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Photosynthesis 2

Source: http://www.sheppardsoftware.com



Lignocellulosic Biomass Characterization

Source: Peduzzi. Biomass Conversion Lecture EPFL 2012.
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Biomass production
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CO2 cycle

Stock : Gt C 
Flow : Gt C/y



CO2 cycle
Stock : Gt C 
Flow : Gt C/y

Biomass carbon

+ bioEnergy
- Fossil Energy
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Biomass potential and conversion

Source : world energy assessment : UNDP 2000

45% 22% 33%

Wood Agriculture Waste
42 -165 PJ 26-86 PJ 34-50 PJ

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

Figures for Switzerland (sustainable potential : total = 82-301 PJ)

13 GJ/ha

 Biomass production potential in Switzerland 
sustainable -Technical in PJ/year
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12 | 1 Setting the context

Biomass can also be used on a large scale in the production 
of industrial chemicals.  Current processes primarily focus 
on converting starch and sugar into the desired chemical 
products, using microorganisms modified to produce 
the chemical of interest. In many ways these processes 
resemble those used to produce biofuels such as ethanol. 
This is an area of much research and commercial interest, 
and new processes and facilities continue to appear. Given 
the volumes of materials needed for the chemical sector, 
the overall use and demand for biomass for chemicals is 
much lower than that for energy.

Globally and traditionally, the largest use of bioenergy is 
for so-called ‘direct use’. This traditional use of bioenergy 
is mainly for heating and cooking, using biomass sources 
such as wood, charcoal, crop residues and animal dung. 
Much of it is used in small domestic stoves and open 
fires, and statistical data are therefore limited. Even 
in OECD countries, two-thirds of total bioenergy use 
is for heating, much of it sourced through forestry 
management. Figure 1.5 is a chart originally published by 
the International Energy Agency (IEA) depicting the use 
of bioenergy by sector in 2010 along with the potential 
use in 2035. The future estimates are based on the IEA’s 
New Policies Scenario, which takes into account broad 
policy commitments and plans to address energy-related 
challenges, even if the specific measures to implement 
these commitments are yet to be defined.

In this assessment, the total amount of traditional 
biomass consumed is expected to decline slightly over 
time, as access to modern fuels increases around the 
world. Excluding the traditional use of biomass, global 
primary use of bioenergy is expected to more than double 
from 22 exajoules (EJ) in 2010 to nearly 50EJ by 2035, 
growing at an average rate of 3.3% per year. Provision of 
heat and power are projected to be the largest consumers of 
non-traditional bioenergy, potentially growing from nearly 
17EJ in 2010 to more than 37EJ by 2035. Together, these 
two sectors account for about two-thirds of the additional 
consumption of bioenergy in the IEA scenario. 

A little more than 10% of current non-traditional 
bioenergy is in the form of liquid fuels for transport  
(i.e. biofuels). Brazil and the US are the largest producers 
of bioethanol, and Germany is the largest producer of 
biodiesel. The use of biomass for electricity generation 
(such as bagasse in Brazil and woodchip- and pellet-fuelled 
power generators in the UK) accounts for just over 20% of 
current non-traditional bioenergy. 

Bioelectricity continues to grow in both OECD and  
non-OECD nations. In 2011 more than 35 countries  
had bioelectricity capacities exceeding 100 megawatts 
(MW). Total generation has increased by more than  
170 terawatt-hours (TWh) (0.6EJ) from 2000, reflecting an 
8% annual growth rate over the past decade[7]. With more 
than 100 countries enacting renewable electricity targets, 
bioelectricity is expected to grow. The IEA estimates that 
electricity generated from biomass could grow to 530TWh 
(1.9EJ) in 2017 and possibly to more than 1,470TWh (5.3EJ) 
in 2035, depending on the cost and availability of biomass.

While much work has been done to map the potential 
for global biogas production, there is little reliable 
data about current biogas production levels in many 
countries. While the contribution (in energy terms) is 
relatively small, biogas was used to produce roughly 3% 
of electricity use in Germany[8], provided heating and 
cooking fuel to nearly 40 million Chinese households[9], 
and made up 64% of the gas use for transportation in 
Sweden in 2010[10]. There is increasing production and 
local use of biogas from landfills, and growing interest in 
utilizing anaerobic digestion of biomass for biogas and 
production of electricity.

Heat and power production are, and are expected to 
continue to be, the largest uses of biomass, enabled by 
well-known and widely practised combustion technology. 
However, biofuels for transport are also expected to more 
than double by 2035, and significant research is under way 
to provide more cost-effective conversion technologies 
to enable more penetration into the transport sector with 
fewer environmental impacts than are currently associated 
with liquid fuels.

