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RE-CORD: Who we are  SEEEEER g ool

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

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

e Univ. of Florence

- CREAR - Inferdepartmental Center led by
the Industrial Engine.Dept.

- Montepaldi -Univ. Special Farm.
» Pianvallico
Municipalities of Scarperia & San Piero and

Borgo San Lorenzo (Florentine Metropolitan
areq,).

v’ Pilot/demo plants, chemical lab

Private

« Spike Renewables
Engin. company specialized in energy projects.

» Bioentech
Innovative Start-up on thermochem.conversion.

» ETA-Florence
Communication, Dissemination, Intern.projects.



Main areas of work % | Dot srun

FIRENZE

Budget (contributions) from R&D
activities on Biomass/Renewables:

Fast Pyrolysis (use in CHP and Heat)

CREAR (2002-2015) > 6.1 M€ ] ] ) o
e o B Intermediate/Catalytic & Slow Pyrolysis/Carbonisation
EU/Intern. Projects 14 (3coord) * Gasification (fixed bed, small scale)

lalllerel piielEtis 11(6Coord) o« HTL e HTC - Hydrothermal Conversion of biomass

Patents related to the research work of % . . . o« g . .
R ] Liquid Biofuels (road & aviation) from lipids/VO/UCO

Nr of patents 7 * Lignocellulosic ethanol chain and coproducts

* Algae: engineering of cultivation system + downstream process.
into biofuels and bioproducts

Publications

Journal papers 32
. . From the Sugar Platform to
e Biofuel POIICy biofuels and biochemicals
Conf.Proceedings (incl.ISI 123
Indexed) ° Studies (EC): Sugar Platform’ Final report for European Commission
Directorate-General Energy
. . o . N° ENER/C2/423-2012/512.673791
Edited 3 Template First-of-its-kind...
Intern.Conf.Proceedings
A consortium led by E4tech (UK) Ltd, with
Consorzio per la Ricerca e la Dimostrazione sulle Energie
M aga Zl nes 7 Rinnovabili (RE-CORD) and
hting Dienst Landb kundig Ond k, part of
Th es | s >70 Wageningen University and Research Centre (WUR)
I Studies (EC, Companies) 7 January 2015
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€ Edtech (B)Recorp Joree =

( ; E4tech | Strategic thinking in sustainable energy
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Global scenario: Oil Prices at low .5, |, v
end...strong fluctuations B8 | DIREN e

Source: Bloomberg
 “Brent” (UK
Stock Ex) during
last five years.

18/1/2016:
28.55 USS/bbl.
MIN for last 12
years.

Same for WTI
(North America)

v IRAN is the 5t largest OPEC oil producer. Lifting sanctions to IRAN = +100.000 bbl/d (3.7
% of their total prod.), and +400.000 bbl/d in 1 month

v This generated further drop in barrel value. R
‘V' J ”‘;l.' | "v"-'u‘

30 Nov 2016, Wien (A): .
agreement reached to
reduce oil production
by 1,2 Mbbl/d (at 32,5
Mbbl/d)

- 50.47 US$/bbl on 30.11.2016.
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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



IEA BIOENERGY / EC-DG ENERGY g | s
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 Study on

BIOMASS FOR BALANCING THE GRID

 Two main focuses

v'Policy development
v'Opportunities for R&D

 Final document expected end 2016 (draft ready)

[EA Bioenergy
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renewable electricity in total electricity % | DrGi suo

generation in s | FIRENZE
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share of Var. RE and Non-Var RE in total electricity generation in EU - 2014
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Renewable Power Generation in v, | GnversiTa
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ltaly il | FIRENZE
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Germany: Shifting back to RES from
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Nuclear (Source: GearUp, on BP Stat.Review 2013) FIRENZE

Germany’s Energiewende in carbon intensity and balance between

energy consumption from nuclear and renewable sources
Source: E.Van den Heuvel, 2015
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A

Carbon intensity
(tonne CO,/toe)

2020-point should be somewhere on
this line to reach targets

20

nuclear and
renewables in
balance

mainly nuclear

mainly renewables
no renewables

no nuclear
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BIOELECTRICITY IN THE EU, AND oF, | onversima
SHARE OF CH P, 201 4 (solid biomass only) £

Average share in EU:
63%




Renewables/Biomass-based CHP . | vviram

in the EU o8- | PiRENZE

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) ”’///////////////

::: Natural gas and derived gases _%%%
2011 Waste non-renewable _////’//%7///////////
§;:}: Ol and petroleum products —%’V//’%’//////%
" oos soidruets [~/
zz ——— W — W//////{///WW
2005 S S . R W e W e

