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(il Photosynthesis
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Lignocellulosic Biomass Characterization
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Source: Peduzzi. Biomass Conversion Lecture EPFL 2012.



(Wil Photosynthetis Efficiency

Photosynthetically active
light from the Sun:
Only 45% available

{

Maximum theoretical
photosynthetic efficiency (25%):
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Biomass production
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CO2 cycle

Atmosphere = 760 Stock : Gt C
Accumulation 3.3 +0.2 Flow : Gt C/y

Fossil Fuels and Net Temrestnal Net Ocean

Cement Production Uptake Uptake

6.3+006 07+10 23+08
Y Y

l 11 Global Net Pimary 1|
A Productivity, Respication,
- and Fire = 60

Air/Sea I
Exchange = 90

A anQ Vegetation = 500
) S =1 Soils and Detritus = 2,000

- ‘g,
Ll - i
r ~ ool « 7 ~ =
NP P = 2,500
- P~
. P -
- N~ 1 - g \' . - - ,.' .~ - 4
4 PR A / P 4 / ¢
. - ~ ; . o - L . 7 - -
hY

N - e Y VALY ’ - ’
."‘|"""..' Y N I A R kTN
) -,1 Y.

il -\ ’

£ '-'~fn =1L

- S & s ~ Y -“\"'&J.-lt’,\’, o /-f./l- IR
Fossil Organic Carbon o M '\,l;\\,‘,\:‘, ; ‘,: 2
and N TR AT
. ’ ,-, ."‘ ‘\’ W
Carbonate Minerals SRV \:;.'_»{_-, Ot ,.'_ .
NN, 4 . 24, Af
ST N S T s RSN AN O o




CO2 cycle

Stock : Gt C
Flow : Gt C/y

Atmosphere = 760
Accumulatton 3.3 +0.2

Fossil COZA

Bloma

Fossil Fuels and

ss carbown

Net Temvestnal

Net Ocean
Uptake
23+08

Y

and Fire = 60

Global Net Pam?
Productivity, Respirati

Air/Sea
Exchange = 90

Vegetation =

Soils and Detritus =2
= 2 500

500

SR i - - - .

Fossil E

Carbonate Minerals

SN ISNAR
2= NIAT

Ay -

-

LM LIFs
'S -
e

e e ™ ™,

Ocean = 39,000

.
.
\\n' 1‘

,,.._,,.l,fl
| "™



Biomass potential and conversion

Biomass production potential in Switzerland
sustainable -Technical in PJ/year

Wood Agriculture Waste
42 -165 PJ' 3 GJ/ha l 26-86 PJ l 34-50 PJ
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Combustion Gasification Lauetacton Digostion Fermontation fo"z‘:';‘:';
Y Y Y v Y Y
Steam Gas Gas Oil Charcaal Biogas
l ‘ l l Y Y Y
Steam  Gas turbire, Mathanol/ Ungmding Gas Distillation Esterfication
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Figures for Switzerland (sustainable potential : total = 82-301 PJ)

Source : world energy assessment : UNDP 2000

Bioenergy in Switzerland: assessing the domestic sustainable biomass potential
B Steubing, R Zah, P Waeger, C Ludwig

Renewable and Sustainable Energy Reviews 14 (8), 2256-2265




(Wil Bioenergy usage : projections

V Figure 1.5

Use of bioenergy by sector in 2010 and 2035 (projected by the IEA for conditions where new policies are implemented).
Use is estimated to rise from 53EJ in 2010 to 79EJ in 2035.The proportion used for heat by traditional methods (heating
and cooking) is projected to fall considerably; the proportion used for heat via modern methods of production remains
almost unchanged; while proportions used for power and transport by modern methods make significant increases!2!.

2010
Otrler \
5.7% Heat
/ 22.4%

Power

8.5%
Traditional Transport
58.8% 4.6%
Total 53EJ

Davis, S.C., Hay, W. & Pierce, J. (2014),
Biomass in the energy industry: an introduction.

2035
Otrler \
5.5% Heat
/ 24.6%
Power
22.5%
Traditional
36.5%
Transport
10.9%

Total (projected) 79EJ



Biomass conversion

Combustion

# ~
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adapted from Chemical Engineering 10 (2006)
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(Wil Heating value of biomass

e Higher heating value (M}/kggdry)
—Boie formula

HHV = 35.17cc + 116.26¢cy — 11.10co + 10.47Cs + 6.28¢y
—concentrations in (%omass)

e Lower heating value (M)/kgg:y)

LHV4., = HHV — mI;QO cr * Alyap

LHVyer = HHV — (=52 cy + < e ;

¢ in  Yomass Ahyap = 2441[kJ/kg]

) * Ahyap



Typical heating value

substance humidity' composition HHV  LHV,,
name ID in [4] C H 0 N ) ash
Yawt Yowt Mlkg., Mlkgs,
municipal solid waste 1518 39 31.0 1.0 21.6 1.1 0.8 44.5 9.7 9.3
wet sewage sludge 2810 73 27.0 38 17.2 32 0.9 478 12.3 10.7
freshwater biomass 2319 84 54.6 6.7 234 6.7 0.4 8.2 249 233
fruit/vegetable waste 2811 7 46.5 6.1 38.5 0.7 0.5 1.7 19.2 17.8
cattle manure 1885 13 13.0 1.5 10.1 1.5 0.3 73.6 5.3 4.1
pig manure 1366 92 354 4.5 21.5 2.8 35.8 15.2 13.7
poultry manure 1872 4 359 5.0 274 1.6 0.8 274 15.7 14.2
sugarbeet 417 77 44.5 59 42.8 1.8 0.1 4.8 17.9 16.5
bagasse 894 10 48.6 59 42.8 0.2 24 19.2 17.9
grass 568 40 48.0 5.5 41.1 0.5 0.1 4.8 18.7 17.5
vine shoots 1253 46.9 59 44.2 0.8 2.2 18.4 17.1
straw 2129 14 47.7 5.9 41.0 0.7 0.2 4.5 19.1 17.7
wood own data 50 50.7 5.7 42.7 0.2 0.7 19.8 18.5
lignin 2000 75 62.1 59 311 0.2 0.1 0.6 253 240
rapeseed 2156 5 58.7 8.6 23.5 3.7 5.5 283 263

[4] Phyllis, database for biomass and waste. Energy research center of the Netherlands,

http://ecn.nl/phyllis.



Compared with other fuels

HHV [MJ/kg] LHV [MJ/kg] Energy Densities of Various Fuels
Hydrogen 141.8 121 Fuel Particle Density  Bulk Density  Energy Density
Methane 55.5 50 GJ/m” bulk
; ]-Lg;"mJ Ir.g;.lrmj product
Gasoline 47.3 44 .4 Coade o] -5 —_
: Coal 1350 700 21
Paraffin 46 41.5 Natural gas (80 bar) 57 29
Kerosene 46.2 43 B 450 230
Bio=nil 1200 20
Diesel 44.8 43.4 Gasoline 760 35
Methanol T84 19
Coal (Anthracite) 27 Source: Higgman
Coal (Lignite) 15
Wood (MAF) 21.7 Wiki
Proximate Analysis Ultimate Analysis HHV
[% by wt dry basis] [% by wt dry basis] [MJ/kg,,]
FC VM ASH C H O N
Coal - 8 Anth | 84.59 7.09 8.32 83.67 3.56 2.84 0.55 1.05 32.856
Woodchips | 235 764 | 01 J( 481 ) 599 ( 4574 ) 0.08 o |(19.916)
Eucalyptus 21.3 75.35 3.35 46.04 5.82 44.49 0.3 18.64
Wheat straw 23.5 63 13.5 45.5 5.1 34.1 1.8 — 17
Miscanthus 12.4 87.2 04 |\ - J - U - — — L 19.297 !

Parikh 2005



Compared to other resources

Natural gas | Wood Gasoline Diesel
kg/m3 700 240 800 800
LHV M]/kg 50 17.8 44.4 43.4
GJ/Nm3 0.0359 5.3-9.6 35.5 34.7
CO2 g CO2/M| 49.3 0 67 72
1.4-1.8
supply eq (production)
cO? g CO2/M| 1.6 0.19 (20 MW) 16.7 13.4
-1.1(320 MW
1.6 - 2.9
g CO2/M| 60.9 1.6-2.9 83.7 85.4
19% - 20% 1 6%
Cost cts/kWh 10 3-75 18.6 19.2
industry cts/kWh 3.4

- (Gl



(il Torrefaction : Increase the energy density/reduce the humidity

Biomass
CHXOyNZ

Permanent gases - hygroscop|C|ty

CO,, CO... 1 microbial activity

Condensable gases ) .-
H,0, C,H,0, "M grindability

200-300 °C » Solid "M energy density
CH.O.N S
l ignition times

T Ten =25°C =25°C
|1§11 W @—}Q 270 kKW
—ano 724 kKW
[ Tooe 80 0.8 ky/
1,54 kgls 1,11 kg/s gls
‘[ Dryer _[Torrefaction%
Powjn = 0,95 ‘[ Pomou = 0,10 T o500 LHV. 0= 22 MJ/kg
LHVegoo= 18,7 MIkg_L_ T, =200°C o= 0.31 kgls T water
. QI792kW QI 1212 kW
1682 kW a [ }
air —| Combustion —
84 k
9,61 kg/s 117 kKW o 0.84 kg/s o
Tan,comb=450°CT T,2g=1300°C T,,=25°C
Q A

Source. Peduzzi 155 kW 0.53 kg/s



Energy density

Figure 5: Comparison of bulk density and energy density

of different biomass feedstocks

35 7 mm Coal (anthracite)
304 | Black liquor
E @ Pyrolysis oil
25
= @ Torrefied wood pellets
>
T 20+ o @ Wood pellets
g 15 e 4 Solid wood
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3 10 - 4
s L 2 B Sawdust
Ll

5 A @ Straw (baled)

0 ‘ | | | | | | | A Organic waste
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Source: IEA analysis based on DENA, 2011; FNR, 2011a; IEA Bioenergy, 2011
Table 6 in Appendix I.

; Kankkunen and Miikkulainen, 2003. For detailed data see

Source: IEA Technology Roadmape Bioenergy for Heat and Power, 2012.



Thermochemical biomass conversion

Process principles: gasification vs. pyrolysis

A

Increasing

Oxidation (/.>1)

Oxidation

Complete oxidation of the product gases from pyrolysis and gasification,

Gasification (0</<1)

Gasification of solid char

Pyrolysis (/.=0)
Beginning of Decomposition Peak of Decomposition
thermal reactions get hydrocarbon reactions fade
breakdown faster and formation away. Mainly
Formation of more violent, through viscous tars
tars, CO, CO2 thermal are produced.
and condensablel breakdown,
vVapours.
Drying
Free, unbound Cell-bound
water is water IS
forced out forced out.
/4
l T T l T | — >
0 100 200 300 400 500 800 C



Combustion

K AOWW SLACE WLOTE
thawn 400.000 years

1er law efficiency : 92% (LHV)
2nd law efficiency : 16% ( T = 60°C)
Applications toda Y
Dowmestic heating
District heating
Heat networks




Biomass Combustion — Domestic Heating

Wood pellet

Space heating and domestic
hot water supply with pellet

@ Once or twice a year the
pellets are delivered by a
silo tanker. A loaded storage
room of 4.5 m?is enough to
keep a single-family house
warm for one year.

heating system

S

O

Storage
room

@ The pellets are carried
from the storage room to
the boiler by a fully
automatic pellet feed.

Wood pellets
2-5cm (0.8-2in.] in length,

diameter 0.6 cm (0.24 in.)

Pellet
boiler

Aaanaaaaaaaly

@After the burning process
all that's left is ash - with a
weight of only 0.5 per cent of
the original pellet. The ash
can be disposed of with the
domestic waste.

Domestic
hot water

Space
heating

If the pellet boiler is
interconnected with a buffer
storage, emissions can be
reduced and efficiency
increased. o0

Renewable

www.unendlich-viel-energie.de

http.//www.unendlich-viel-energie.de/




Biomass CHP — Steam Cycle

Biomass Combined Heat and Power (CHP) Station g

Viith a consumption of 40,000 tornes wacd or other biomass, a 6 MW dass The annual °f"s M‘;d‘"‘ compared to the
combined heat and power (CHP) station generates around 30 million kilowatt-hours combusaton of foas:l fuels is around 40,000 tonnes,
electricity and 80 milion kilowatt-hours heat anrually. In panciple, such a power station =

functions like a coal-fired power station.

| Heat exchanger

The hot combustion

gases heat the

| feedwater and this

produces high-
pressure steam

Combustion
| chamber with

gratebumer
! =

Storage for biomass v
(e.9. wood chips)

Electricity
anrwolly around
30 milllon kilowatt houes

Heat

annually ssound 50 milion kfowatt
hours, 8,9, can be used as district
heatng

lwu wr
Ervoversars
Everginn

http.//www.unendlich-viel-energie.de/



il Combined heat and power

e BIGCC Biomass Integrated gasification
combined cycle

Wiood chips 4 Gas at high
Ressource . Dryer Gasifier ¢ pressure and
RELT temperature
18.3 MW R :::'::"'_) — High pressure air
gnp Varnamo (SE) - 6 MWe (32%) /9 MWth plant
<
+— —»
Flue \L !
Generator Tt
-l
Steam generator .