T 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].

! Figure 2.6a
Use of bioenergy by sector in 2010 and 20351

Total 53EJ

BP Biomass Handbook
Figure 3 (10 February 2014)
Draft produced by ON Communication

Traditional
58.8%

2010 2035

Other
5.7% Heat

22.4%

Power
8.5%

Transport
4.6%

Total (projected) 79EJ

Traditional
36.5%

Other
5.5% Heat

24.6%

Power
22.5%

Transport
10.9%

Davis, S.C., Hay, W. & Pierce, J. (2014),  
Biomass in the energy industry: an introduction. 
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• Higher heating value (MJ/kgdry) 
– Boie formula 

– concentrations in  (%mass) 

• Lower heating value (MJ/kgdry)

Heating value of biomass

�hvap = 2441[kJ/kg]� in %mass

HHV = 35.17cC + 116.26cH � 11.10cO + 10.47CS + 6.28cN

LHVdry = HHV � m̃H2O

2
cH ⇥�hvap

LHVwet = HHV � (
m̃H2O

2
cH +

�

1� �
) ⇥�hvap



Typical heating value
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Biomass compared to other fuels

Proximate Analysis Ultimate Analysis HHV 
[% by wt dry basis] [% by wt dry basis] [MJ/kgdb]

FC VM ASH C H O N S

Coal - 8 Anth 84.59 7.09 8.32 83.67 3.56 2.84 0.55 1.05 32.856

Woodchips 23.5 76.4 0.1 48.1 5.99 45.74 0.08 0 19.916

Eucalyptus 21.3 75.35 3.35 46.04 5.82 44.49 0.3 0 18.64

Wheat straw 23.5 63 13.5 45.5 5.1 34.1 1.8 – 17

Miscanthus 12.4 87.2 0.4 – – – – – 19.297

HHV [MJ/kg] LHV [MJ/kg]
Hydrogen 141.8 121

Methane 55.5 50

Gasoline 47.3 44.4

Paraffin 46 41.5

Kerosene 46.2 43

Diesel 44.8 43.4

Coal (Anthracite) 27

Coal (Lignite) 15

Wood (MAF) 21.7

Parikh 2005

Wiki

Source: Higgman



Compared to other resources

Natural gas Wood Gasoline Diesel

kg/m3 700 240 800 800

LHV MJ/kg 50 17.8 44.4 43.4

GJ/Nm3 0.0359 5.3-9.6 35.5 34.7

CO2 g CO2/MJ 49.3 0 67 72

supply eq 
CO2 g CO2/MJ 11.6

1.4-1.8 
(production)
0.19 (20 MW)
-1.1(320 MW)
1.6 - 2.9

16.7 13.4

g CO2/MJ 60.9 1.6-2.9 83.7 85.4

19% - 20% 16%

Cost cts/kWh 10 3 - 7.5 18.6 19.2

industry cts/kWh 3.4
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Torrefaction

Dryer
FBM,in = 0,35 FBM,out = 0,10

Td,out =80°C

Td,in=200°C

Torrefaction

Ttorr=250°C

Combustion

air

water

air

1,54 kg/s 0.8 kg/s 

0.31 kg/s 

Tin,comb=450°C Tenv=25°CTrad=1300°C

1,11 kg/s 

0.53 kg/s 

0.84 kg/s 

Tenv=25°C

Q

Q

Q

Q

724 kW

117 kW

155 kW

1682 kW

Q Q

Q Q792 kW 1212 kW

270 kW
1211 kW

Tenv=25°C

LHVT00= 22 MJ/kg

9,61 kg/s 

Source. Peduzzi

LHVB00= 18,7 MJ/kg

Biomass
CHxOyNz

Q

200-300 °C

hygroscopicity
microbial activity 
grindability
energy density 
ignition times

Torrefaction

Solid
CHx’Oy’Nz’

Condensable gases
H2O, C2H4O2

Permanent gases
CO2, CO… 



Energy density

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





Combustion

1er law efficiency : 92% (LHV) 
2nd law efficiency : 16% ( T = 60°C)

Known since more 
than 400.000 years

Applications today 
Domestic heating 
District heating 

 Heat networks



Biomass Combustion – Domestic Heating

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



Biomass CHP – Steam Cycle

http://www.unendlich-viel-energie.de/
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• BIGCC Biomass Integrated gasification 
combined cycle