0% 20% 40% 60% BO% 100% ®CHP 7 non-CHP
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Example of DH load curve W% | Drot oo

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 A | R
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Need Impact

% Investments
L Mid term balancing
@ Balancing seasonal / €
€ | Hydro planning interannual energy
2 availability
0 Balancing variability in net
8 Day-ahead load (Iogd minus variable

market generation)
¢
3 Intra-day Short term balancing
- markets

Balancing forecast errors

§ Balancing in load and generation €
2 market (especially wind and PV)
=
n Manual
'g reserves
é Automatic Balancing unpredictable

rESENVes fast changes (small T €
= : . .
3 Inertia fluctuations and big faults)

16
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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 2009-2011. VTT Technology 75, Espoo 2013
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Inferconnection W | o
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As part of the EU Energy Union a target of a minimum of 10 %
interconnection capacity between the Member States has been set,
and European wide transmission planning by ENTSO-E defines
Projects of Common Interest (PCl) for implementation 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
Gasification in the
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

(#)RE-CORD

Secondary
Cyclone

Dual fluidised bed
gasifier

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

Source: H.Hofbauer, Wien University, 2007




Biomass Gasifiers — Temperature
distribution
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Temperature (K] Solids conversion
Tamparatura (K) Salids conversion Products .
Bicrnass Praducts Bubibiing )
fluldized bed  Siomoss
Counlercurrent Ceeldant anm B 1500 o 5 100%
maving bed __ Products
ed T—
3007 000 1500 0 B0 100% W : ;
C'xidantT Circulaing III 'I
fuidized bed o 1 {
Eiomass l Creidant
i B 100w
Co-curnent
maving bad [ Products
3000 900 1500 i 100% Doubla
Tuidized e
Biomass
Cross-current
moving bed 0 &0 100%
Chiclant Praducts i
f
Entralned Lt ;
300 900 1500 0 50 100% oS i
..-‘,
. .. 0 0 100%
Source: Stassen, Prins, Van Swaaji, =~~~
Temperature (°C)
Ash melting
range
downdraft updraft fluid bed entrained flow
gasifier gasifier qasifier gasifier
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Installed capacity of gasification i, | wversm

vs type of feedstock 4 PR zE

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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[ ) [ )
Steam/ORC/Stirling systems
o)
E
2? o
= °w ® 2 o
e o8 ¢
-g o) ®e e @ ®
E Q
O f o e %
§ : e ‘ ¢ % ®
by ° ® ¢
©
= Stirling engine 4 Gas engine
+ ORC turbine ® Steam engine
» Steam turbine
5 10 15 20

power production [MWel]

Source: Scheftelowitz M et al, DBFZ
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« Pyrolysis: biomass heating (usually up to 700 ° C), producing char anc
releasing volatiles. Tars also produced when volatiles liquefy at low
temperatures.

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

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

» Steam reforming (endothermic) of char and tar, as well as water—gas shift reactions
(exothermic).

« Reduction of H,O in steam gasification = the most effective way to increase H.,.

» 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

27



Underdstanding Biomass 8, | universiTa
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gasification A J7 | FIRENZE

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

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

- 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).

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

« End use/application: heating, power, CHP, chemical synthesys

N. Mahinpey, A. Gomez / Chemical Engineering Science 148 (2016) 14-31
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gasification - reactions o855 | FIRENZE
Main Gasification reactions

* C+C0252C0O AHg, = 172.5 kdJ/mol (Boudouard, Endothermic)

« C+H20 > H2+CO AHg, = 131.3kJ/mol (Steam Gasif., Endoth.)

« CO+H205H2+C0O2 AHg, = 41.2kJ/mol (WGS, Exoth., Homog.)

- C+H2 - CH4 AHy, = 74.5kJ/mol (Methane production, Exoth.)

« CH4+H205CO+H2 AHg, = 205.8 kJ/mol (Steam Meth Ref., Endo, Homog.)
v Steam promotes (i) Steam Ref (endoth) of char & tars (i1) 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 =2 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 w8, | oniversima
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efficiency vs product (gas) quality = e%- | rirenze
CHAR REACTIVITY

« T and HR (more than p) in pyrolysis
v Strong influence on char gasif. reactivity

v" 1T - HR > | process thermal efficiency GASI FICATION & GAS QUALITY

. . . . Summary of the effects of increasing temperature on syngas production and re-
o If Pyrolysis (P) is part of Gasification action rate.
(G), P Res.Time (Rt) is < than G Rt, as P