Generator M, || EIEg [l e
Electricity : A
6. MW Air
intake
Heat
9. MW

District heating
www-tec.open.ac.uk/ eeru/t265/update/image17.gif

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(Wil Cogeneration : ORC

Conversion of heat into electricity
1o

T medium E:ncamot-m-LHV-(l—T )
gases

O Carnot eff : 50% 7 Toises = Touses
I In(Tadd ) — In(Tgtack)

O Applications

Biogas engine

O Geothermal energy

30000



(({il ORC Cycle with biomass

Turbine

Themal ail cycle

{Gd?r?;ﬁlmn::upled] 1 Mwe

Turboden ORC

Thermal oil ECO

6 M W Biomass Regenerator

Silican ol
pump

District

Combusiion
air pre-neater

Fluz gas

Economiser

4.4 MW@80°C

I Combusticn
air

radiation and
heat losses 8%

thesrmal ail ECO hiot water ECO

. _ thiermal
biomass primary combustion air output 75%

energy input (NCV pre-heater
= 100%

elactricity output
15%

thermal oil boiler

ORC-process ~ heat ang
alectricity losses

ORC 2 "%

Figure 4. Energy balance of the biomass CHP plant in

*
LIEHE International Nordic Bioenergy 2003 conference
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Biomass to services

Rendements

Rendements [% du PCI]

Technologie électrique chaleur Remarques/Source

Co-combustion

Chaudiere pellets -1 80 maison individuelle (systeme complet)
-1 90 Hoval AG

Chaudiere copeaux -1 90 chaleur a distance

Cycle vapeur 26 67 Projet Aubrugg, ZH

- turbine a condensation 20 30 petite échelle (Durena AG)
28 40 grande échelle (Durena AG)

- turbine a contre-pression 15 70 petite échelle (Durena AG)

ORC 16 72 Turboden

Emissions compared to Natural gas

Nox X 2.5
Particulates x 25

(gl



Thermochemical routes

Biomass conversion

(" ~
( ) ( ) 4 ) ( \\
Solid biomass (CombustiorD ( Heat ) et fELTE

(wood, straw) \ g
) R / J
" Ga5|f|cat|on producer gas ~
Wet biomass\ \ \~ ..
(organic waste, |”] C Pyrolysns C Ny )g - | Electricity
manure) ) y
Sugar and Bio- . X
starch plants Qnethanatmr) ( Biogas ) Transportation
sugar beet, cereals fuels
Ethanol
Bioethanol
fermentation
Oil crops _
(rapeseed, Gtrad'on an3 C Biodiesel ) Chemicals
L sunflower) astarification lodiese :
\_ . J J J

adapted from Chemical Engineering 10 (2006)

(|

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Gasification

CH, ;0,¢; + H,0-> CO+1.08H, (AH=101 kJ/mol (700-900°c, 1 atm))

wood steam syngas
(gasifying agent)

Heating and drying Pyrolysis Gas-solid reactsons Gas-phase reactions
................. prmmannnnany
H;() ) T.'r-]»l(il\‘ gases: ; ‘ cO :
A Heat CO, COy, Hy, HO : WO « %O, !
0 light hydrocarbons, tar (;()'\"‘\‘ . —:—__J-" T
T\ ! 4 ;
PR . : ,?/ : \-, L OO+ H0 9 CO, - H,
AT A \ N : [ Chac ")
| / \ — . ' J " .
/ ! A\ ' J ' h\ CO+ ;'1.‘ > CH‘ * }‘;()
| .-"‘.. / _'.. ‘{ |' "/- -\|' l| : ". \_v:‘-_ /\ H :
AV N \ L N ¢ s I A P
. K v vl - : L CH, !

i Endothermic | Exothermic
Porasity increases ! reactions | reactions

Thermal front
penctrates particle

v'Able to convert lignocellulosic biomass
v'Various final products, including drop in fuels

[XIRemaining R&D issues
XISuitable only for medium to large scale applications

References: MIT open courseware:William H. Green Sustainable Energy November 16, 2010
Capucine Dupont, LTB CEA Grenoble

www.springvale.biz/course%20notes/week11%20Biomass%20wood%20combustion1/week11.htm



Gazogene

Gasification & Fuel

GENERATEUR IMBERT A GAZ DEROIS &

SCHEMA DE FONCTIONNEMENT

Réfrigérant de gaz

P DR |
|

- Chemise

Ve # aven S L e et
-

- Pidce de foyer

i s Nibeort 4 on
Recipient Purificateur
(Premuer Epurateur) (Deuxieme Epurateur)



Different gasifiers

Updraft Gasifier Downdraft Gasifier Circulating Fluidised Bed Gasifier
¢ Biomass In I Biomass In
1/
, !
-— >  Gas Out | |’,
; /
1 Pyrolysis A '/‘l\
Reduction 900° C : \
I 77\
Combustion ~Th I |
i] =®  Ceye sEsm=== <€ —--: Airln *
\; T 7 e : ™
1|10|0°IC ! ; i Throat -1y '
y /
’\__ AIIII S — ,-\V
Combl.llstion 4R‘eyuction SoiC 4 A Biomass *
b M|
= —— ‘ ' '

References: MIT open courseware:William H. Green Sustainable Energy November 16, 2010
Capucine Dupont, LTB CEA Grenoble

28
www.springvale.biz rse%20notes/week11%20Biomass%20w %2 m tion1/week11.htm



Types of gasifiers
Comparing operating conditions

FICFB Entrained Flow

Fast Internally Circulating Fluidised Bed 1 Syngas Biomass
Flue gas I > Steam \J‘/ Oxygen
4 ’ )
/ Combustor Gasifier ,
Biomass s .
\_ -
Slag v—» Syngas
Temperature 800-1000 °C 1200-1500 °C
Pressure 1-4 bar 30-80 bar
Gas residence time 10s seconds
Solid residence time several minutes seconds
Particle size 50-150 mm? <0.1 mm
Gasification agent steam steam/O»

E. Peduzzi : PhD Thesis EPFL, 2015



Viking gasifiers

Syngas

Condensates

Wood l

Volatiles

500 -
600°C

Pyrolysis

90°C

-

Particles l

Wl

Partial oxidation

700-800°C

Gasification

Ash/char



Cogeneration : Gasification

CoMPOSANTS
100 kW
10
| (55 200 kw
Légende : MENAG MANAGEMENT SA
1. Réacteur 6. Echangeur de chaleur 11. Cyclone AT &
irection: G. Lagier
2. Chargement du bois 7. Colonnes de lavages 12. Cuve de floculation En Budron A12
3. Evacuation des cendres 8. Filtrations 13. Décanteur 1052 Le Mont-sur-Lausanne
4. Ventilateur 9. Moteur & gaz et génératrice 14 . Aéro-refroidisseur Tél. +41 (0)21 651 69 69
5. Circuit de chauffage 10. Catalyseur



Energy flow diagrams of optimisation scenarios

Hot gas cleaning and gas turbine

— Material T=650K |Candle
streams - Burner P =p
--- Thermal filter et
streams <>
1076 K< T<1134K air—I Q-"
Gas;ﬁer flue gases
cyclone E
condensate O
Air | 4
air, O, orsteam | Dryer |
(compressed) feed water —, /2R |
wood J U steam

Hot Gas Cleaning (pros and cons)
+ no tar condensation (= only particulates)
- Limited application
- only gas turbine closed-coupled to gasifier
- not feasible with IC engine
- not possible to export syngas from site

- Cleaning technology not as established as CGC

Thesis : David Brown,
2007

Cold gas cleaning and IC engine

— Material water

T=313K
ir
sweams | 1o 423K Bag Wet | P=1bar

air, O, or steam
(atmospheric or

compressed)
wood —I

—__, Thermal house — air
streams - | filter Scrubber
| IC _@

1076 K< T< 1134 K

engine | ~
Cattzlytlc Effluent l
r
treatment L
cracker >
1 pond
Gasifier flue gases

waste water

& -~ !
cyclone v
1 condensate [ \
_ _/
Air | ___

Dryer

feed water — /I\ ‘

Cold Gas Cleaning (pros and cons)

- tar condensation (= tar disposal & equipment
fouling concerns)

+ Flexibility
+ possible to export, or to further process
syngas —e.g. SNG)
+ also feasible with gas turbine
+ Relatively mature cleaning technologies

32



Reactor (n. iterations)

O, gasification (15000)

Air gasification (15000)

H,0 gasification (15000)

Units Max eff. Min cost Max eff. Min cost Max eff. Min cost
Invest. Costs k€ 29717 19129 32939 17122 26335 14339
Exergy eff. - 0.32 0.13 0.33 0.10 0.34 0.19
Electric eff. - 0.41 0.17 0.43 0.13 0.43 0.24
Cold gas eff. - 0.63 0.28 0.65 0.27 0.78 0.81
Power kWe 8269 3303 8534 2690 8685 4786
Specific cost k€/kWe  3.59 5.79 3.86 6.37 3.03 3.00
Comp. curve - Not shown Not shown Fig. 5 left Fig. 6 right Not shown  Not shown
m.c wood - 0.25 0.06 0.23 0.06 0.03 0.03
ER / SBR - 0.25 0.25 0.25 0.25 0.34 0.33
P gasifier bar 6.40 16.50 2.5 8.65 3.7 11.85
T gasifier K 1123.5 1077.5 1134 1076 1119 1114
T inlet K 753 737 611 591.5 753 749.5
Top. Cycle - ICE GT ICE GT ICE GT

Thesis : David Brown,

2007



T(K)

Gas turbine integration

Gas engine integration

1300 ! - ! - - - 1300 . . . . . .
Process streams Process streams
1200 Steam network 1200 b : S S Steam network -
Mech power : Mech power ...........
1100 ; 1100 b S S S S J
1000 1000 : 1N S S S S 4
f o
900 900 | N e ef ......... 40,{, ........................ J
800 __ 800 S N N S 4
700 = 700 R S S 4
600 600 ............................................. -
500 500 ............................................. 4
400 400 USRI SO SO O SO -
300 i 300 : ................................... / ................... i
-2000 0 2000 4000 6000 8000 10000 12000 140C -12000 -10000 -8000 -6000 -4000 -2000 0 2000

Q(kW)

140

Generation Costs [Euro/MVvhe]

02-GT

02-ICE AR-GT AIR-ICE H20-GT H20-ICE
Oxidant & Topping cycle

B Raw materials & Operators
@ Maintenance & Depreciation

Q(kW)
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Biomass to services

Rendements
Rendements [% du PCI]

Technologie électrique chaleur Remarques/Source

Co-combustion

Chaudiere pellets -1 80 maison individuelle (systeme complet)
-1 90 Hoval AG

Chaudiere copeaux -1 90 chaleur a distance

Cycle vapeur 26 67 Projet Aubrugg, ZH

- turbine a condensation 20 30 petite échelle (Durena AG)
28 40 grande échelle (Durena AG)

- turbine a contre-pression 15 70 petite échelle (Durena AG)

ORC 16 72 Turboden

Gazéification

& moteur 25 55 Giissing

& moteur, ORC 34 36 pilote Repotec

& cycle combiné 32 51 demo, Stahl (1999)

& cycle combiné 43 0 potentiel, Brown et al. (2009)

Emissions compared to Natural gas
NoX X 2.5
Particulates x 25

(gl



Pulverised Coal with flue gases treatment

Co-Combustion in Coal power plants

Boiler
_ 250 -320 bar : 700°C
Gas treatment Coal [ |_ Super-critical steam turbine
S(1%) = + Bloma:i,g_I _L;L
Ash (3%) || | l_ .
il — oy
i == I
I i | -- L] . W |
i) 3 —] - (=]
i' ".'- :E...!_ 1
'y J--"q'--—| Ne = 42 — 47%
|:.. ¥ - 1
- .| l—— .
\ .: L L
'.9 '_l._.|r.|

- - o Steam cycle preheating



Examples of supercritical plants

Table 3.4 Thermodynamic main parameters of supercritical plants in Denmark

Designation Unit Studstrup Unit 3  Fynsverket Unit 7  Esbjerg Unit Amager Unit Avedere Unit
& 4 3 3 1

Net output MW 350 390 377 250 250

Main steam pressure  Bar 250 250 250 245 245

Main steam °C 540 540 560 545 545
temperature

Reheat temperature ~ °C 540 540 560 545 545

Feedwater °C 260 280 275 275 275
temperature

Condenser pressure  mbar 27 27 23 37 37

Stack temperature °C 125 122 105 110 110

Net efficiency % 42 43.5 45 42 42

Commissioning year - 1984/85 1991 1992 1989 1990




Systeme hybride pile a combustible

francois.marechal@epfl.ch ©Industrial Process and Energy Systems Engineering- IPESE-IGM-STI-EPFL 2013

Fuel cell Gas turbine

-

— — 80‘7
CHI

Nd

Fuel processing

26.3 KWhy

CH4 —,
Bio CH4 | feactor )1

e} R "i':; —C02 to recycling ?
—>Elec 80-82% 21 kWe

100% @ O —sheal 18-16% 5.3 KWih

Facchinetti, M, Daniel Favrat, and Francois Marechal.

PI’OCGSS |nteg ratIOﬂ “Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine

with CO2 Separation.” PCT/IB2010/052558, 2011.

' |=Hot Streams
1200 |—Cold streams

2.2 KWth/kWel

Specific Heat Load [kWth /kWel]

Fig. 7 HCox composite curves of optimal solution with z = 3 and max
TIT=1,573 K.

Facchinetti, Emanuele, Daniel Favrat, and Francois Marechal. Fuel Cells,no.0 (2011): 1-8. -w \‘
\
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Table 1 — Summary of recent literature on biomass integrated gasification SOFC systems. Fixed: fixed bed gasifier; FB:

Fluidized bed; GT: gas turbine (hybrid); ST: steam cycle (combined).

Reference [9] [10] [11] [12] [13] [14] [15] [16]

Scale 100 kW 10.1 MW 250 kW 170 kW 200 kW 140 kW 1MW 30 MW

Fuel composition mass fraction dry basis

C (%) 49.3 55.5 [17] 51.2 n.a. 51.2 40 50

H (%) 5.9 5.55 6.1 n.a. 6.1 5.35 6.12

N (%) 0.6 - 0.76 n.a. 0.76 0.62 0.55

O (%) 44 38.9 39.3 n.a. 39.3 445 42.5

S (%) 0.02 = 0.09 n.a. 0.09 0.15 0.06

Cl (%) 0.162 - - n.a. - - -

Ash (%) - — 2.6 n.a. 2.6 9.41 0.8

Moisture (%ar) 12 10 10 n.a. 10 10 25.2

Equip. specs

Type gasifier Fixed n.a. Viking FB FB FB FB Circ. FB [18]

Oxidizing agent Air Cathode air Air Steam Air Steam Steam Air

Gasifier temp (K) 1073 1573 = 1073 1173 1073 1223 1223

Min. gas cleaning 873 817 573 723 573 343 973 n.a.

temp. (K)

TAR reformer Yes Yes No Yes No Yes No Yes

Type SOFC Ni/GDC n.a. Risg [19] n.a. Planar Ni/YSZ n.a. n.a.
LSM int. ref. LSM/YSZ

SOFC outlet temp. (K) 1273 1268 1073 1173 1223 1173 1073 1223

Current density (A cm?) 0.25 n.a. 0.3 0.3 n.a. 0.25 0.37 0.25

Fuel utilization (%) 85 80 85 85 n.a. 70 85 80

SOFC recirculation Anode, n.a. Anode, — — — — Anode,
cathode cathode cathode

Auxiliary Micro-GT GT GT (n 75%) - = — ST (n 75%) GT (n 91%)

Turbine inlet temp. (K) 1273 1473 1173 - - - - 1393

Maximum pressure (MPa) 0.7 n.a. 0.25 0.1013 0.1013 0.3 0.5 0.8

Heat exchangers 7 2 6 3 2 3 6 5

Max. eff. LHV (%) 54 42 50 34 23 36 64.4 50

Morandin, Matteo, Fran¢ois Maréchal, and Stefano Giacomini. “Synthesis and Thermo-economic Design Optimization of
wood-gasifier-SOFC Systems for Small Scale Applications.” Biomass and Bioenergy 49 (2013): 299-314.



