;) 35.9 12.7 5.5 426 490 22 - [152]
Primary bed
Circulating fluidized bed, Wood 20 Ni-MgAl;0,4 Secondary bed 45 17 1.8 - - - - [154]
Miscanthus
Fluidized for Pinewood chip Pilot 10 Calcined dolomite in bed 43 27 48 20 - 2000-3000 123 [156]
Bubbling fluidized bed for 10 Secondary bed dolomite 38 36.9 7.2 330 - 1720 15.0 [157]
Pinewood chip
Bubbling fluidized bed for 5-20 Commercial Ni catalyst 51-59 24-32 02-16 9-23 5-20 10-12 [161-163]

Pinewood chip Source: Asadullah , 2016
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Conclusions on gas cleaning

Gas composition

High T (>1000 °C)
promotes CO & H
production

Lower Air -to-Biom

ratio favor CO, H2,
CH4 and higher HCs
formation

Catalysts favor the yield
of combustible gas

Expensive materials to
withstand high T

Low A/B ratio favor Tar
formation (handling &
disposal of tars)

Tar content

Tars can be either removed by
filtration or inhibited from
forming (but the high T needed
are problematic).

(1) mineral, (2) nickel based, (3)
noble metal catalysts and (4)
iron based catalysts

New iron-based catalysts on
activated charcoal, cheap and
resistant towards deactivation.

Catalysts requires <2 g/Nm3
tar content in the gas at inlet
(double bed necessary).
Catalysts can be deactivated by
poisoning substances)

Particle Content

Several methods developed.
Dry and wet methods, and
combinations of these two.
Cold and Hot methods as well.
Water scrubbing also cools the
gas.

Downstream technologies
normally requires particulate
levels < 50 mg/Nma3.

Gas Heating Value &
Cold Gas Efficiency

Addition of steam increases H2
content (WGS reaction), but
overall HHV is unchanged.
Catalytic tar reforming also
contributes to increase gas
HHV (as it also helps to reduce
the ER in the gasification
reactor).

Higher input of gasifying agent
means reduced CGE. Catalytic
tar reforming, working at lower
T, contributes to higher CGE

Commercial catalysts can be
deactivated on long-runs.
New catalysts (such as iron
basedchar-supported ones)

(#)RE-CORD

Source: Elliot , 1988

Source: Asadullah , 2016
400°C 500°C 600°C 700°C 800°C 900 °C
Mixed Phenolic Alkyl Heterocyclic PAH PAH

oxygenates ethers phenolics ethers Larger
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Final remarks on Small Scale CHP

AThe stable and reliable operation of small scale CHP
gasification systemis essentialtowards economic and
environmental sustainability of BusinessPlans

AAN often underestimated issuein planning phase

V Offers from Technology providers are sometimes
unclear/incomplete and difficult to compare on this respect

V Customers are committed to operate the plant properly and
feed appropriate fuel

ARegulating & controlling theseissuesat the beginning
aswell asduring the whole plant life is essential

(#)RE-CORD

54



Third-party Assessment of oz, | universita

)

Z | DEGLI STUDI

Performances (short & long -term) =&&:|RiRiN7:

A Third -party verification is a
guarantee for

V The Customer
V The financing Institution
V Technology providers

A Aswell asa market opportunity for
the technology developers

A CTI 137 > EO209E590 | >

UNI 11603: 2015
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