. . . Temperature Characteristics
is >> faster than G (irrespective to
gaSlfying 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.rent/sepc.lrated reactors, m — CO/CO; ratio decreases due to a balance between CO-
szqnlﬁcantlu lncreased’ ClTld char s < producing and CO-consuming reactions
reactive — Slower reaction rate
. . . - L id time to achieve high i
« time char held at high T is not controlled " Tars may be produced
and not negllglble vs tot Rt (Char “hiStOI'V”) High ( = 1000 °C) - CO and H, increase due to Boudouard, steam reform-
. . . ing and WGS reactions
- Kinetic models not reﬂectlng actual - CH4 decreases due to steam reforming
behaviour at industr. scale (as based — H,/CO ratio increases for air-steam gasification

— Tars decrease due to thermal cracking and steam
reforming

Improved cold gas efficiency (CGE)

— Higher reaction rates and carbon conversion

- As HR T -> Reactivity T 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

on isothermal pyrolysis in inert gas, far
from industrial scale conditions)




Actual operation conditions of <8, | uaversia

small-scale fixed bed gasifier o0 | FIRENZE

 Very often the operation of actual small scale industrial gasifiers
is performed far from design conditions

It may be due to inadequate feedstock (moisture, size,
composition...), or gasifier design, or distribution of flows, etc

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

- 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

of i
100% cippato miscela 30% clean coke
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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 — 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 2| B et
iy~ | FIRENZE

‘ Ci ra d *  PYR:Pyrolysis Chamber

* Char (CH) Reduction EGR A =
Biomass gasification process, Chamber: CRC beee, . )
and apparatus, - PG: Pyrolysis Gas Lo L = ]
and their applications e CH: Char B i as 1 A_— —
EP 1312662 A2 - 2003 * AS: Ashes % | s v e FW
* GWC: Gas Washer R |7 o~ | AT
Philippe Girard Cooler A | - ] wwW PH
Laurent Van de Steene e WW: Waste Water E';] ien| A
Thomas Koch * ALK: Alkali Vapours Y.
Gérard Antonini * PhS: Phase Separator '
Ammar Bensakhria R
> 4 2 e Heat
| T — Water
RS co,li(;rzo BE s(z]aji
Figure 1 B

* Total Tar Combustion and Tar
Cracking Chamber: (TCC)?

* HG: Hot Gases

* EGR: Exhaust Gas Recirculation

* EG: Preheating gases

SL: Liquid Slag
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Double stage

&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
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Viking - Denmark % | Drot sy

Fuel

l Cooled exhaust

T D d I
rying and pyrolysis 600 5C

« Two stage gasifiers: H /\/\/V\/\/\/\/\/

50,000 mg/Nm?® tar

very effective tar | i
oxidation
reduction even at  Eketicity okt - 1100 °C
' 500 mg.":'ﬁn:l3 tar
small scale

Roots
blower / /|G 750 °C 3
= ‘/ 7 i 25 mg/Nm" tar
Condense . ’ Exhaust Ash
Particles .
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,

=~
\ <

Feed screew




Two-stage gasifiers — TK Energy

UNIVERSITA

A DEGLI STUDM
Health & Safet 57 | FIRENZE

—~Z
e -

Jr— TK Energi AS

» Cold pressure barriere calculated to
with stand maximum explosion
pressure

 Insulation materials will not reduce
and reduce strength of outer shell

» No moving parts that can cause
blockages

Source: Thomas Kock, 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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» Large High Temperature reaction zone
combined with Extensive Gas Cleaning

« Mix of dry and wet gas cleaning 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

Gas engines

UNIVERSITA
DEGLI STUDI

Few other cases of Updraft
Gasifiers proposed in CHP.

Extensive cleaning needed.
Feasibility to be carefully
considered.

Other Updrafts proposed in
combination with with
External Combustion Systems
(Stirling, ORCs)
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External

Internal
reverse flow thermal
Biomass Biomass

Steam

2

0,1 IStea m\ / 0
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



Tar reduction potential for v, | Gaversia
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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
« Different systems with In situ catalvis 50-200
variable performances. Part. combustion 10-100
Post catalyis 50-250
* Need to select the 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
plglnt 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
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Gas Cleaning

requirements

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

Tar the most relevant

Tar tolerance (CHP) limit :

v’ ~500 mg/Nm3: compressors
v ~100 mg/Nm3: IC engines
v’ ~ 5 mg/Nm3: industrial GTs

IC & uGT - small scale CHP

Tar & NH,, formation - f (air-
fuel ratio & process T)

1 T & A/F ratio | Tar/NH, but

 Costly materials

» Less chemical energy in the
producer gas

(#)RE-CORD

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

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

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




Main gas cleaning methods
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General
classification

Cold gas cleaning

Specific
Classification

Dry cleaning

Y i Ruwinle:1 @ Disposal of tars

issues

Cyclone, rotating particle
separators (RPS),
electrostatic precipitators
(ESP), bag filters, baffle
filters, ceramic filters,
fabric/tube filters, sand

Type of
equipments

bed filters, absorbers, etc.