Total Costs (M$)
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SOFC-Gasifiers

T [ e | i
Unit FICFB_NP_S VKG_S FICFB_NP_ M FICFB_P_M CFB_M
% 0.16 0.21 0.11 0.11 0.11

Steam to carbon ratio in the
reformers

Fuel cell Inlet temperature K 1026 1023 101 1011 1022

Steam excess ratio in the post
combustor

Energy efficiency [%] 64.5 68.7 65.6 67 71%
Specific Cost (electricity

Specific Cost (biomass input) [$/kWh th,BM] 0.63 0.71 0.21 0.20 0.19

- 1 1.08 1.12 1.86 1

- 0.30 0.26 0.27 0.23 0.32

- (Gl



Reduction of the technology cost

e SOFC element = 78 % of the total cost

Reducing the system cost as a function of the number of units.

. Specific Specific total
mmvestment cost cost [$/kWh el]
[$/kW el]
12000 0.4
0.35 SIC System
10000 specific
8000 0.3 investment cost
0.25
6000 ) ) ) 0.2 SOFC specific
cost
4000 0.15
0.1
2000 0.05
' ——TCE total cost
0 ) 0 related to
o Base 1{0d 1ihHD L0000 SO0 1 . .
Case SVE/yT EYVaE/ VT EVa/yT EVE/ VT e eCtrICIFy
production

Caliandro P, Tock L, Ensinas A, Marechal F. Thermo-economic optimization of a Solid Oxide Fuel Cell-Gas Turbine system fuelled with gasified lignocellulosic biomass.
Proceedings of ECOS 2013, Guilin, China, July 16-19,2013.
- (Gl



CO2 Capture

@ Post combustion T [C\l)g Py N G Pe n alty

Electricité . Séparation ; Stockage —_— I
Gaz naturel et chaleur e CO2 CO2 CO m P ression
?Air échappement P 2% (LHV)
Oxi combustion R
f1o THzO - Capture :
. Electricité . Séparation , Stockage -7
Gaz naturel et chaleur H,0 CO2 CO2 ¢ 4 7/) (LHV)
CO
fo. : - Total
) Séparation |
Air de l'air No EtQ ° 6 é 9% (LHV)
Electricité
hal 1
o e |nvestissement
Air
Pré busti Carburant
(G), Pré combustion Air/Os leo riche en Ho - + 30%
lVapeur Gaz de
synthese Séparation Stockage

—» Gazéification ——» WGS —» —

/ H2+ CO2 COZ
CO»

Reformage

Gaz naturel
TAir/Oz

L. Tock and F. Marechal, La capture de CO2 dans les centrales électrique, réduction des émissions de CO2 par CCS, Bulletin SEV/ASE, Nov. 2013 .(l)fl.



Physical model

¢ Superstructure of pre-combustion processes®
> Conceptual process design of fuel decarbonisation

o, .
CO ., emitte
N') H')Q 2 >
CO,nonseq
" mm——————————— ‘\ I’ ———— -.\ Q_
[ Membrane \‘ ' Steam i—m
—— - - l I i
i ! Steam N ! Processes ’ = Cycles 1 t
- ] B
Biomas : metha|_'|e : : :_'4 Tufbaiies : E-
| Reforming ] A —— ~ ! Chemical : g oW
I I : - WGS high T : I Absorption I : Fuel i
| CO,methane | 1 -WGS lowT | (amine, ammonia) : 9 cell I
I  Reforming 1 1 1 1 i S=—————— -
] hco /i i CO, | !
lesources | R i ] 1 - Adiabatic P2 Physical i
1 Raw material I Partial i { - Isothermal ; [ Absorption : o e ~ CO,%ed
(Coal ) H  ootetedl Natural 1 Oxidation ! N e _s ! (Selexol, Rectisol) CO, | seques- |
Biomass I Transport I (0, & air) : I AI* A tration p— -
Natural Vmmmm - s Gas ' : Water-gas ' : e /
92e) I Autotherm. 1 shift 1 Adsorption I
|  Reforming | ! PSA & TSA [
Air /O, \----T-T-—’ \\ ____________ _J
H,0 Syngas Production CO, removal
SMR : CH, + H,0 <2060, 0037, WGS: CO+ H,0< =Wl 0o pf, pecision
o S : f
POX: CH4 + % 02 Ah?=-36kJ / mol CcO + 2H2 ss Procestion ? Varlab'es
Profie " co,-,f,gura
units ?

6 Tock et al. IJHE 2012
|

17 May 2013 PhD Thesis L. TOCK s



Electricity production with CO2 capture

. CaSO4 o Cozstored
NO,, PM, Solid Zn0 i 110bar | NO,,
. . : Waste aste
CO, (biogenic, fossil) N COx » PM,
4 Wastewater (CO,)
[ Q
Boiler, steam Q.
, | _ hetwork & turbines ~ Gas |
Air C Combustion —— _turbine |
Q Q Acids Q Q Q Q Q
H,O(v) CO, .
T,,.: 1000-1200K
CH, y
cO ol Cold gas
l drying Torrefact.ion}% indirectly heated }4@ cleaning | WS
380MW,, g, Dr¥ing  Pyrolysis — Tgasification 1 Gas | |
’ (optional) cleaning
H,O Tyrg: 573-683K _
| FU: 1MJH2 S/C: 0.2-4 ' 371v[J/kgCO2 Upgr dlng
. e Tyrs: 423-573K Optional
. 16d, ] | H,0 :
| polygeneration
| Olivine CaCO, ALO;  MEA products
Transport CaCOgq4 Ni ZnO Ni| solvent
Charcoal catalyst RME/Water Catalyst
Oil (starting)

> Configurations (380MWy, gv)

Without/with CO, capture (compression to 110bar)

» H, process with E import or self-sufficient or E generation

17 May 2013

PhD Thesis

L. TOCK b



Context

¢ CO, separation technologies
> Chemical absorption /}\

T5.Ps M;
> Physical absorption
To.Po
> Physical adsorption ~
Gas Rich-
T.P. solvent . Qt
ean-
> Membrane processes -
. : |
\\'_,/ Reboiler
Absorber Desorber
. . . icaﬁon
operatind | Separ atlonlpl'jt"f Energy t? costs ?
conditions capacity ’ requirement ?
Proces$ Conditions Gas removed Thermal energy Mechanical work  CO; purity
[kWh/kgcoz] [kWh/kgcoz] [%mol]
Rectisol Taps=—10/-70°C CO2, NH3 0.025 0.038 <90%
pcoz >10 bar H,S, COS, HCN
Selexol pcoz =7-30 bar CO2, NH3 0.016-0.024 0.03-0.06
H,S, COS, HCN
MEA Taps = 40°C,1-5bar CO,,CS, 2.3 0.05-0.3 <99%
Taesory = 95— 120°C  H,S, SO,, COS  |(=0.48kWh,/kgco»

PSA-Flue gas Pg4s=1 bar CO, 0.16-0.18

28-34% CO,  Pgesorp=0.05-0.9 bar

PSA - syngas  Pg45=13-21 bar CO», >90%

_______________________________________________________________________________________________________________________________________________________________|
17 May 2013 PhD Thesis L. TOCK b



CO_ capture options comparison

¢ CO, capture energy and cost penalty

> Different process configurations
- Natural gas fed processes 90% CO, capture, biomass 60% capture

"0 € Pre-comb BM
¢BM TEA
= Pre-comb ATR
60 .
( SlEEs ) A Pre-comb SMR
) > *BM selexol O Post-comb
O
5 30 ATR Rectisol /ATRBBA
© ost-comb. MEA o ¥ LR_?EXO'
20
Post-comb. C
10
GCC
0 | | | |

Energy Efficiency [%]

> Competition between post- and pre-combustion

Economic scenario base: 9.7$/GJ,., 7500h/y, 25y, 6%ir

17 May 2013 PhD Thesis L. TOCK b



e ——
CO_ capture options comparison

¢ CO, capture environmental performance
o IPCC 07: Global warming potential (ru=1ce)

18 I Natural gas
. n [ Transport of materials
16 | I CO: fossil non captured
[ ] Transport of wood

[ Empty lorries

[ Charcoal for sorbalit
| [ RME

[ CO2 sequestrated

| C_—_JRemaining processes

14

-
N

> Major contributions
» Resource extraction

 Uncaptured CO,

GWP ~
by CO, capture

Impact [kgcozeq/GJe]

> Biomass fed process

* Benefit of capturing

ONGCC Postcomb  ATR ATR SMR |8V Bl biogenic CO, !
noCC MEA CAP TEA Selexol TEA TEA  Selexo

17 May 2013 PhD Thesis L. TOCK b



COz capture options comparison

¢ CO, capture cost penalty

70 -
O Maintenance
60 - B Resources
B Annual Inv.
50 -

> Resource purchase
e up to 80% of COE

Prod. costbuild up [$/GJe]

> Competitiveness

* Carbon tax
 Economic conditions

Economic scenario base: 9.7$/GJ,., 7500h/y, 25y, 6%ir

17 May 2013 PhD Thesis L. TOCK s



Decision-making

& Economic competitiveness of process configurations
> Influenced by economic conditions

CO:
200 o ® Pre—comb. +Post-comb,. >Pre-comp,. . Capture %]
- * . - BM Selexol - MEA ATR Selexol : 96
S , 2
50 | 5 . ; 5 5 5 88
5 iy BEGe 0 Ble > Strategy for
O | | : Pleor | ] -
3 sl e S S S o o | 1% supporting
. o . . . . . . L 4 64 = om .
8 TN ' ' | ‘ b 6o decision-making?
AN I : : : : 156
O 40+ ........ "'.:.’.“ ........ ............ ﬁ ......... Etot57.5.0/0....‘ - 152
O ; e base CO, capt. 10% [ 48
£ ; z z 5 M % S [ 140
= g0 o S o e ; 36
w z z r 5 , z 5 32
O » | . high Promsy. - 24
200 gt 5$/GJ?85;/E%850/ """ e W
' : . ' 558/tco : 2 MM : f 12
| | 5 5 | | | 8
10 i i i i i i j 4
25 30 35 40 45 S0 55 60 low:14.28/GJ.., 20$/t ., 4500h/y, 15y, 4%ir
Energy efficiency [%] base: 9.7$/GJ ., 358/t-,, 7500h/y, 25y, 6%ir

high: 5.58/Gl 558/t 8200h/y. 30v. 8%ir
17 May 2013 PhD Thesis L. TOCK i



Decision-makin

& Most economically competitive process configurations

> CO, capture penalty
System NGCC | Post-comb| ATR BM e F icienc N 6-70 %_ fs
Performance no CC MEA | Selexol | Selexol (?;z con{llpression ~2l?%-pt5 )
Feed [MW,,] 559 582 725 | 380 e COE A: 20-25%
CO, capture [%] 0 82.9 78.6 | 69.9
£1oc %] 5875 | 506 5.4 | > Best performing process
Net electricity [MW.] 328 295 383 | 135 e Efficiency: Nat gas. pre-comb.
Kdcos 1o/ Gle] 05 39 | 222 * Economic: Nat gas. post-comb.
COE incl. tax[$/GJ_] 18.2-28.8 12.842 | 1560 * : Biomass pre-comb.
Avoid. Costs incl. tax [S/
02 avoided! - -63-121 | -49-127 | 0-253

> Competition between processes
and objectives!

17 May 2013 PhD Thesis L. TOCK b



Thermochemical biomass conversion

Principle of conventional thermochemical routes

Thermochemical biomass to fuel reforming proceeds typically

in two (or more) reaction steps:

lo

intermediate

synthesis

biomass biomass product

——>| decomposition —
rather high T rather low T
(200-1200°C) (200-400°C)

non-condensable/
condensable
substances
(Ha, CO, CO,, H>0,
CHa, C4H,,
char, tars)

m gasification

m pyrolysis

fuel

methanation
FT synthesis
DME synthesis

CH -
m et h a n O | FEDERALE DE LAUSANNE
synthesis o



Block flow superstructure

Conventional route (gasification & methanation): decomposition

H,0 " + H,0
2 (V)T lQ lQ Tvolatiles 2 (V)L _lQ+
_____ - /(_ — — : ——

. -~
lr N) e ~ ; | l— — )
I I Indirectly heated, I Cold gas cleaning
Air drying | | Torrefaction steam-blown | (cyclone filter, |
| I : | gasification I | scrubber, guard beoy| producer gas
Wood | \— _J NG S | \— _J I \— (to synthesis)
—_— | — P = | — | —
'@ ) (" N (A I .
| ; : Directly heated, | Hot gas cleaning |
I| Steam drying | :| Pyrolysis I steam/oxygen- I I (cyclone, filter, 1
| : I| blown gasification || catalytic treatment)
(\\. ) A _ \. ) \. )|
Dryin_g - Thermalpretreatment GasifEatia 1 Gas cle_anizg o l

residuals and condensates

O, from electrolysis

O,-import or cryogenic

production on-site .(Pﬂ-

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

0__ mo
CHy 350065 + 0.3475H,0 27 =102/ molweod § 51 105CH, + 0.48875C0, [
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Block flow superstructure

Conventional route (gasification & methanation): synthesis

: SNG
Compression —
SNG
treatment T
_____ =~
H,0() T Q s N
/______\ 1| Physical absorption |
o e e - e—— -~
| e ) ): (-~ ~) Il (Selexol wash) I
Physical absorption {,:
|: i H \ _J
| (selexol wash) E I| Stepwise flxed bed I I I
I: || methanation Ve ~
producergas |\ e L J| - |
(fromgas __ Water-gas shift — . |§ | | — | Pressure:‘ swing |
cleaning) : i T | absorption
: || Pressure swing Internally cooled |l \ P
© Stoichiometry adjustment | absorption I I| fluidised bed | | |
3 \\§ ) I| methanation I )
e E \\- | Polymeric |
1 COy-removal ;T - I
ettt ettt et et e aea et ettt et et et reat et e e et et et 3 Methane synthesis ¢ membranes |
Synthesis preparation l g \\ )
condensates ~ e — — — -
CO, and condensates SNG
< - - .
togasificaton O I wporading Y
H00) . E : : - o,
2 L Electrolysis : Compression P —

.......................................................................