Combined heat and power 21

Varnamo (SE) - 6 MWe (32%) /9 MWth plant 

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

Ressource
18.3 MW

Electricity
6. MW

Heat
9. MW
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Conversion of heat into electricity 
T medium 
Carnot eff : 50% 

Applications 
Wood heating 
Biogas engine 
Geothermal energy

Cogeneration : ORC

Ė = ⌘
Carnot

· ṁ · LHV · (1� T0

T̃
gases

)

T̃
gases

=
T add

gases

� T stack

gases

ln(T add

gases

)� ln(T stack

gases

)
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1 MWe
Turboden ORC

6 MW

4.4 MW@80°C
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Biomass to services

Technologies en compétition
Cogénération biomasse

Rendements

Rendements [% du PCI]
Technologie électrique chaleur Remarques/Source
Co-combustion
Chaudière pellets -1 80 maison individuelle (système complet)

-1 90 Hoval AG
Chaudière copeaux -1 90 chaleur à distance
Cycle vapeur 26 67 Projet Aubrugg, ZH
- turbine à condensation 20 30 petite échelle (Durena AG)

28 40 grande échelle (Durena AG)
- turbine à contre-pression 15 70 petite échelle (Durena AG)
ORC 16 72 Turboden
Gazéification
& moteur 25 55 Güssing
& 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
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26

Gasification

CH1.5O0.67 + H2O-> CO+1.08H2 (ΔH=101 kJ/mol (700-900°C, 1 atm))

wood steam   
(gasifying agent)

syngas

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

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

"Remaining R&D issues 
"Suitable only for medium to large scale applications



Gasification & Fuel

Région Cossonay : 1942 
R. Chabanel



28
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

Different gasifiers



Types of gasifiers
Comparing operating conditions

Chapter 2. Process design

Table 2.3: Main operating condition and schematic conceptual representation of
FICFB and EFgasification (Boissonnet and Duchadeau (2008). Figures from E4tech
(2008))

FICFB EF

Temperature 800-1000 °C 1200-1500 °C
Pressure 1-4 bar 30-80 bar
Gas residence time 10 s seconds
Solid residence time several minutes seconds
Particle size 50-150 mma < 0.1 mm
Gasification agent steam steam/O2

a Depending on the type of chamber used for gasification and combustion, generally for bubbling
fluidised beds (BFB) 50-150 mm maximum and for circulating fluidised beds (CFB) 20 mm maximum.

investigated especially for the treatment of waste (such as municipal solid waste (MSW)) with
power production (E4tech (2008)). The techno-economic performance of plasma gasification
in BtL processes is evaluated by Seiler et al. (2010) and recently (4th quarter of 2012), a
Westinghouse Plasma Gasifier was commissioned for a process converting 150 tpd of biomass
into F-T liquids in Wuhan, Hubei, China by Wuhan Kaidi (Westinghouse (2014)). For an
extensive review and comparison of gasification technologies the reader is directed to the
interesting report by E4tech (2008).

2.3.1 Oxygen supply

Oxygen is used as an oxidiser to provide direct heating through combustion of part of
the process streams. The use of oxygen instead of air avoids the dilution of the synthesis gas
with N2, which would affect the size of the downstream units as well as the conversion in
the F-T synthesis. The unit operations which use oxygen are the EF gasifier, and the high
temperature stage used to eliminate the tars produced in the FICFB gasifier. If the electrolysis
unit is considered in the process (which will be presented in Section 4.5), oxygen is produced
on site as a by-product, reducing therefore the net oxygen requirement.

Today, the only commercially available technology capable of producing economically

42

E. Peduzzi : PhD Thesis EPFL, 2015

Fast Internally Circulating Fluidised Bed  
Entrained Flow



Viking gasifiers

Wood

Ash

Air/Oxygen

Fuel

Syngas

Water

Bed material/
ungasified char

Condensates

Flue gas

40°C

150°C

800-900°C
120°C

Particles

Pyrolysis/
Gasification

Char/fuel
combustion

90°C

Volatiles

700-800°C

Gasification

Pyrolysis

500 -
600°C

Particles Ash/char

Air

Wood

Condensates

Syngas

Partial oxidation



Cogeneration : Gasification

MENAG MANAGEMENT SA 
XYLOWATT SA 
Direction: G. Lagier 
En Budron A12 
1052 Le Mont-sur-Lausanne 

Tél. +41 (0)21 651 69 69

466 kW

100 kW

200 kW

CO + H2

800°C



Thesis : David Brown, 
2007
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Energy flow diagrams of optimisation scenarios

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

Hot gas cleaning and gas turbine Cold gas cleaning and IC engine

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



Thesis : David Brown, 
2007

33
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Figure VI.3 Trade-off points (after 15000 evaluations).             