Wet cleaning

Disposal of tars

Spray towers, packed
column scrubber (wash
tower), impingement
scrubbers, venture
scrubbers, wet
electrostatic
precipitators, wet
cyclones, etc.

Hot has cleaning

Thermal treatment

Slow reaction rates
(inertness of poly-
aromatic HC). High T
and Activat.Energy to
start reactions.

High-temperature
devices such as ceramic
filter/candle filter

Catalytic treatment

Slow reaction rates
(inertness of poly-
aromatic HCs). High T
and Activation Energy
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

Primary bed in the
gasifier or in the
secondary reformer

Source: Asadullah, 2016




Cold gas cleaning SN | Dron s,
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* Engines need gas at T, ;.
 Cooling before or after cleaning.
* Dry vs wet

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

« Wet: cools the gas & collect particles and impurities. H3, HCl, H2S and SO2
highly soluble in water. Very effective. Necessary to reach sufficient residence
time (difficult at large scale). Some tars are however non polar and do not
dissolve in water and constitute a separate condensate. Some impurities can
escape the scrubber. Water cleaning system to be installed.

* Wet scrubbing is normally combined with physical treatments,
e.g. cyclones and filters.

(#)RE-CORD

48



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) CO CHy CO; N Nm? Nm®) Nm?) eff, (%)
Fixed bed gasifier
Fixed bed Wood chip, 250 Cyclone, spray tower, packed column scrubber, 166 2.3 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 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 212 25 122 677 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;0 204 25 147 455 180- 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- <2 16- 8.0- 20 20 [122]
downdraft carbon + desulfurization sorbent packed in a 38 25 100
absorber
Two stage Wood chip Heat exchanger, bag house filter, paper cartridge 150 21 195 300 15 6.0 25 [123]
downdraft filter, demister
Downdraft Olive kernel, 100- Cyclone, venture scrubber, heat exchanger, chiller, 10,7 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 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 172 41 194 5.6 [126]
gasifier
Downdraft Wood chips, 50 Physical filter 294 02 971 730 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 251 104 193 70.0 21 127 700 [127]
bed steam 92 and cold gas filter
gasification
Dual fluidized Heat exchanger, filter and scrubber 16.5 129 123 10.0 1000 [128]
bed
Bubbling Pine, maple-oak  Cyclone, bag house filter, iso-propyl alcohol 19- 6-7 19- 8.26 [129]
fluidized bed wood, seed corn, impinger 21 20
86-170
Fluidized bed  Sewage sludge, Cyclone, gas cooler, granular bed filter, Ceramic 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 SN | v
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« Threee main routes for hot gas cleaning
v’ Filtration
v' Tar removal by thermal cracking
v’ Tar removal by catalytic cracking

» Hot gas filtration
v Mostly cyclones and ceramic candles to remove particulate & tars
v’ Critical issues: Pressure build-up ( =2 Coupled Pressure Pulse CPP cleaning)

v Ceramic candles: good perf.with particulates, poor with tars (which remaines in
the gs phase and can pass through the candle filter)

(#)RE-CORD
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« Thermal Tar Cracking

v" At high temperature (order of 1000-1300 ° C) large organic molecules cracked to smaller
and non-condensable ones

v" Higher Air-Fuel ratio normally necessary to achieve the necessary high T - 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, 2016

(#)RE-CORD
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 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 based catalysts

v' Magnesite (MgCO,), olivine (magnesium iron silicate (MgFe),SiO,), dolomite, nickel-based catalysts (as
commercial Ni-MgAL0,).

v’ Barrier: poisoning of catalysts (e.g. S for nickel-based catalysts)

v' Investigation by Corella et al showed that Ni-based catalysts in secondary bed can survive
only when tar conc.at gasifier exit is < 2 g/Nm3, while normally it is 2.25-42 g/Nm3 >
primary bed with dolomite to reduce tar to 2 g/Nma3.

v Recent work 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




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/Nm3.