CO, treatment
2 I (L

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

0__ mo
CHy 350065 + 0.3475H,0 27 =102/ molweod § 51 105CH, + 0.48875C0, [
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Gasification unit models

Problem set-up

Gasification modelling

problem:
m 8 bulk species:
CHg, CO, CO», H»y, H>0, food |
No, CoHg, C(s) Oooooir
800:900°C |0 0 % 0| rroms
m 4 atomic mass balances @_DOOOOOG;M”

= 4 model equations required

ECOLE POLYTECHN

1QUE

FEDERALE DE LAUSANNE

o

32/87



Gasification unit models

Model equations

m 3 adjusted equilibrium equations

N\

Kp,i = Kp,i(Tg + AT;)

where: T,  gasification temperature
AT; artificial temperature difference

m constant ratio between CH4 and higher hydrocarbons

pPc2H4 = Kp * PCH4

ARY
hydrogenating gasification  C(s) + 2Hy = CHy -75 kJ/mol
Boudouard equilibrium C(s) + CO, = 2CO 173 kJ/mol
water-gas shift CO 4+ H,O = CO2 + Hy  -41 kJ/mol

ECOLE POLYTECHN

IQUE

FEDERALE DE LAUSANNE

o
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Model reconciliation

Gas composition (%vol) & model constants

Process FICFB Viking

Reactor gasification pyrolysis gasification
State wet dry wet wet dry
CHgy 8.8 /9.0 - /9.3 - / 35.7 - /1.2 1.2 /1.2
CcO 29.4 /28.0 -/ 28.9 -/ 3.0 -/ 183 19.6 / 19.0
CO> 16.2 /153 -/159 - /332 -/142 154 /147
H> 37.3 /395 -/41.0 -/ 49 - /304 305/314
H,O 3.6 /35 -/ - -/ 23.0 -/ 3.2 -/ -

N> 29 /29 -/ 3.0 - /0.2 - /327 33.3 /337
CoHy 1.8 /1.8 -/ 19 -/ - -/ - -/ -

measures (Rauch, R. (2004), Goebel, B. et al. (2004)) / calculation

= accurate reproduction of gas composition & heat demand

Process FICFB Viking

Reactor gasification  pyrolysis  gasification

ATy -289°C

ATpg -

AT, +12°C )
reconciled model constants 5

36 /87



Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?

lo* (80-250°C) lo* (800-900°C) TQ’ (300-400°C)
Wood . . . Methane raw SNG
—| Drying —| Gasification [—-|Gas clean-up [— . —
s - synthesis
H20(V)1 H,0()/0, fes‘dua'sa”dl H,0() HZO(I)l
condensates
1200
1100 gasification
1000 f
| M ER Of CrUde prOd uction 900 ¢ gas cooling
800
£ 700}
'—
600 - : methanation _
500 i )
t Steam re .(l {l-
400 F steam prep. . prep. 4 ECOLE POLYTECHNIQUE
dry|ng FEDERALE DE LAUSANNE
300 i . m
200 1 1 1 1 1
0 50 100 150 200 250 300
Q (kw)
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?

TQ' (> 400°C)

L, | catalytic fumes/
. —_—
T combustion 0]
fumes

{

i,
depleted streams
lo* (80-250°C) lo* (800-900°C) TQ’ (300-400°C) (CO, CHy, Hy,..)
| |
Wood Drying —| Gasification Gas clean-up |— Methan.e — [ . -
s - synthesis upgrading
H20(V)1 H,0()/0, ﬁiﬁ':;gjl H,0(v) HZO(I)l
1200
. 1100 gasification
m MER of crude production o0 |
“l: . 900 gas cooling
m hot utility: combustion w0 |
. £ 700
m fuel choice? N ration |
B waste streams 200 ] )
] . 400 | steam prep. T steam prep. | 5@!“6&
m intermediate products wl S |
200 : ' : : : m
0 50 100 150 200 250 300
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER (while by-producing pure CO,)?

TQ‘ (> 400°C)

> | catalytic _, fumes/
H,0() . |2 combustion | €O, To sequestration
fumes = —| Electrolysis | |,

air
—_
depleted streams
lo* (80-250°C) lo* (800-900°C) TQ’ (300-400°C) (€O, CHy Hy, )
| |
Wood . . : > | Methane SNG SNG
—| Drying —| Gasification Gas clean-up |— : — . —>
synthesis upgrading
HZO(V)l H,0(v)/0, fes‘dua'sa”dl H,0(v) HZO(I)l
condensates

120 T ; ; T
o 241 stage, O2—combustion °
1101 A 341 stage, O2—combustion 1
3+1 stage, direct capture full symbols: 180 EUR/MWhel } |
R ° transparent s.: 40 EUR/MWhel
90 A

m MER of crude production

o]
(=]
T

~
o
T

m hot utility: combustion

o}
=)
T

b

w1
o
T T

N
=)

m fuel choice?
m perspective: CCS at < 15 €/t

CO2 capture cost [EUR/ton]
w
o

N
o
T

.
o
T

o

L L 1 L 1 L L
10 15 20 25 30 35 40 45
carbon capture ratio [%)]

o
15,

L (il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

o
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Flowsheet generation (2)

Energy-integration model

Integrating heat recovery technologies in the superstructure

SNG
Compression —
H,0(v) SNG
Q lQ Treatment
o —— c——¥— — = r— - - - =
~ ~MH,0v) o ~N D
[ Iz—bl- Indirectly heated, | Q iy . —\I
|| Flue gas drying air 1] Steam blown H,0(v) Physical absorption
| "5 gasification | L = =
Wood I\ ) . L% A, Cold gas clean-up Internally cooled, | (Pressure swin 3
- [ —| (filter, scrubber, — | fluidised bed - d fi g
d ! - ! guard beds) reactor (ACSQIBAST _
I | | Dlrectly heated, | = S|
I Steam drying l oxygen I?Iown Gas Clean-Up 't Methane Synthesis I Polymeric
| gasification ] membranes |
L\ j N ~ residuals and condensates condensates  \*= :
—_— — — — — —— e ——® e — ——
Drying Gasification| C0O;-
05 D 0, 02| H, Removal
|, oo SN i : g ................ o
Air lon transfer ) —: Electrolysis i Compressmn g—)—z
membranes ____________ Import/Export LR e ——— ;
Air Separation Hydrogen Production C02 Treatment

L (il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

o
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Flowsheet generation (2)

Energy-integration model

Integrating heat recovery technologies in the superstructure

SNG
Compression —
SNG
Q Q Q Utility and heat recovery system Treatment
T S ——— c— 1 — r—- - - — -
r B\ ~N )
[ Iz—bl— Indirectly heated, | Q |Q iy . —\I
|| Flue gas drying air 1] Steam blown H,0(v) I Physical absorption
| "5 gasification | L = =
Woodl\L A N\ ) Cold gas clean-up Internally cooled, l(Pressure swing |
— —| — | (filter, scrubber, | —=| fluidised bed — | At
é Rl ; ~I uard beds) —— _adsorption ol
| - ( Directly heated, I 9 = =
| Steam drying J | ;’:Zgii';t?;zwn , Gas Clean-Up ‘t Methane Synthesis Pmoem"lnt])ergrfes ,
\\g ~ . j residuals and condensates condensates  \~= -
—_— — — — — — — e ——t T et — —— —
Drying Gasification| C0O;- l
05 0, 02| H, Removal
) E ................................... H O(l) E" . ': E" ‘ '. CO
Al» onitian-te 2" > Electrolysis : Compression g—)—z
membranes ............ Import/Export LU : L SRS U— '
Air Separation Hydrogen Production CO,, Treatment

L (il
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Flowsheet generation (2)

Energy-integration model

MILP resolution: ... to an integrated solution

1200 T T T T T T
' ‘ N\

1100 P~ ‘Process and combustion |
--=--==-= Steam cycle
seeenies - Mech. power

1000
e S H e B

.
~
A B
o .
SE OO [ g N
\~~‘
S : :
~

500 i

400

300

200 R O

0 50 100 150 200 250 300 350 DAL B CAUSAN

Q(kw) 3
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BIOSNG process design

francois. marechal@epfl.ch ®Laboratory for Industrial Energy Systems - LENI ISE-STI-EPFL - Marsh 2006

Example: Common wood to SNG route

Wood : e Methane
—| Drying — | Gasification |—-|[Gas clean-up |— . — | COy-removal
synthesis —
HZO(V)l H,0(v)/0, residuals and l H,O(v) H,O() l CO,
condensates

0—_10.5 kJ/molyeoqd
—

CH1,3500.63 + 0.3475H20 an

Process superstructure

0.51125CH4 + 0.48875CO,

)

Compression —

~—
SNG
treatment

A ————————————

Utility and heat recovery system

H,0!
volatiles 20

T

— — — 3 / s == === <
( By G ( {, i H /
1 i 3 : 1 ] i : : 3 ]
H E Indirectly heated, Cold gas cleaning i I| Physical absorption|: )
I Airdrying | | Torrefaction !l steamblown | I(cyt:lone,ﬁlter | 1| (Selexol wash) I; I ﬁg)r\:va:qsgt?:r?dbed |
[ ;o - I gasification | lscrubber,guardbed)); | I |
ool I | — . | — | | = | Water-gasshift - |§_>|
I ] I Directly heated, || I Hotgascleaning | | Pressure swing I I Interally cooled
I| Steamdrying | | Pyrolysis I| steamyoxygen- |  filter, I absorption I
|\ ) H |\ blown gasification ) i ) i ):

H,0(v) T
Physical absorption
(Selexol wash)
N—
R
Pressure swing
absorption
~———
R

Polymeric
membranes

QO

1] (cyclone, ; i Stoichiometry adjustment
|\ catalytic treatment) i l

e N —— —_— — — — —

e ——
e —

Drying Thermal pretreatment Gasification Gas cleaning ‘ Methane synthesis
Synthesis preparation L
residuals and condensates CO, and condensates condensates = — — — — —

ot | 22 i

O,-import or cryogenic HO0 Hectrolysis O ECompr&ion

production on-site




Process performance

conventional SNG

Some (non-optimised) scenarios for conventional SNG

production:
1300 i —
indirectly heated gasification & PSA o B
fumes process pinch point Process streams
1000 [ N Steam network — — — 1
producer-gas Mech. power =+
) 900 | i NG UM
a, 1% O B00 oo i NG e
depleted streams Toop
18% P :
1Q+ (800-900°C) ’ (CO, CHy Hy, L) 600 I S oi\methenatin L o
| 500 =
400 } NS PR “dryin Steam(gas)_
Wood pe Methane SNG SNG e T i
—> GaS|f|Cat|On —> . . —_— 300 T power. cooling water
100% 98% 80% | synthesis 69% | upgrading | 68% 200 coolnove, S
0 05 1 15 2 25 3 35 4 45 5 55 6
(only the chemical energy flow of the main product conversion is shown) QMwW]
FICFB CFB
(torr) (pM) (pM, SA) (pGM) (pPGM, hot)
Consumption Wood 100% 100% 100% 100% 100%
Biodiesel 1.6% 1.8% 1.8% 0.1% -
Electricity 0.5% - - 0.9% -
Production SNG 721%  67.5% 67.8%  74.0% 74.0% A
Electricity - 2.6% 3.3% - 1.6% FESERALL DE LALSNINE
Overall efficiency 70.7& 68.8% 69.8% 73.2% 75.6% m
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Process performance

conventional SNG

Some (non-optimised) scenarios for conventional SNG

production:
1300 T T T T
Process streams
. o g0 . 1200 |-l Steam network — — — -
T directly heated gasification & Selexol oo ko Mechpower o
fumes
1000 [+ NG vt

900 | v+t N F e
air 5 producer gas
—_ 2% z 800 |- INC&fumes
700 Fo T N
depleted streams
COZ,CH4,H2, 600 |- - methanation - -

500

400 | R S drying
Wood _ h (Methane SNG S R
Gasification > ) e S — prorsa——
100% J 85% Lsynthe5|s 76% | upgrading | 74% jop L P | coolmoweter | L L L |
0 05 1 15 2 25 3 35 4 45 5 55 6
Q [MW]

input: 20 MWth,WOOd

steam (‘ga's‘iﬁc'ét‘ior;
.. .-& methanation). . ]

(only the chemical energy flow of the main product conversion is shown)

FICFB CFB
(base) (torr) (pM) (pPM, SA) (pGM)
Consumption Wood 100% 100% 100% 100% 100%
Biodiesel 1.8% 1.6% 1.8% 1.8% 0.1%
Electricity - 0.5% - - 0.9%
Production SNG 67.7%  721%  67.5% 67.8%  74.0% A
Electricity 2.9% - 2.6% 3.3% - FESERALE DE LAUSANNE
Overall efficiency 69.4% 70.7& 68.8% 69.8% 73.2% m
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Process performance

conventional SNG

Some (non-optimised) scenarios for conventional SNG
production:

Investment cost Total production costs
35

30 1 -

. - M Heat echanger 102.9 1054 M Depreciation [ Oxygen
network 100 + - I R [ Maintenance O Biodiesel
- - - M Steam cycle - 9023 M Labour B Wood
E CO,-removal 7 822 O Electricity
O Methanation 30.6
25 1 - T .1 - - 10OGas conditioning |- 80 7 - oo o T T C T T 7577
. O Gasification |
2 M Pretreatment
176 60 T - - - - - - - - - - - -
17.0 -
15 1 - - - - - - - - - - - - - - - i
40 T - - - - - - - -
10 1 - - - - - - - - - - - - - - - - i
20 T - - - - - .- - - - - - -
5 1. . .- oo . L. R
0 = T T T T T 0 _ T T T T T