 
Figure VI.4 Correlation coefficients (objectives & dec. vars.). 

 
Table VI.5 End points of trade-off curve for the 20 MWth installation 

Reactor (n. iterations) O2 gasification (15000) Air gasification (15000) H2O 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 
P boiler bar 37.95 15.05 36.55 60 58.05 13 
T reheat K 752.5 574 752.5 577 753 749.5 
T bleed K 368 386.5 420 386 464.5 381.5 
Tar mg/Nm3 5189 33891 15 382 5354 86034 
N2 % vol.  0.2 0.3 47.7 59.6 0.2 0.2 
H2 % vol. 11.5 13.3 10.7 7.5 20.1 14.2 
CO2 % vol.  49.3 59.5 18.9 21.2 31.2 38.2 
CO % vol. 14.6 9.8 13.8 5.8 16.8 9.4 
CH4 % vol.  11.5 10.4 6.1 4.4 17.3 17.1 
Other HC % vol. 12.8 5.6 2.7 1.0 14.3 18.3 
NH3 % vol.  5.44E-03 3.18E-02 5.91E-02 4.63E-01 4.38E-02 4.56E-02 
Furfural % vol.  2.58E-02 7.19E-01 8.41E-05 6.52E-03 6.46E-03 9.03E-02 
Phenol % vol. 1.21E-01 3.99E-01 2.41E-04 1.55E-03 1.40E-01 1.81E+00 
Naphthalene % vol.  1.28E-02 1.62E-02 1.69E-07 2.14E-06 1.34E-02 6.80E-01 
Pyridine % vol. 4.17E-03 1.83E-02 1.06E-04 2.94E-03 6.54E-03 6.58E-02 
Char % mass. 5 23 6 24 10 10 

Notes: the regression parameters of the reaction model provide from atmospheric air gasification data. Gas and 
tar species concentrations are expressed on a dry basis; char as a percentage of dry ash free wood, electric 
efficiency based on the LHV of 50% m.c. wood.  
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Fig. 5. Integrated composite curves for ICE-CC air gasification (left: max eff., right: min cost).
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Gas turbine integration Gas engine integration

ICE-CC) followed by air (GT-CC: 2465 €/kWe; ICE-CC:
3110 €/kWe) and oxygen gasification (GT-CC: 2805
€/kWe; ICE-CC: 3324 €/kWe).

Another possible evaluation criterion is the levelised
cost of electricity generation. It is calculated as the average
ratio of annual capital investments (with depreciation),
operations, maintenance, and fuel expenditures to the elec-
tricity generation over the lifetime of the project [65]. Cal-
culation parameters are indicated in Table 7. As indicated
in Fig. 8 (left for optimal specific capital costs and right for
all trade-off points), the economic advantage of GT-CC
over ICE-CC is less apparent in terms of electricity gener-
ation costs than in terms of specific capital costs, because
GT-CC solutions are penalised by higher relative fuel and
operator costs due to their lower efficiency. Maintenance
and depreciation costs are proportional to specific capital
costs, hence do not contribute to changing the order of
solutions. It can be noted from Fig. 8(left) that the break-
even point between GT-CC (109.9 €/kW he) and ICE-CC
(110.5 €/kW he) is almost reached for the steam gasification
scenario. Also the gap between the levelised costs for differ-
ent oxidants is relatively smaller than for specific costs.
Optimal air gasification GT-CC (109€/MW he) electricity
generation costs are slightly better than for steam gasifica-
tion. The optimal electricity generation costs solutions are
identical to the optimal capital costs solutions except for
air gasification GT-CC (109.4 €/MW he generation costs
for optimal specific capital costs of 2465 €/kWe).