UNIVERSITA
DEGLI STUDI

FIRENZE

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
HHYV (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-
based char-supported ones)

(#)RE-CORD

Source: Asadullah, 2016

Source: Elliot, 1988

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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 The stable and reliable operation of small scale CHP
gasification system is essential towards economic and
environmental sustainability of Business Plans

» An often underestimated issue in 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

» Regulating & controlling these issues at the beginning
as well as during the whole plant life is essential

(#)RE-CORD

54



Third-party Assessment of 22, | universima
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Performances (short & long 5 | FIRENZE

° Thlrd-party verification is a DATI DI COPERTINA E PREMESSA DEL PROGETTO E0209E590
guarantee for Cocasn et 3o s o, s, st 1etosts
v The Customer
/ The finanCing Institution Plants for the production and the use of gas based on biomass gasification

Classification, requirements, guidelines for construction, trade offer, final order, acceptance tests of the plants

v Technology providers &

 As well as a market opportunity for o Qﬁ@mw
the technology developers e

Performance Test Protocol for ?
i TI 1 _> E 2 E _> \ sificazione, i requisiti essenziali, le regole per l'offe
C 3 O O 9 59 O sma" Sca|e Gasifier %egl imlpian?i peI: la produzilolr:ee Ig'ullilizpzi (Ili :a::l;a
combi estinati alla produzione in sito di energia elettrica e/o

UNI 11 6 (0) 3 . 20 15 White Paper elaborated 2015 under OO(’/

IEA Bioenergy, Task 33 Thermal Gasification of Biomass ‘;/ .

Martin Riiegsegger, ETECA GmbH, Fahrni, Switzerland O@

November 2015
) %

CnergizAmbiantE @/\

¢ %
Abstract w ENTE ITALIAND

DI NORMAZIONE
This White Paper “Performance Test Protocol for Small Scale Gasifier” [PTP] was elaborated
by the IEA Bioenergy under Task 33 (Thermal Gasification). For the last years appeared more codice progetto:  E0209E590

commercial available gasifier units on the market. As a guideline during a project for a Gasifier  |questo documento pus essere riprodotta o diffusa con un mezzo
il consenso scritto di UNL.

CHP unit this white paper can help to improve the project quality and the successful proof of

performance after commissioning. The handover of a gasifier CHP unit from supplier to the
client will be easy and successful, if there is accurate PTP existing.

RE'CORD [EA Bioenergy




Measuring performances of sma
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Mass flow
measurement &
biomass
characterization

at inlet

Main operational data, e.g.:

power, accumulated h,

k Hot gas generated energy (gross, net),
sampling & emissions
analysis

Analysis of Flare
condensates

Cold
producer
gas
analysis

Ash
collection
& analysis

- Mass & Energy Balance



Equipments & skills are needed s |, v
for performance assessment el N
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Experiences in biomass GAsification in South-Tyrol: NS | SEG STUDI

energy and environmental assessment

* Scope
* Preliminary screening of small scale biomass-gasification-
based cogeneration plants located in South Tyrol
« Two or three representative plants selected for the
monitoring campaign
« Characterisation/Monitoring
* Coordinator & Partners
» Libera Universita di Bolzano (prof Marco Baratieri)

 Eco Research SrL
e Subcontractors: RE-CORD, TIS Innovation Park

: \f* E‘{f,resenﬂh TiS (@®recorp

innovation park




UNIVERSITA
DEGLI STUDI

FIRENZE

Key issues e P S et
v" Slow Oxidative Pyrolysis ' -

v' Open top, cooled screw (discharge)
v Products: char + High T Heat

RE-CORD
patent pending

v' 50 kg/h_in, 12 kg/h_out, 60-70 kWth
v' 250 kg/h_in, 50 kg/h_out, 350-400 kWth

* R&D: Condensing PO + CHP ?
* Grid parity theoreticaily possible...
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onclusiong on Sma i,
biomass gasification CHP systems = &&- | 00017
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« CHP Gasification is a very dynamic sector, but dependent on Incentives
(while PV has almost achieved Grid Parity) and Heat use.

» Decades of R&D work behind us. No need to re-invent the wheel: past
experiences should drive technology evaluation and selection.

 Reliability still an issue: BPs based on running hours per year! Guarantees?

« Mix of large industries and small/very small companies on the market.
Company financial dimension vs guarantee a key issue.

» Feeding adequately pretreated biomass is key for continuous operation.

« Fight on CAPEX (to make investment attractive) does not help the sector
and generated lack of credibility!

 Claimed performances are sometimes overestimated. Third Party
Assessment would be a useful support for Financing Institutions, Suppliers
and Customers in order to develop sound BP and commercial projects.

(#)RE-CORD
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