'+ (base) (torr) (PM)  (PM,SA) ' (pGM)  (pGMhot):

FICFS A base) oM oMSAT | (RGM (pGM ot

U A, : FICFB : CFB A

. . " . ECOLE POLYTECHNIQUE
pressurised methanation & gasification FEDERALE DF LAUSANNE

o
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Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment

Efficiency vs. investment:

1600 T
TECHNOLOGY: °
drying: air, T.& humidity optimised

1500 [ -gasification: indirectly-heated dual fluid. bed-(1-bar, 850°C) .
— methanation: once through fluid. bed,
< T, p optimised (p =[1 15] bar)
_$ 1400 |- - SNG-upgrade: TSA drying (act. alumina) -
= 3-stage membrane: p, cuts optimised °
3 quality: 96% CHg, 50 bar °
U 1300 [--heatrecovery: - ---steam-Rankine cycle o
c T, p & utilisation levels optimised
GEJ o
21200 - trade-off: efficiency vs. 1

. . o
qé investment (& complexity) &‘Po
‘U 1100 & -
= oo
|9} ,
S oo &  ©oow®
“ 1000 o O O°® , : -
input: 20 MW wood at 50% humidity (~4t/h dry)
900 | | | | |
62 63 64 65 66 67 68

energy efficiency [%]

L (il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

o
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specific investment cost [€/kW]

Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment

Efficiency vs. investment and

1600 T
TECHNOLOGY: °
drying: air, T.& humidity optimised
1500 [ -gasification: indirectly-heated dual fluid. bed-(1-bar, 850°C) .
methanation: once through fluid. bed,
T, p optimised (p =[1 15] bar)
1400 |- - SNG-upgrade: TSA drying (act. alumina) -
3-stage membrane: p, cuts optimised
quality: 96% CHg, 50 bar °
1300 [--heat recovery: - -steam-Rankine cycle o
T, p & utilisation levels optimised
o
1200 - trade-off: efficiency vs. 1
. . o
investment (& complexity) o
1100 .
o & s
® oo 8 OM
1000 o © © | ~ -
input: 20 MW wood at 50% humidity (~4t/h dry)
900 | | | | |
62 63 64 65 66 67 68
energy efficiency [%]

optimal scale-up:

2400 _|e T T T T T T T
| scale-up objective: minimisation of production costs
le~62% (incl. investment by depreciation)
2200 rro .
‘e

2000 [ o

o
1800 [ '@

1600 - o : o
optimal configurations:

increasing efficiency

I
I
|
\°

1 ©

1@
:‘8 ~ 64%

1400

specific investment cost [€/kW]

|
I
|
1200 ||
|
L

%
AR

66%

discontinuities due to
capacity limitations of
equipment (diameter < 4 m)

1000 1~ SR SR\ Q,%
\ o Seo ~ 689
nb.of -7 Y\ o %@ 00 o o0 ¢ 068°A’
800 gasifiers: 2 3 ‘ 4 5 . ‘
0 20 40 60 80 100 120 140 160 180
input capacity [MW]

L (il

ECOLE POLYTECHNIQUE
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Comparing process configurations

Perspective: comparing process generations

Plant capacity vs. production costs

160

A: H20, no steam cycle (1G)
o B:H20 (1G)
..................................... ...... ¢ C: H20, press. meth. (2G)
5 : D: 02, press. meth. (2G)
E: O2, press. meth. & gas. (2G)

RN
N
o

=y

<

=

S

% 120 F: H20, press. meth. & gas. (2G) |

] |

0

+ {00 0 5, TN SUNUNVINUNOTON NSSUNOUISITUSNUE. NOTNOSSUUNUSU . WO — “

o,

O

c

o e, L . i

©

=

©

9 B v R gy il

ol

O

S 40 X T30 X WOy §

20 i | i i (il |
0 20 40 60 80 100 oSl oL
plant capacity [MW1h] 55
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Investment as a function of biomass feed

3000

T T T T I T
R%in parenthesis are for regressions in
which all points of a Pareto-front are
allowed for different costs at reference

*  FICFB, membranes separation
x  CFB-0O,, physical absorption
both with steam drying

scale. : :

2000 ! | = = =regression (entire domain)

— regression (piecewise)

- b=064 R2=096 (0.99)

: / .: : 2 : | :

ol b=083,R*=083(0.87) =
| _ b=092,R*=0.61(0.98)

=

1000 1
8O0 =o+5 5 / R '---...-,-_---‘;,b-:0.68,-R-2;:-0.;985(0;9-8} e e T
y 1.1 )| SESESE IO RO YN 1T O, 0%, OTTI (ORTYS OTP L WO

i ; & 2

o

.hu

: §or | =073,
200 it § - R*=0.98(098) : :

PTCC]IRENE N % U, U S W R

Specific investment cost [USD/kWih biomass]

300 T O L
10

; : i N S A
20 30 40 50 70 100

Plant scale [MWih biomass]

200



Technology integration example

Gas upgrading by membrane

Membrane system upgrading superstructure

to combustion/ feed to combustion/
methanation T methanation

O

CH4/CO2 - - g
separation —w — — %
combson & S Focorttr
"Isolated”: separation only ‘Integrated’: total system
Ifumes

ustion
(hot utility)

. . I
m Maximise SNG recovery m Permeate stream valorised i
[

m Permeate stream is lost m Overall system performance
63 / 87



Technology integration example

Gas upgrading by membrane

90

Energy efficiency:

separation only

~ [0 (0]
[0, o [V, ]
T

energy efficiency of separation [%]
S

65

1 .

; excessive elec
—_

! consum

o 2stage
% 3 stage (CQ)

tricity
ption

A 3stage (1-rec)

70

| | |
80 85 90 95 100

SNG recovery in separation [%]

67

total system

66.5 [

2 2
o a n PN
T T T T

energy efficiency [%]

fo)
.;;
T

T
no more benefit
: from increasing recovery
.

63.5 [

O 2stage

* 3 stage (CQ) *
A 3stage (1-rec) A

63

70

75

|
80 85 90 95 100
SNG recovery in separation [%] l

ceuLe ruLtieenviQUE
FEDERALE DE LAUSANNE

o
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Technology integration example

Gas upgrading by membrane

Production costs:

separation only total system
75 T T T T T 120 T
0 2stage 0 2stage

ok x * 3 stage (CC) 118 H * 3stage (CQ) 1
— o :A A 3stage (1-recq) A 3stage (1-rec) "
£
=65 o * | = 116} ¥ ]
= 00 z Sy
o 114+ A .
> 60 1 o ° s §
=) > 4 §
- % % w112 F .
8 55 0 . ] } A A K
O o 3 A A '
c o A x o 1101 o : 4
-8 50 Q‘? increasing cost due * ) S ° Aus ¢
g A to apparent SNG loss 5 108 - 0 © & o AL 1

| X 4—_ H B S o o O L8 3
Q 45 L SN i 3 106l o3 B oo o bl |
«n A da 4 2 o R ; an 2 2RI
U 4oL ﬂ *®x | el B . ¥ B 3
= O 104 *tl ey i
n P A7 increasing compression
% 35} . v 102 F i—) and membrane cost
= imal joptimal
j recovery: 93.2% irecovery: 84.1%
30 | | | | i | ’IOO | | T 1 1 1
70 75 80 85 90 i 95 100 70 75 80 _i 85 ) 90 95 100 l
SNG recovery in separation [%] SNG recovery in separation [%]

ELULE FULY TECHNIQUE
FEDERALE DE LAUSANNE

o
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Technology integration example

Gas upgrading by membrane

Results : Isolated vs integrated design

isolated integrated overshoot
system 3-stage CC  3-stage, 1 rec
rSNG % 93.2 84.1
eSSS’e’C kWe//MWth,,'n 76.9 55.9
Cco2,p % 86.6 79.9 + 8.4%
CH2,p % 10.3 9.4 + 9.6%
CCH4,p % 3.0 10.4 - 71.2%
A m< 4675 2928
C,sep M€ 5.7 4.1
e>P % 86.6 80.7 + 8.8%
€cg % 69.0 63.5 + 8.7%
€ % 66.0 66.2 - 0.3%
C M€ 30.7 29.9 + 2.7%
Cp €/MWh 105.6 102.9 + 2.6%

ECOLE POLYTECHN

IQUE

FEDERALE DE LAUSANNE

o
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francois.marechal@epfl.ch ©Industrial Process and Energy Systems Engineering- IPESE-IGM-STI-EPFL 2013

Comparing options

e —oCN point of the Pareto Is a process design

Specific investment cost [EUR/kW]

Thermo-economic Pareto front

(cost vs efficiency):

1600 | 1 . .

1500

1400

1300

1200 - FICFB gasiﬁcétion

1100

1000 [

900 - pressurised FICFB
gasification

700 - pressurised CFB-O,

600 | | | | I 1 | I | | 1 1

56 58 60 62 64 66 68 70 72 74 76 78 80
SNG efficiency equivalent [%]

Note : 1.5 years of calculation time !

Gasification:

FICFB

o airdrying

A + torrefaction
X steam drying
¢ + torrefaction

pressurised FICFB

- airdrying

* air drying, gas turbine

> steam drying, gas turbine
* + hot gas cleaning

CFB-0O,
o airdrying
v + hot gas cleaning
X steam drying
o + hot gas cleaning

Gassner, Martin, and Francois Maréchal. Energy & Environmental Science 5,n0.2 (2012): 5768 — 5789.

Separation:

PSA

®m downstream
m ypstream

of methanation

Phys. abs.
m downstream
upstream
of methanation

Membranes
m downstream
of methanation

(Wl



BIOSNG process

e Resource productivity - + 33% per forest me

éFrom conventional (58%) to optimised (> 75% eff)
_(fnl




Break—even biomass cost Cpmy pe [USD/MWh]

francois.marechal@epfl.ch ©Industrial Process and Energy Systems Engineering- IPESE-IGM-STI-EPFL 2013

Break-even cost of the resource

]00 T T T T T T T ]00 T T T T T T T
without heat cogeneration £ with heat cogeneration
90F B e A e W s o e
IO AUPTS: FUUMOUR OO . OOTOTOOY, SUUPORUULDPOVOIND WONORRS-— - i % I g g green energy prices #
80 s B 58 18 §
........................ & greenenergy prices . A ¥
70+ }?{ __________ l ................................................. . 3 70! u, E ! ...................... x. |
A B v AP
60 - E‘ | E‘ 60+ ¢ . T
i ; S5 g/
50r § ¥ 5 S 1
g 7
40+ 1 8 40r ]
wood price CH-market (2008) @ wood price CH-market (2008)  .....occoeummmnmmmmmmemeee 3
.-._._._._._._._._._._._._._._._._._._._._._._._._._‘.“_-.:-.-:.“_-.-‘_-..:.“__.____.:_.____.:_._i,’ j._._._._._._._._._.-:::-—-:-—_:--I_:::-—-...-- 1 ,_-_-_-_._-_-_: _____________ s ‘ ?'
o B R g .............. il energy prices | g 30 g E medlumenergypnces _______ E
:, ...................................................................... 9 ] \)g ...........................................
g Bt low energy prices.... I s o A BT SR R
10- "." ‘i'.-.,-" ------------------- " wess e e NN i GCJ 10- g & Lo e 1;? |0WEI1E|:§!¥D.I'I.CE:S -------- -U
R e . e bR D g {71 o R
il V ' # .-‘u _________________ | qlJ il g;l; ! |
ﬁ ' _;é E "u 3
-10F &/ 1 Yoor ¥ -
___20 | | | | | | | | | | ___20 | | | | | | | | | |
0511 20 30 40 5 60 70 8 9 100 0511 20 3 4 5 60 70 8 9 100

Plant scale [MWip o] Plant scale [MWi ]

inergy vector Unit Green Mid Low 1999  2008/09

Price scenario CH-market”

ilectricity Ca S$MWh' 180 90 60 90-135 80-160
\utomotive Csng $MWH™!' 120 60 40 80-95 130-140
uel & SNG

ndustrial heat C, $MWh' 80 40 26.6 20-35 40-65

Including tax. Figures for 1999 are from Previdoli and Beck,* 2008/09

; approximate. ( I)f l



Environmental Process performance indicators
Identification of Life Cycle Inventory elements

e Process superstructure, extended with LCI

el e e e b e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e = - - -

== thermo-economic model flows wastewater

NOx PM CO2 (biogenic 5y sum A Zn0 CO2 (fossil) i, AI203 FNG (substituteg)
== | CA model flows, added * * ‘ + fossil) gyp ‘ A ‘ 7
== | CA model flows, value !

directly taken from t-e model boiler, stear§ netfyor
Q combustlon Q andturb/n

P

|
SNG !

empty Hy0(v) H20 (v) e i Jretrecoryysem ‘O | Q (" compression | .

q transport * _L ‘indirectly heated steam_ coId gas A0 (v) ' Functional :
1 wood chips < - fluegas " bIown ga5|f|cat|on clean-up (filter, ag mterna.ll)( polymeric Unit: TMJout,
1 production Wood chips drying P i scrubber, guard cooled, fluidised membranes :
3 n - - -directly heated, oxygen: beds) bed reactor — I
ﬂ. ranSpOI’ (0} drylﬂg ‘ blown gaSiﬁcation .. methane ’ pu,‘lflCaUOﬂ COZ (blo emc)l
? SNG plant k‘ ....................... B, gas synthesis [ compression genic),
i gasification clean-up P J I
1 hardwood  soft wood I
3 chips ~ chips I
g i air separation 7n0 Ni A03 electricity I
5 ’/
-J 0 'wnih arcoal Voil (starting) ater Caco3 | (mix substituted if produced) :

cradle-to-gate LCA system limits L 03 (catalyst) :
e €0 U A

.= yse of ecoinvent emission database (1) for each LCI element, to
take into account off-site emissions

(1) http://www.ecoinvent.org

Gerber, L., Gassner, M., and Maréchal, F. (2009). Integration of LCA in a thermo-economic model )
for multi-objective process optimization of SNG production from woody biomass, , (), 1405-1410



Biomass availability

Plant locations Energy wood availability (ESA base)

* SNG plant locations [m3/ha]
* -10.00--2.00
- Forest
-1.99 - 0.50
[ ] Lakes
-0.49 - 0.00
0.01-5.00
* 501-30.00
*  30.01-130.00
|:| Lakes
N N
0 25 50 100 Kilometers 0 25 50 100 Kilometers
=t =
Harvest methods : Energy wood availability (ESA maximum)
= Motor manual [m3/ha]
Fully mechanized *  -10.00--2.00
¢  Cable crane -1.99 --0.50
+  Helicopter -0.49 - 0.00
0.01-5.00
|:| Lakes
« 501-30.00 s .
-. - e ‘ -
* 30.01-130.002° & % M %,
AR A e
[ Jtakes St
N N
0 25 50 100 Kilometers 0 25 50 100 Kilometers
= ———————

Steubing B, et al., Identifying environmentally and economically optimal bioenergy plant sizes and locations: A spatial model of wood-
based SNG value chains, Renewable Energy (2012), http://dx.doi.org/10.1016/j.renene.2012.08.018



Transportation costs

180
BASELINE SCENARIO 160 GREEN FUTURE SCENARIO —x— Chur
| ESA base T ESA maximum
140 Altdorf
120 —e— Basel

—sa— Bellinzona

—— Bern

Average transport distance [km]

Average transport distance [km]

—+— Genf
Langnau
Lausanne

— ——Sion

0 rrrrrrrrrrrrrrrrrrrrrrrrrrrrr1rr1rr1r1rr1rr1n1T1T11

o n O U O un O — -
mgoﬁg%g%gx—wvml\wo St-Gallen

Plant size [MW] Plant size [MW] uric

Fig. 6. Transport distances according to plant sizes, locations, and wood availability scenario (left: ESA base, right: ESA maximum).