The breakdown of optimal specific capital costs for ICE-
CC and GT-CC per processing step is indicated in
Fig. 9(left). The cost of wood dryers and heat exchangers
is small compared with other equipments. Average HEN
costs vary in function of heat exchanger surface, and are
slightly higher for indirect steam gasification. Oxygen
plant, gasifier, and gas cleaning equipment costs vary
essentially in function of the volumetric flow of gases. As
a consequence, oxygen gasification, although penalised by
the incremental cost of the ASU, is advantaged by the
lower cost of the gasifier and gas cleaning equipment,
which become higher for air gasification due to nitrogen
gas and also for steam gasification due to the higher oxi-
dant to biomass ratio. Recalling from Fig. 7(right) that
paradoxically air gasification and low pressure conditions
are predicted by equilibrium calculations to minimise tar
concentrations, improving gas cleaning equipment cost
estimation functions by linking them to contaminant mass
flow rates would be of interest. Gas turbine, ICE, and
steam turbine costs are mainly a function of their electrical
power output. As steam gasification producer gas has a
higher calorific value, gas turbine and ICE unit costs are
higher than for air or oxygen gasification. However, as
indicated in Fig. 9(right – the lower areas indicating electri-
cal power generation), as a consequence of diverting steam
to supply the indirectly heated gasifier, the relative contri-
bution of the bottoming cycle to electricity production is
less important for steam gasification than for air or oxygen
gasification. In addition although the ICE is costlier than
the gas turbine, is also more efficient. Regardless of the oxi-
dant gas, the electricity production from the topping cycle
is maximised with ICE-CC (53–83% of electricity produc-
tion), and minimised with GT-CC (32–42%).

Exergy balances for the separate processing steps have
also been determined. The losses _L and efficiencies g of each
conversion step are calculated as follows:

Table 7
Levelised electricity generation cost calculation parameters

Lifetime Availability Wood
(50% hum)

Labour
costs

Maintenance Interest
rate

15 years 90% 16.5
€/kW hth

240
k€/year

5%/year
of CGR

6%

10 15 20 25 30 35
2000

3000

4000

5000

6000

7000

Total Grass Roots Costs [MEuro]
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Fig. 8. Levelised electricity generation costs for optimal specific capital costs (left); and specific capital costs (upper right) and levelised electricity
generation costs (lower right) vs. total grass root costs.

2148 D. Brown et al. / Applied Thermal Engineering 29 (2009) 2137–2152
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Biomass to services

Technologies en compétition
Cogénération biomasse

Rendements

Rendements [% du PCI]
Technologie électrique chaleur Remarques/Source
Co-combustion
Chaudière pellets -1 80 maison individuelle (système complet)

-1 90 Hoval AG
Chaudière copeaux -1 90 chaleur à distance
Cycle vapeur 26 67 Projet Aubrugg, ZH
- turbine à condensation 20 30 petite échelle (Durena AG)

28 40 grande échelle (Durena AG)
- turbine à contre-pression 15 70 petite échelle (Durena AG)
ORC 16 72 Turboden
Gazéification
& moteur 25 55 Güssing
& 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



Pulverised Coal with flue gases treatment
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favoring coal based low cost, high efficient, low local pollutant emission power generation technology 

along with the trend of rapid power generation capacity increase will be kept.  

Processes and performances of typical clean coal technologies are introduced below. 

 

 

3.3.1 Pulverized Coal (PC) Power Generation with Flue Gas Treatment 

The configuration of conventional coal based pulverized power plant is shown in Fig. 3.27. In order to meet 

the requirements of the environmental regulations, Flue gas treatment facility such as FGD and SCR are 

used.  

 
Fig. 3.27. Conventional pulverized coal power plant with FGD and SCR 

1.Boiler  2.SCR  2.Air preheating  4. ESP  5.FGD 6. Cooling tower    7. Turbines    8.Boiler Feed Water preheating circuits    

9.Cooling water circuits    10.Boiler Feed Water preparation 

 

There are several ways to improve the efficiency of the PC power plant. Some of them related to the design 

such as process optimization, reducing auxiliary power consumption, waste heat recovery and steam 

turbine modernization. Some of them, on the other hand, are related to thermodynamic parameters as 

shown in Fig. 3.28.  

 
Fig. 3.28 Steam cycle improvements in incremental steps (Source: [8]) 

 

Decreasing condensing temperature is limited by the environment condition. On the other hand improving 

initial steam conditions is mainly limited by material. The problematic sections of supercritical steam 

boilers are the water walls, superheaters and thick-walled outlet headers/steam lines. The use of a material 

Boiler

Super-critical steam turbine

Steam cycle preheating

Gas treatment

S (1%)
Ash (3%)

⌘e = 42� 47%

250 -320 bar : 700°C

Co-Combustion in Coal power plants
Coal 
+ Biomass



Examples of supercritical plants

 47

at elevated temperatures is mainly limited by its creep strength and resistance to degradation, in the form of 

embrittlement or softening. Superheaters are additionally vulnerable to high temperature corrosion. The 

general requirements for the materials used at elevated temperatures are the following: High creep strength 

at high temperature; High toughness and resistance to embrittlement during; long-term use at high 

temperature; Resistance to steam oxidation and/or fireside corrosion; Ease of fabrication for large forged 

and cast components. Nowadays, steam conditions up to 300 bar/600°C /620°C are achievable using steels 

with 12% chromium content. Up to 315 bar/620°C/620°C, austenite is needed[43]. Although subcritical 

units dominate the current PC power generation market, the supercritical technology is proven e.g. in 

Europe and Japan and may increase their market share.  
 