Steubing B, et al., Identifying environmentally and economically optimal bioenergy plant sizes and locations: A spatial model of
wood-based SNG value chains, Renewable Energy (2012), http://dx.doi.org/10.1016/j.renene.2012.08.018

- (Gl



Plant location

Area = 40 km?2 Process Size => Investment

Energy wood availability (ESA maximum)

[m3/ha] )
-10.00 - -2.00
-1.99 - -0.50
-0.49 - 0.00

20 MWyp: ° 51.4 Mio. CHF (1)

e 29.5 Mio. CHF  (2)

0.01-5.00
5.01 - 30.00
30.01 - 130.00,,

R e 35.4 Mio. CHF  (3)

N 'r"’__»l. i ¥ \:“
%_ ) 180 , , ,
0 25 50 100 Kilometers : exp
——t—t——t——t—{ : J
L GR = “GRO| p
R T | et e s
Transport = 10 % of the energy g
T 19 | e e
T 180 g
= GREEN FUTURE SCENARIO —x— Chur = 100f
P 160 + ESA maximum Altdorf © .
2 T “Configuration 3 .
i) —— Basel % 80 i i
'g —=— Bellinzona L) T A W e C0Dfiguration. 2. |
o == Bern S :
2 Q
s —+— Genf O 40 e
© Langnau Exponer?t = 0.5152
z — ——Sion 0\ i ; Exponent = 0.4807
e St-Gallen 0 50 . _ 100 ) 150 200
Ziirich Puissance installée [MWth]

20 MWy,

IPESE Efficiency : 5000 Wyear/year/ha

e ) i

(G

P—————
©Francois Marechal -IPESE-IGM-STI-EPFL 2014



Environmental Process performance indicators

Identification of Life Cycle Inventory elements
e Process superstructure, extended with LCI

| =P thermo-economic model flows wastewater
NOx PM (CO2 (biogenic ; ; T
: > LCAmodel flows, added * * p foss?l) gyps‘m i Zn0 CO2 (fossil)  Ni, /X203 FNG (substituteg)
1 =P LCAmodel flows, value |
I directly taken from t-e model ( 0 f_I!JtQJj tQ boiller, Sltoeal ne'rorkI_IﬁT t ) :
| 0 combustion and turbin
X l SNG |
: empty HZO (v) HZO V) eatrecovery system ‘O | Q [ comp‘ression ) - l T
I transport * _L ‘indirectly heated, steam coId gas H>0 (v) * Functional :
. ir | ification . L internall Unit: TMJ
[ woodehips [ T fuegas | |1 Blowngasfiation (|| eanup e, | > ntemally polymeric ) T Ot
prOduction WOOdChIpS dry|ng T . Scrubbel‘,gual’d ) membranes 1
1 : - - directly heated, oxygen: beds) bed reactor — I
I ransport to drying blown gasiﬁcation . ethane ’ purification €02 (bio enic)'
I SNG plant Q, ....................... ./ gas gntvess (" compression genic), >
| gasification clean-up P J I
I hardwood  soft wood I
[ chips  chips I
1 air SGDCH'GTIOH . et 1
; olivine oil (starting) 0 4203 ((EIe'Cchyt't ted if produced) '
' cradle-to-gate LCA system limits charcoal . 9 water  CaC03 (catalyst) X SUDSHUICA TP |
e <

= use Of ecoinvent emission datapase (1) Tor each LCI element, 10 take
into account off-site emissions

(1) http://www.ecoinvent.org

IPESE
<GIPEsSt Gerber, L. et al., 2010 Comp & Chem Eng., 1405-1410 .(I)ﬂ.

P—————
©Francois Marechal -IPESE-IGM-STI-EPFL 2014



Integration of LCIA in the methodology

Perspective: plant scale-up vs. biomass logistics

The biomass Logistics has an influence on the plant impact

3
) -0.05 T ] ] T ] T T
= Effect of process integration and design! @ e ¥ LCl data taken from
8 Felder et al, and adapted
© —0.052F | 4 to system limits
CT)- o A:H20, no steam cycle (1G)
o B:H20(1G) . .
AN —0.054+
O © C:H20, press. meth. (2G) b'.omass logistics
% x  D: 02, press. meth. (2G) impact model
X I x E: 02, press. meth. & gas. (2G) i
= -0.056 o F:H20, press. meth. & gas. (2G)
= -== Conventional LCA*
()
S -0.058} .
o
8’ oo
é -0.06 . ,‘l"\‘.‘::m """""""" .
S X o @< A
= XX FOR<OS x®QQC", 02 ; ® OXx o
T -0.062 W -
S
O] 0 2 _ 4 6 8 , 10 -(Pﬂ-
Wood input thermal capacity [kKWth] x 10 FEDERALE DFLAUSANN

o

— Optimal plant size with respect to biomass logistics /
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Multi-objective optimization results

e Optimal configurations

x 107 Thermal capacity as input wood [MWth]
=7 indirectly heated § -1.2 —1200
. gasification with le)
O _8f torrefaction (FICFB, torr) - = 13l - 1185
(@] ¥ =2 " . i
o s X\ ' indirectly heated
= I 5 D gasification (FICFB) - 1170
2 -9 =W, : 5 1.4}
g oo m@m@ © © ° \ indirectly heated —_ ) / ° I 155
o | . gasification (FICFB) © oo = °
a8] —1 0 i o we aeee0?™® Pl | °
=2 .o ‘ T 15 <— indirectly heated - 140
. D
8 —11F *e 3 mo@om@m’“@ gasification with PP
= ‘. o -1.6} torrefaction (FICFB, torr) S
o i N ©
-8 -12f pressurized indirdatly heated % - 1110
RQ gasification ( pFR’fB . < -1.7} pressurized indirectly heated
£ 8 —13f \ directly heated Q gasification (pFICFB) 95
| E@D[ gasification (CFB) Ll(j
Z_C - a o oo =7 = -1.8} pressurized indirectly heated 80
3 "é —14F o \ \ "é i o Y\ ¢asification with hot gas
vl & A3 m o X
£ pressurized indirectly heated i “ - -1.9} ©® cleaning (pFICFB, h) 65
45 —15[  gasification with hot gas M& e directly heated
g5 cleaning (pFICFB, hl) —> M (—g gasification (CFB) 50
59 | i 3 2t
2% -16 + 7 2 \ o
£ directly heated gasificati et ol \ 35
£ - y heated gasification 5 -2} I
s8 =17 and hot gas cleaning (CFB,hcl) © ' directly heated gasification 20
%ng g’ 50 + and hot gas cleaning (CFB,hcl)
% _1 8 L L L L 1 = 2. A i A 3 |
( 10 20 30 40 50 10 20 30 40 50
g Biomass Profitability [€/MWHh] Biomass Profitability [€/MWh]
; --------------------------I :.................................
1. Process :2, Technology : :3. Environmental objective :
. : : , .
scale + evolution : - function :
e e e e e e e e e, e, e e e e, e, e e e e ] ° °

Thesis L. Gerber 2012

(Wl




The green boiler => use of the renewable resource

CO, (108 kg CO, avoided / MWh wood)

67.5 MW SNG => storable and transportable

15.7 MW Useful heat (200 °C)

16.8 MW Waste heat

1.4 MW net electricity

INVESTMENT
86 Million USD

* Co production of biofuel from wood
* Synthetic natural gas, methanol, DME, F-T fuels

* CO2 capture
COST OF HEAT

* Exothermic => Heat supply 25 $/MWh (- 47 $/MWh*)

* Cogeneration of Heat
* with CO2 tax

With market price of WOOD (405/MWh) and NG (65 S/MWh) and with CO2 taxes (80 CHF/ton), also for capture
8000 hours/year of operation

Frangois Maréchal (IPESE-EPFL) April 2017
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water electricity 460 —
|_ - 2.1 I/ EtOH 1.3% heat (at 400 - 450°C) 440 | |
} 23.6% a0 |
| Biogas 400
I . i —
. | Ethanol production | %% ¢ = |
wood Lignin - |
— * hydrolysis —9—o> 340 | :
100% : 54.0% ﬁ \7
: « fermentation 320
I « distillation Ethanol 300 \
| 32.3% o1 2 3 4 s s 1 8 9
L waste water Qmw]
-_——-— - 2.6 I/l EtOH values based on LHV input: 58 MWth,Wood

ECOLE POLYTECH

NIQUE
FEDERALE DE LAU SANNE

o
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fl‘eSh Watel‘ — o — eI_eCt_riCiiy — o — _A 17. 1% 1300 : ; *Process and utilities
- —| 210 [1.3% heat | ol P p—
|
I . 1000
| Biogas steam 000 |
° 1)
. | Ethanol production | >7% c
wood _ Lignin cycle 600 |-
—o> « hydrolysis 54.0% S —
1094’ « fermentation ’ a0 L Eod
] « distillation Ethanol e
e 200 ' ‘ ' ‘ : :
I 32.3% -25 -20 -15 -10 -5 0 5 10
L waste water i
- - - 2.6 /| EtOH values based on LHV input: 58 MWth,Wood
steam cycle
Input wood 100 %
ethanol 323 %
Output SNG -
electricity 17.1 % .(Pﬂ-
chem. efficiency (Annccc=55%) 62.3 % FEDERAL F LAUSANRE
total efficiency 49.4 % m

Energy balance for different process integration options (without seed train, non-optimised).
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fl‘eSh Watel‘ —_— e — eI_eCt_riCiiy — o — _A 21.5% 1300 Process and utilities —
i ~| 21/IEtOH |1.3% heat | Sl Mechanical power |
| Biogas | |
900
I o 0 .
. | Ethanol production | >’* | |GcC g O™
wood _ Lignin _
—o> « hydrolysis 54.0% :ZZ
10q% « fermentation ) a0 [,
] « distillation Ethanol 300 (1
e 200 . : : . ' ' ! ; '
I 32.3% -12 -10 -8 -6 -4 -2 0 2 4 6 8
L waste water o
il 2.6 I/l EtOH values based on LHV input: 58 MWth,Wood
steam cycle IGCC
Input wood 100 % 100 %
ethanol 323 % 323 %
Output SNG - -
electricity 17.1 % 21.5 % (P
chem. efficiency (Annccc=55%) 62.3 % 70.0 % DAL B CAUSAN
total efficiency 49.4 % 53.8 % m

Energy balance for different process integration options (without seed train, non-optimised).
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

frash water electricity A -3% 1300 — o e
—————————— 1 production +—— |
I_ — 2.1 I/I EtOH 1.3% heat I J?ZZ : SNG prOdUCtIOh&UtIHtIES‘; ------- A
| Biogas o
I . 5 SNG 900 -
. | Ethanol production | 57 | SNG | w0 ,,
wood _ Lignin 40.3% - [
_o> « hydrolysis 54.0% ol
b « fermentation ’ w —
] « distillation MI 300 | , g ‘ | i |
| 32.3% 200-2 0 2 4 6 8 10
L waste water R
il 2.6 I/l EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC SNG
Input wood 100 % 100 % 100 %
ethanol 323 % 323 % 323 %
Output SNG - - 40.3 %
electricity 17.1 % 215%  -3.0% .(Pﬂ-
chem. efficiency (Annccc=55%) 62.3 % 70.0 % 67.3 % DAL B CAUSAN
total efficiency 49.4 % 53.8 % 70.5 % m

Energy balance for different process integration options (without seed train, non-optimised).

79 /87



Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water ___electricity 4 1.5% 1300
- —| 21E0H  [1.3% heat | e \ :
I I 1100 \ Processs andhutil(ijties _________ |
[ BlogaS 1(9)22 : Mechanical power - |
I - 6.7% SNG SNG 800
. | Ethanol production oNG, g )
wood . Lignin| + steam |30.5% _
— « hydrolysis > 600 g
100% . 54.0% 500 | SR
: « fermentation el
I « distillation Ethanol 300
—- 200 ' : : '
I 32.3% -4 -2 0 2 4 6 8 10 12
L waste water e
_——— 2.6 1/| EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC SNG + steam
Input wood 100 % 100 % 100 % 100 %
ethanol 323 % 323 % 323 % 322 %
Output SNG - - 40.3 % 30.5 %
electricity 17.1 % 21.5 % -3.0 % 1.5 % .(Pﬂ-
chem. efficiency (Annccc=55%) 62.3 % 70.0 % 67.3 % 65.3 % DAL B CAUSAN
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % m

Energy balance for different process integration options (without seed train, non-optimised).
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water o ELQCEiCiiy o _‘ -1% 1300 : : : ,
- —| 21E0H  [1.3% heat | e \
I I 1100 Process and utilities
L Steam headers _=--=--=--- i
| BIOgaS SNG HP 1(9)22 I \ Mechanical power - |
| . 0 + ,
. | Ethanol production | >7% 7IONG, g ) _
wood , Lignin| + steam 41.9% I
—t « hydrolysis > o
100% ) 54.0% 500
| « fermentation a00 |
I « distillation Ethanol 300
R 200 : : : ' : : :
I 32.3% -4 -2 0 2 4 6 8 10 12
L waste water e
_——— 2.6 1/| EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC SNG + steam + HP
Input wood 100 % 100 % 100 % 100 % 100 %
ethanol 32.3 % 32.3 % 323 % 322 % 322 %
Output SNG - - 40.3 % 30.5 % 41.9 %
electricity 17.1 % 21.5%  -3.0% 1.5 % -1.0 % A
chem. efficiency (Annccc=55%) 62.3 % 70.0 % 67.3 % 65.3 % 72.3 % DAL B CAUSAN
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % 73.1 % m

Energy balance for different process integration options (without seed train, non-optimised).
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Motivations

6. Overall System analysis
competing technologies

(@l



Motivations

6. Overall System analysis
other feedstocks (waste biomass)
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Hydrothermal supercritical gasification

salt separation (400-550°C) 1 combustion | -
) | E_>
! :
| (POX-)GT o
| 'Q
combuston s crp &L 12>
'combustion & CHP !
catalytic
o+ . y crude product,
— fixed-bed depleted streams
hydrolysis gasification |or grid-quality SNG?

(200-380°C)

| Pretreatment
| (dewatering or

(350-450°C)

sh 2006

Salt slurry

) . o e CHgy, (Hy),
! crushing & dilution) CO,, H,0,
1 Biomass slurr ~300 bar, 400°C

strial Energy Systems - LENI ISE-STI-EPFL - Mal

Martin Gassner, Frederic Vogel, Georges Heyen and Francois Marechal , Process design of SNG production by
hydrothermal gasification of waste biomass: Thermo-economic process modelling and integration, submitted to Energy &
Environmental Science (2010)

ncois.marechal@epfl.ch ®Laboratory for Indu

gl



New technology Hydrothermal gasification

| 5% solids content in feedstock — 94% CH4 in crude SNG
Sludge treatment

Depleted gas are not sufficient to close the energy balance;

’, ~
/
II salt separation (400-550°C) D S N G 6 . 2 MW
! (cat.?) :
Q* :
I ) : E :
| 1 (POX-IGT :
. - 5
. S P N
° : —>
I N P U To | combustion & CHP
| Lol Mnacil ELEC 0.25 MWe
| -
I o MWdryl 5 7N - catalytic fixed-bed ;rudle pLOdUCt' |
i ; : ted streams
° : i gasification ePie A 1
15 % solid | hyialysle ) (350-450°C) or grid-quality SNG
content I (200-380°C) Salt slurry [emeemeeeeedeccccra- v Salts
_________________ 1
I | Pretreatment - \‘r/ i ﬂ : SNGI
| :(deu;'a.ter?‘grt;r on) : CHa, (Ha), E 4@» 1
| crushing & dilution 1 CO5, H-0, . — M
I I Biomass slurry ! ~300 baf, 4020=C :VL' & gas Separatlon, ] I C 02
: (total solids >'|0-20%WIM ~300 bar .' expansion & cooling : |
g I ------------------------------------ I
% | Conceptual process flow diagram for hydrothermal gasification in supercritical water. I
5 I I
| ] Water
' /
2 /
N M e e e e e e e e e e e e e e e e e e = = -
s

> Considering a 94%vol methane rich crude product, about 8 % of the total massflow has to be burned

in order to satisfy the energy demand of the process ;

Gassner, Martin, and Francgois Maréchal. “Thermo-economic Optimisation of the
Polygeneration of Synthetic Natural Gas (SNG), Power and Heat from Lignocellulosic
Biomass by Gasification and Methanation.” Energy and Environmental Science 5, no.

BES%StemS 2 (2012): 5768 — 5789. 8 .(l)f‘.




Results for different wet biomass substrates

francois.marechal®@epfl.ch ®Industrial Energy Systems Laboratory- LENI-IGM-STI-EPFL 2012

--¥# - coffee grounds
--e - lignin slurry
-==-- wood

microalgae

80

75

70

65

60

)
(%)
T

40 [-

35

SNG efficiency equivalent [%]

30

251

---- economic optimum

20
Power rec.
Cat. cost

¢ - o A v o - 0o A v o - o A vV o - 0 A
not considered considered not considered considered
considered not considered

<+ B manure

4 - sewage sludge, undigested
sewage sludge, digested

Gassner, Martin, and Frangois Maréchal. “Thermo-economic Optimisation of the

Polygeneration of Synthetic Natural Gas (SNG), Power and Heat from Lignocellulosic

Biomass by Gasification and Methanation.” Energy and Environmental Science 5, no.
2 (2012): 5768 — 5789.

(i



Process optimisation

(2) Thermo-economic performance for different substrates

Optimal plant configurations

80
'T‘g 80 I T T A
75 F © sewage sludge - wood index marker o A o
g 75| v manure o lignin slurry |
L o) | © microalgae A coffee grounds o i
70 é 70 N
1) 65 .
S 65F s
) ~ 60 y
c oc ¢
()] 60 oD 55+ S *
© E
> L - i
= 55 = 50
o S a5t -
L 50 n
5 p 40 i
S Pl €35 v 1
S k) v
E 40 o 30 N
v o 250 [ |
O 35 S bar colour
% C}J 20 Separation: at high pressure at 70 bar i
30r = 15 m (1) waterabsorption - -
---- economic optimum 8 = (1m) waterabsorption = membrane
25+ E 101 = (2 flash drum  selexol absorption |7
A A A A : 5h (2m) flash drum selexol abs. & memb.
20 vo-o voe_ o ‘ voe -0 ! LA A - ?é = (3m) - selexol abs. & memb.
Power rec. not considered considered not considered ‘ considered = 0 ] _ ] )
Cat. cost considered not considered Power rec. not considered . considered not considered . considered
Cat. cost considered not considered

evolution on Pareto front most economic conf. at 20 MWy,

Martin Gassner, Frederic Vogel, Georges Heyen and Francois Marechal, Process design of SNG production by hydrothermal gasification of waste biomass:
Process optimisation for selected substrates, Energy & Environmental Science (2010)



Integrate or not?

Grid Integrated

5.4% Electricity

100%  Mydrothermal) 09-9 % SOFC.GT
Waste —>| Gasification % Hybrid Cycle 59.1%
wet Ea=3.4% sep Electricity
biomass \_&6=63.5% ) g 3
Integrated T T T x> 63%
Waste 71%

wet *Yﬂl‘ﬂthemall 9‘ FUEI | E‘ SOFC GT ]9003
biomass \Gasification Pmcessmg HybndCycle Water |

100% Salt \/

|

i

i

I

- i

slurry i Air Cﬂt’iﬂ:}'i}ﬁﬂn . Fumes i O‘? :

RS (TET——, S | DO—— i
\______HeatExchangerNetwork _____ : i

& |

—> Material Stream ; I
-9 Thermal Stream Rankine !
—> Electricity Stream [ Cycle } _______________ B

)
Facchinetti, E. et al. Energy 41, no. 1 (May 2012): 408—419. .(I






francois.marechal@epfl.ch ©Industrial Process and Energy Systems Engineering- IPESE-IGM-STI-EPFL 2013

Use of Natural Gas to provide energy services

Cogénération
Rendements [% du PCI]
Technologie électrique chaleur Remarques/Source
Chaudiére a condensation 0 106 Hoval AG
0 102 @, Ecoinvent
Moteur a gaz 34 52 @ CH, OFEN (2003)
42 40 potentiel max. (données int.)
Turbine a gaz 28 48 @ CH, OFEN (2003)
30 50 potentiel max. (données int.)
Cycle combiné 35 45 petite centrale a cogénération
57 0 centrale industrielle sans cogén.
SOFC 45 40 trés petite échelle, (labo/démo)
60 25 potentiel max., (labo)
80 20 SOFC-GT

Utilisation comme carburant (tank-wheel)

km/MJ 1/100 km? gco2/kmP
Carburant 2002¢ 20109 2005¢ 2002¢ 20109 2005¢ 2002¢ 20109 2005¢
gaz naturel comp. 0.436 0.667 0.325 7.20 4.70 9.65 135 80
essence 0.475 0.625 0.362 6.60 5.02 866 160 120 205
diesel 0.556 0.667 0.402 5.00 4.17 6.92 140 110 184
électrique 2.18 1.44 0 0

a
b

0

spark ignition, CNG.

comme P, mais moteur hybride

moyenne du parc de voitures Suisse selon ecoinvent

Pour gaz naturel et électrique, I'equivalence essence est donnée.

sans chaine de production du carburant et correction en equivalents CO9
Nouvelles voitures, essence : direct injection spark ignition, diesel : direct injection compression ignition, gaz : port injection

(gl



(il Producing Electricity using renewables

e \Who is going to use the extra amount in the Summer ?
e Note : seasonal storage = 45% of PV production

B Storage — Cogeneration T Photovoltaic ™ Demana B Total Preducton

6000 l |
4500

Demand = 58.5 TWhe

Electricity [GWhe/month]
()
=
o

&
o

0
Jan Feb Mar Avw May June July Aug. Sep Oct Nov Dec

http://www.energyscope.ch Scenario 2050 : OFEN / Low




(Wil Long term electricity storage by converting electricity to fuet.’

Power to gas concept

Electricity form the grid

SUN 4.7 TWhe = 13 PJsne
max O.SO@IVe/kWSNG Jo (400
CO2 H20 ) . . [ catalytic | furnes.-‘\
- combustion | o,

H'DllJ
|fu mes Electmlysm ¥

T

NUTRIENTS
100 PJ 1L; (BO-250°C o' (B00-900°C) l ||:+il_..f.H|4.ll_~. }
TREES woos [Drying ] [Gasuf‘catinn ‘Gas clean- up\ ::f\tt:i:i ] [3$rading]_ém /
n,,r:sml 2m MO, d als 2 d Horn Hﬂl“ 72-85 PJ
Carbon source +18%
WOOD Natural Gas CO2 (pure)
AH®=—-10.5 kJ/ mol,,o4
CH1.3500.63 + 0.3475H20 - 0.51125CH4 + 0.48875CO-
+ 4 Ho > + CHas -CO2 +2H20
AE* + 4H,0 -{x
+20; ACH4; ;v
Storage as transportation fuel TNe = — 85%

AET

Gassner, M., and F. Maréchal. Energy 33, no. 2 (2008) 189-198.
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Indirectly heated gasification : electricity storage option

|producers |consumers transport fuel | | transport fuel with carbon tax (20 €/ton)

120

100 |- .......... .......

swiss
5 5 market
80 | .......... .......
unproéfitable
60 | process

Electricity price [E/MWh,_|]

wl i

20 .......... :

0
30 40 50 60 70 80 90 100 110 120

Gas price [€/MWhg)]

Gassner, M., and F. Maréchal. “Thermo-economic Optimisation of the Integration of Electrolysis in Synthetic

Natural Gas Production from Wood.” Energy 33, no. 2 (February 2008): 189-198. doi:10.1016/j.energy.
2007.09.010. P




Green boiler and RES storage

Winter Mode ‘ CO, (108 kg CO, avoided / MWh wood)

67.5 MW SNG
100 MW, .,

15.7 MW Useful heat (200 °C)

16.8 MW Waste heat

1.4 MW net electricity

Summer Mode

WOQOD

170 MW SNG

38 MW Useful heat

37 MW Waste heat

Electricity H2
145 MWy, gy 123 MWy, 4,

EPFL-SCI-STI-FM (IPESE) APRIL 2017 107



(Wil Round trip efficiency of electrcity storage

e H2 electrolysis integrated in SNG process
—CO2 emissions are negative (wood carbon neutral, CO?2 is captured)

ACHAT .,
e = —xpt 85%

e CH4 conversion NGCC (CO2 = 0 because C biogenic)

_ B s
M CHAL,
e Roundtrip efficiency E—

e Long term storage on the gas grid !



(Wil If Electricity production efficiency increases

e Hybrid gas turbine SOFC combined cycle

J— E_
T | | T oHigy,
CH4 L v = @' e}y p1—»CO2
—_— I | Ccathode | e 5y

Bio CH4 | Reator jt— - ot J L >, Elec 80%
100% . © B : | | __ e —s Heat 12%

:." 0 | & Pump [ ) Compressor @ Separator i Heaf Stream “ l‘ f [I D

L o I - . I D —e H20

= =7 — 689 A battery is 80%

e Round trip with long term storage on gas
grid and decentralised production

IPESE

= 80%



CO2 capture and reuse/electricity storage

Blomethane B : Biomethanisation

C :CO2 Capture

G : Gasification
Biomass CH4 M : methanation
FOOD —_—— S : CO2 separation
P : Photocatalysis for CO2 reduction
> SOFC : Solid Oxide Fuel Cell
: SOEC : Solid Oxid electrolysis Cell
ET :El h |
co2 . | o €00 :COa Storage
Photo GaS|f|Cat|Dn 3:4 I:DI‘.’IetI.'lan:| Stgrage
S)’ntheSiS Heat : District eatlng
Sun
Materials | ———>
H20
Renewable Electricity Storage Fuel appl.
Sun
Wind o>
. \ 1 c
Electrolysis =
©
)
e
fd
Sun O
—
[
D
()]
cOo2 Capture — .-
—=E> | SRR Grid Electricity
R le Electrici ~ - o
enewable Electricity Ho
Flue gases —>
s Capture —> C02

—> H20

—> Elec
~—> Ren Elec



e Producing liquid fuels

gl
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Process Superstructure

Alkalis
Solid CaSO, Liquid Iglglogens
olid Waste ZnO  Waste X Co, EOH
NOX, PM, A COt A Ox A ?
CO, (biogenic, fossil) ‘ S Wastewater
2 U Wastewate} 2 4
S S IS A A A )
s N A
// D Boiler, steam Offgas v
Combustion — network & tuybines | H,0(v) ' t:s
produc
Q Acids| R..Q Q i
H0() 2 __Co, “ FICFB ] Q P '
. CH4 L indirectly heated i FT H,0 sep. |
I Ei ' i( Entrained flow |i — i
. —'l Torrefactlon -\ indirectly heated J! > ] MeOH Dls‘[lllatloq |
team o ea \ d
drvine Pyrolysis : CFB i o, DME Distillation
................................. __directly heated J: . 1.0 remopal
1\ . | = 5 |
Drying HLO() "1 Entrained flow |: Gas [ Unreactefd Fuel Upgrading
T, =473K 2 ' directly heated j‘,.- cleanipg gas synthesis |
Functional ' R R e e H,/CO :
GaStfcatton A Toyr=1050K (FT) !
Umt-.lMJm _ T,=l123K Tur=1223K (MeOH, DME) FT: T,,=613K, P =25bar
! 0 P, =lbar MeOH: T, =533K, P, =85bar
! [ 2 - DME: T,,,=550K, P_ =50bar
i Air separation] !
N Air I p
(():112186 Ni ; ALO;,Ni MEA Cu/ZnO/AlL 0O,
Transport | Electricity ats catalyst .~ Sorbents Catalyst ~ solvent catalyst:
H,O Charcoal 3
Oil (starting) 7n0O Co-catalyst Catalyst slurry
RME/Water (SAS)  (catalyst +solvent oil)

4Gassner, M. & Maréchal, F., Thermo-economic process model for the thermochemical production of Synthetic Natural Gas (SNG) from lignocellulosic biomass. Biomass

&Bioenergy,

33(11):1587—1604, 2009.

biomass, submlttcd to Bomass & Bioenergy 2009.