Table 3.4 Thermodynamic main parameters of supercritical plants in Denmark  

Designation Unit Studstrup Unit 3 

& 4 

Fynsværket Unit 7 Esbjerg Unit 

3 

Amager Unit 

3 

Avedøre Unit 

1 

Net output MW 350 390 377 250 250 

Main steam pressure Bar 250 250 250 245 245 

Main steam 

temperature 

°C 540 540 560 545 545 

Reheat temperature °C 540 540 560 545 545 

Feedwater 

temperature 

°C 260 280 275 275 275 

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 

 

Table 3.4 shows the thermodynamic parameters of some current operating supercritical plant[44]. Similar 

information can be found in [45], where the parameters of some of the current and planning super-critical 

units are given. 

Ultra-supercritical technology is under developing within e.g. the ‘AD700 °C’(Advanced 700°C) project in 

Europe[44, 46] and US USC consortium[47]. The efficiency evolution along with the operating conditions 

as well as available time is shown in Fig. 3.29.[47].  

Fig. 3.29. The development of supercritical and ultra-supercritical PC units 

For the AD700 project, the objective is set as follows: to get efficiencies of more than 50 % (LHV); to 

increase steam temperature up to the 700-720 °C range; to increase steam pressure up to the 350-375 bar 

range; to reduced CO2 emission by more than 15% (from 780 to 650 gCO2/kWh) and to reduced generation 

cost by approximately 12 % (from 31.4 to 27.6 €/MWh). Fig.3.30. illustrates the advanced water/steam 

cycle in the year of 2010. 
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Système hybride pile à combustible

Facchinetti, Emanuele, Daniel Favrat, and François Marechal.  Fuel Cells, no. 0 (2011): 1-8.

⌘d =
E�

CH4+LHV

= 80%

80 - 82%

18- 16%100%

Facchinetti, M, Daniel Favrat, and Francois Marechal. 
“Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine 
with CO2 Separation.” PCT/IB2010/052558, 2011.

Facchinetti et al.: Innovative Hybrid Cycle Solid Oxide Fuel Cell-Inverted Gas Turbine with CO2 Separation

fuel cell and thus reduced fuel cell cooling requirement.
Indeed, the optimal HCP fuel cell air excess decreases with
the pressure ratio (Figure 4). HCox and HCair are character-
ized by a nearly constant steam to carbon ratio and fuel cell
air excess.

The cathodic turbine pressure ratio remains nearly con-
stant for HCox while decreases slightly for HCair with
respect to the anodic pressure ratio (Figure 5).

Figure 6 displays the relation between the pressure ratio
and the anodic and cathodic compressor inlet temperatures.
Anodic and cathodic compressor inlet temperatures of HCair

are minimized in order to reduce the compression work.
The compressor inlet temperatures of HCox are slightly
higher than the lower limit of the range. This is due to the
low temperature heat load required by the system energy
integration.

Corrected composite curves of optimal solutions, charac-
terized by the same pressure ratio, are compared in
Figures 7–9. The decision variables describing those solutions
are presented in Table 2. The corrected composite curves
represent the relation between corrected temperature
!T±!DT min!2"" and the heat load specific to the power output.

/ -

/ -

Fig. 3 Pressure ratio vs. steam to carbon ratio with max TIT = 1,573 K.

/ -

/ -

Fig. 4 Pressure ratio vs. fuel cell air excess with max TIT = 1,573 K.

/ -

/ -

Fig. 5 Pressure ratio vs. cathodic turbine pressure ratio with max
TIT = 1,573 K.

/ K

Fig. 6 Pressure ratio vs. compressor inlet temperature with max
TIT = 1,573 K.

/ K

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

Table 2 Decision variables for optimal solutions p = 3 and max
TIT = 1,573 K.