.-. O:
& 2

>Tock, L., Gassner, M.& Maréchal, F.,Thermo-economic process model for thermochemical production of liquid fuels from lignocellulosic

June 2010

ECOS 2010 — Biomass Processes
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Fischer — Tropsch process

 Historical importance — Fuels from Coal
— WWII - Germany
— Apartheid in South Africa — Sasol

* Drop in Fuel
— No changes in the infrastructure/fleet

Franz Fischer ahd Halns”. B
Tropsch developed in Germany

Image: Max Planck Institute of Coal Research.

in the 1920s
CO 4 N—— CH,
- — . Ammonia
H P, T, t, Catalyst —— Gasoline, Jet-fuel, Diesel
2 — . Wax

- J

CO+2H, <-> (-CH,-)(I)+H,O(l) (AH?=-231.1 kdJ/mol (15 of 1-octene csH16))

Temperature is controlling the species distribution 443



Process Performance — Energy Integration
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Process Performance - Comparison

®

—> Fuel ;-
fuel

+ Performance indicators PO Process —— C@Q)
» Overall energy efficiency €, “ —— 7

* Expressed on the basis of the lower heating value of dry substance
Ahjguel,out >q/,./lj_"ttel + Q_ + E_

Stol = Aho - 4+ N — E+
biomass ,in m/lbiomass + Q +

> Chemical efficiency €.,

 E substituted by a natural gas fuel equivalent: NGCC/HP Mgee =My = 33%
0
Ahj(zuel out >q/i/l;uel + ! iZ%NG : Q_ + E_ ):
- ’ ‘ Nycee Rsve \Nup .
ehen = ARS i s\ NGCC — F
omass,in omass _— N —
HP = ¢

» Environmental performance
* Cradle-to-gate LCA approach?
e Impact assessment method: Impact 2002+ method
® Functional unit: 1MJ of biomass at the installation inlet

> Plant capacity of 20MW,,, of biomass

>Gerber, L., Gassner, M. & Maréchal, F., Integration of LCA in a thermo-economic model for multi-objective optimization of SNG
production from woody biomass. In Proceedings of the 19" ESCAPE, Cracow, Poland
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Process Performance - Comparison

¢ Base scenario: indirect fluidized bed gasification, cold gas cleaning

Fischer-Tropsch fuel for refinery m FT crude
o Methanol  mMeOH

——— Dimethylether m DME
__ Synthetic natural gas @ SNG*
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Process Performance - Comparison

¢ Base scenario: indirect fluidized bed gasification, cold gas cleaning
Fischer-Tropsch fuel for refinery m FT crude
o Methanol  mMeOH

———— Dimethylether mDME
__ Synthetic natural gas @ SNG*

[EY
N
o

120

100 100

60

40

Production cost Buildup [€/MWh;,]

20

Prod cost

Investment

(3 [%] FT-
[€/MWh] tot MeOH
[M€] ’ | crude DME  onG
. B Wood B Maintenance @ Labour
— FTprocess h’ghGSt performance W Electricity B Depreciation

* FT-upgrading not included
« No CO, removal unit required Biomass price: 33 €/MWh#3

. . Electricity price: 180 €/MWh#*5
- Power demand variation vp
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Process Performance - Comparison

+ Base scenario: Power balance

140 :
® Synthesis
120
CO2 capture =) Power consumption
o « P : FT 25bar, MeOH 85bar, DME 50bar
= 100 PG Production 4 , : :
9 « CO, capture: chemical absorption with MEA
T W
g_ & a0 - m Electricity
== Production
2
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Process Performance - Comparison

¢ Competitiveness: Environmental impacts

100 B Human health m Ecosystem quality = Climate change = Resources
p— P e ——
90 - VieoH | j
S 80 - - pve |
S | )
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o]
o 50 -+ -
S
8 40 - =) Major differences
£ * Electricity consumption
- (Swiss mix for medium voltage
& electricity production at grid)
£
5 =) [ argest impact
2 » Gas cleaning:
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from rape cultivated
FT DME MeOH with pesticides !
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# Transport of wood B Empty lorries ﬁ H -
® Transport of flows olivine for CFE gasification Process_ lmproveme_nts.
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Process Performance - Optimization

+ Multi-objective optimization (evolutionary algorithm®)
FT process

» QObijectives
* Minimize investment (total grass roots cost) min TGRC
e Maximize chemical efficiency max €4,.em

Decision variable Range
. . . . Synthesis P [bar] 20-30
» Decision variables (12 variables) Syiheds TI) 550580
. ' SMR T [K] 950-1200
* Process operating conditions D
Humidity drying outlet [%] 5-35
T P CO-conv, T T T Gasification T [K] 1000-1200
( synr = syns ! "SMRr Tdrys gas) H20 flow [kg/s/kg PG] 0.06-0.1
PR 1st Prod. level [bar] 60-
e Steam network characteristics — —
. i Superheating T [K] 623-823
(production & consumption levels: T, P) It Utilization level [K] 323523

=) Trade-off between competing performance indicators?

olyneaux, A; Leyland, avrat, D. (2 , Environomic multi-objective optimisation of a district heating network
6 Moly A; Leyland, G & F t, D. (2010), E Iti-object pt t f a district heating networl

considering centralized and decentralized heat pumps, Energy 35(2) 751-758.
- -
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Process Performance - Optimization

+ Multi-objective optimization: Pareto optimal frontier

FT process, 20MWy, p,i,masss iINdirect fluidized bed gasification
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18+ 1 s FT _base
= 12} (] 4
™ en )
= e 3 118 Influence |
g 7.5 o FT_max s of cogeneration
© ) 3 116
8 e A k
G o ¢ > 114
g ‘. 2t §
© W_max . w 11.2
ool Wom 3 |
16 1 1 I 1 1 1 1 1 108 1 1 I I 1 1 A
0.59 0595 06 0.605 0.61 0.615 0.62 0.625 0.63 0.635 A 0605 061 0615 062 0625 063 0635
Chemical Efficiency [-] Chemical efficiency [-]
== Efficiency / Investment ~ == Efficiency 7
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== Trade-off

mechanical power & fuel generation
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conditions on process integration !
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Process Performance - Optimization

* Energy Integration influence on performance

1800~ FT process 180Q- FT process
— — —Steam network — — — Steam network
180G - ooomtee et Qe Mechanical power L R N AP Mechanical power
140C- 1400
q Min Investment Max Efficiency
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g Tr(‘fnrminu 1025K \
g 100(1"’ Treforming 955K g 1000’
- 817.7K 8 _ | 823K
800" A Tgn 660K, P, 20.8bar, |§ 800~ R Ty,n 627K, Py, 20.3bar
600 S CO-conv 86.4% 600 S el CO-conv 87.8%
el T kbbb rifamuiesl bt (A Mg gt s T4, 513K
- ST P 618120b —
400+ 400F 1 e steam o \ D i 35%
200+ 200+
% 50 100 150 200 250 300 350 % 50 100 150 200 250 300
Q [thermal kW per MW of biomass] Q [thermal kW per MW of biomass])
Power b:,:‘?\;']ce [kW/ | Base | Min Max ) Steam network well integrated
case | Cost | Efficiency Large amount of excess heat recovered
Consumption 85 77 74
Generation 92,5 107 20
Net electricity 7.5 30 16

I ——— S
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Process Performance Fisher-Tropsh

* Energy Integration influence on performance

1800- FT process 180Q- ET process
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INTRODUCTION

e Overview

Pyrolysis is defined as irreversible chemical change
brought about by heat in the absence of oxygen.

During pyrolysis biomass undergoes a sequence of
changes and normally yields a mixture of gases, liquids
and solid.

The solid is called charcoal while the condensable
liquid is variously referred to as pyroligneous liquid,
pyroligneous liquor, pyroligneous acid or pyrolysis oil.
The gas is called producer gas or wood gas.

Generally low temperatures and show heating rates
results in high yield of charcoal. This type of pyrolysis
is called carbonization



INTRODUCTION

e Overview

— Percentage composition of liquid, solid and gaseous
products of different pyrolysis modes

Gasification

Fast Pyrolysis

Moderate Pyrolysis

Slow - Carbonization

Slow - Tomefaction

l l | I l l | l |

0 20 40 60 80 100

Composition (%)

® Ligquid
" Sold
» Gas



MECHANISM AND PRODUCTS OF BIOMASS
PYROLYSIS

e Biomass Pyrolysis

_ammwa00cComn  Methanol
Anhydrosugars

-----------------

Overlapping thermochemical 1 Complicates selective products devolatilisation! | !

tabilit
stability | v v

Fast pgrolysis for carbonization
bio-diesel (450 — 550 °C) for charcoal

400 °C 500 °C 600 °C
>

Overview of the thermal fractionation of biomass by a step-wise pyrolysis approach.



Properties of bio-oil

Table 2. Properties of Bio-oil from Various Feedstocks

Property Birch Pine Poplar Various

Solids (wt%) 0.06 0.03 0.045 0.01-1

PH 25 24 28 2.0-3.7

Water (wt%) 18.9 17.0 16.8 15-30

Density (kg/m°) 1.25 1.24 1.20 1.2-1.3

Viscosity, cSt @ 50°C 28 28 13.5 13-80

LHV (MJ/kg) 16.5 17.2 17.3 13-18

Ash (Wt%) 0.004 0.03 0.007 0.004-0.3

CCR (wt%) 20 16 N/M 14-23

C (Wt%) 44.0 457 48.1 32-49

H (Wt%) 6.9 7.0 5.3 6.9-8.6

N (Wt%) <0.1 <0.1 0.14 0.0-0.2

S (wt%) 0.00 0.02 0.04 0.0-0.05

O (wt%) 49.0 47.0 46.1 44-60

Na + K (ppm) 29 22 2 5-500

Ca (ppm) 50 23 1 4-600

Mg (ppm) 12 5 0.7 N/M

Flash Point (°C) 62 95 64 50-100

Pour Point (°C) -24 -19 N/M -36 -9
Mixed Phenolic Alkyl Heterocyclic Polycyclic

Aromatic HC
Larger

Oxygenates - Ethers Phenolics - - PAH - PAH
400° C 500° C 600° C 700° C 800° C 900° C

Large-Scale Pyrolysis Oil Production: A Technology Assessment and Economic Analysis
M. Ringer, V. Putsche, and J. Scahill Prepared under Task No. BB06.7510
Technical Report NREL/TP-510-37779 November 2006



TYPES OF PYROLYTIC REACTORS

e Types of Pyrolysis Reactor Designs

— A number of different pyrolysis reactor designs are
available.

— These include Fluidized bed, Re-circulating fluidized
bed, Ablative, Rotating cone, Auger (or screw), Vacuum,
Transported bed, and Entrained flow.

VYapour, gas
and aerosol

Fh,lldlzed bed ............................................................




TYPES OF PYROLYTIC REACTORS

e Types of Pyrolysis Reactor Desians

Re-circulating
fluidized bed

Vacuum



Typical pyrolysis process

A Heat: 21 GJ
11k
g 2GJ |
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T A T Recycle
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C3HeO: 7.31
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CH,0, 3.41

CyoH120; | 16.36
CeHeO 0.46
CsHg 2.27
CsH40; 18.98
CeHs 0.77




Pyrolysis processes

o Difficulties

— Fuel specifications (control of the quality and
the distribution of components)
 Difficult to use in conventional engines
* Integrate in refineries

— Minerals

— Stabilisation of bio-Oil
« Hydrogenation



Examples of pyrolysis processes

Table 12. Worldwide Current Biomass Pyrolysis Operating Plants

Reactor Design

Capacity
(Dry Biomass Feed)

Organization or Company

Fluidized bed

400 kg/hr (11 tons/day)

DynaMotive, Canada

250 kg/hr (6.6 tons/day)

Wellman, UK

20 kg/ hr (0.5 tons/day)

RTI, Canada

Circulating Fluidized Bed

1500 kg/hr (40 tons/day)

Red Arrow, WI; Ensyn design

1700 kg/hr (45 tons/day)

Red Arrow, WI; Ensyn design

20 kg/hr (0.5 tons/day)

VTT, Finland; Ensyn design

Rotating Cone

200 kg/hr (5.3 tons/day)

BTG, Netherlands

Vacuum

3500 kg/hr (93 tons/day)

Pyrovac, Canada

Other Types

350 kg/hr (9.3 tons/day)

Fortum, Finland




Conclusion

e Burning wood is not the only solution
— conversion in fuels => distribution and storage
— Densification & transport

e Biomass Conversion
- Bio SNG and Liquid Fuels

e exothermic => cogeneration
— Fuel cell integration
- CO2 separation
e Power to gas concepts

- Long term electricity storage by electrolysis
Integration

- (Gl