Variables HCox HCair HCP

nsc 1.35 1.30 1.65
Tsr [K] 1,065 1,073 1,071
Tfc [K] 1,072 1,073 1,073
k 3.3 2.6 2.6
l 0.8 0.8 0.8
p 3 3 3
pcathode 2.9 3.0 –
Tic cathode [K] 299 298 –
Tic anode [K] 304 298 –
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interesting at a much bigger scale. Thus, when looking at the
integration of biomass gasification with a fuel cell system
a possible successful approach is to build a centralized gas-

ification plant that provides syngas or SNG [24] to a large
number of decentralized fuel cell systems [25e27]. In such
arrangements however all the possible heat integration op-
portunities between the gasifier island and the decentralized
fuel cell islands are lost.

In this work we followed an alternative design approach
that is to adapt the gasifier size to the fuel cell scale. The re-
sults of the present analysis should help in understanding the
impact in cost and efficiency of synthesis and design choices,
particularly those resulting from the high heat integration
opportunities. Together with experimental results conducted

by some research partners on small scale BIGFC systems, the
results of this study can be compared with the option con-
sisting of one big gasifier and decentralized fuel cell system
and to identify most promising system configurations.

2. Methodology

To compare different system configurations in a systematic
way, the change in system topology (types of components and
their connections) is addressed by introducing a system su-
perstructure that includes all the basic components (Fig. 1), in
which all the possible basic plant configurations can be identi-
fied by virtually enablingmutually excluding components [20].

In principle, the overall optimization problem could be pro-
grammed as an MINLP problem, whereby all the technological
alternatives are evaluated at once and the optimal plant

configuration is found as a result of a single optimization
problem. We chose instead a different approach in which the
different plant configurations were optimized separately fol-
lowing the maximization of the system efficiency (ratio be-
tween the total net power and input of wood chemical energy
rate as in Eq. (1)) and minimization of the capital investment
simultaneously (two-objective optimization). In this way the
resulting Pareto fronts of the different system concepts are
compared graphically and conclusions are drawn based on
the position of significant system designs in the costeper-
formance diagrams.

hSYS ¼ PSYS

mWOOD$LHVWOOD
(1)

In addition we decided to discard any pre-defined HEN
design and to use a methodology that evaluates heat recovery
targets given the set of system hot and cold thermal streams.
A pre-defined HEN is in fact optimal only for a specific set of
equipment units and their design parameters and it generally

constrains the system performance to lower values as soon as
different equipment units and different values of their design
parameters are considered. The system internal heat recovery
was therefore studied by looking at the process internal heat
cascade through on Pinch Analysis techniques [20,28,29].
Accordingly, the system thermal streams are separated into

Table 1 e 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 1 MW 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 e 0.76 n.a. 0.76 0.62 0.55
O (%) 44 38.9 39.3 n.a. 39.3 44.5 42.5
S (%) 0.02 e 0.09 n.a. 0.09 0.15 0.06
Cl (%) 0.162 e e n.a. e e e

Ash (%) e e 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 e 1073 1173 1073 1223 1223
Min. gas cleaning

temp. (K)
873 817 573 723 573 343 973 n.a.

TAR reformer Yes Yes No Yes No Yes No Yes
Type SOFC Ni/GDC

LSM
n.a. Risø [19] n.a. Planar

int. ref.
Ni/YSZ
LSM/YSZ

n.a. n.a.

SOFC outlet temp. (K) 1273 1268 1073 1173 1223 1173 1073 1223
Current density (A cm"2) 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,

cathode
n.a. Anode,

cathode
e e e e Anode,

cathode
Auxiliary Micro-GT GT GT (h 75%) e e e ST (h 75%) GT (h 91%)
Turbine inlet temp. (K) 1273 1473 1173 e e e e 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

b i om a s s a n d b i o e n e r g y 4 9 ( 2 0 1 3 ) 2 9 9e3 1 4 301

Morandin, Matteo, François 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.



PRNK on the total gross power goes from 20% to 27%. Point C

belongs to the subset of optimal solutions with a counter-
pressure steam turbine, in this point working between
7.8 MPa and 0.3 MPa. In point D(ATR) instead, the steam cycle
is of the extraction condensing turbine type, in this case
working between 9.8 MPa (near the upper bound of 10 MPa)
and the cold utility level (lower bound at 0.005 MPa) with
a steam draw off at 0.34 MPa. This in parallel increases the
complexity of the HEN for the internal heat recovery as shown
by the much tighter composite curves of these solutions
(Figs. 11 and 12) compared to the composite curves shown in
Figs. 6e8.

By comparing Fig. 11with Fig. 7 for instance, it is possible to
notice how the increase in performance can be obtained by
regularly improving the conversion of the heat pocket into net
power. This can be done by regularly adjusting the steam
pressuresuntil all thepinchpointsareactive (e.g.when3pinch
points are active like in Fig. 11). The extraction condensing
turbine has a better chance to exploit the heat pocket at lower
temperatures compared to the counter-pressure steam tur-
bine.However a big part of thermal exergy at high temperature
is still lost even if the highest values of super-heating end-
temperature and steam generation pressure are used.

When steam reforming is used in place of auto-thermal
reforming, a greater part of heat can be recovered at high
temperatures. Therefore, point D(STR) at the same system
efficiency and total cost of point D(ATR) exhibits only one
pinch point (compare Fig. 12 with Fig. 11). This means that
there is still space for better performances by adjusting the
parameters of the heat recovery steam cycle in the way that
other pinch points are activated (e.g. by reducing the pressure
level of the steam draw-off and by letting a greater part of
steam to be expanded down to lower pressure).

4.3. Wood gasifier, gas treatment, SOFC and gas turbine
(hybrid mode)

Fig. 13 shows the front of optimal solutions resulting from the
thermo-economic optimizations of system configurations in
which power is generated by means of the SOFC and of a gas

expander while the system operates under pressurized con-
ditions (hybrid mode). The unreacted fuel available at the
SOFC outlet is burnt before the gas is expanded and two
alternative designs of post-combustors are considered: radi-
ative and adiabatic.

In the same figure the Pareto fronts of the solutions pre-
viously discussed are also shown in background. The pres-
surization of the system and the addition of a gas expander
allow for another significant increase in performances and
costs compared to the configurations in combined mode and
those with only the SOFC.

Minimum values of specific costs around 8,000 $ kW!1

were obtained for the configurations with the FB gasifier. The
range of costs of the configuration with the Viking gasifier
appear considerably higher than the other configurations,
with specific costs only slightly lower than 15,000 $ kW!1. The
choice of a different type of burner (adiabatic or radiative)
before the gas expander has an important influence in system
efficiency. In fact, the maximum system efficiencies obtained
with the VKeSTReSOFCeGT configuration (around 63%) are
almost 5 absolute percentage points higher than those of
obtained with the FBeATReSOFCeGT configuration (around
58%). The difference inmaximumperformances is also higher

when comparing the two configurations with the FB gasifier.
The presence of steam reforming in place of auto-thermal
reforming, in combination with adiabatic post-combustion,
allows an additional boost in performance with minor
increase in total plant costs. Maximum efficiencies of the
FBeSTReSOFCeGT configurations are around 72%.

Two solutions belonging to these two latter configurations
are discussed inmore detail: point E of the FBeATReSOFCeGT
front and point F of the FBeSTReSOFCeGT front. The main
equipment costs of these two solutions are shown in Fig. 14,
while the values of decision variables and main system

dependent variables are shown in Tables 2 and 3.
The power recovered from the gas expansion PGT repre-

sents a considerable part of the gross power output. The
optimal values of fuel utilization, anode and cathode recir-
culation do not vary significantly compared to the previous
configurations. However, higher working pressure increases

Fig. 12 e Solution D(STR): exergy hot and cold composite
curves.

Fig. 13 e Fronts of optimal cost-efficiency design solutions
based on pressurized SOFC and gas turbine.

b i om a s s a n d b i o e n e r g y 4 9 ( 2 0 1 3 ) 2 9 9e3 1 4 311



SOFC-Gasifiers

Small size Medium size 

Parameters Unit FICFB_NP_S VKG_S FICFB_NP_M FICFB_P_M CFB_M 

Humidity wood  dryer outlet % 0.16 0.21 0.11 0.11 0.11 

Steam/biomass ratio - 0.76 - 0.85 0.9 0.56 

Steam to carbon ratio in the 
reformers - 1 1.08 1.12 1.86 1 

Fuel cell Inlet temperature K 1026 1023 101 1011 1022 

Steam excess ratio in the post 
combustor - 0.30 0.26 0.27 0.23 0.32 

Energy efficiency [%] 64.5 68.7 65.6 67 71% 

Specific investment cost [$/kW] 22048 27196 11113 10280 9305 

S p e c i f i c C o s t ( e l e c t r i c i t y 
output) [$/kWh el] 1.03 1.10 0.35 0.33 0.30 

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



Reduction of the technology cost

• SOFC element = 78 % of the total cost
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Reducing the system cost as a function of the number of units.

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.



CO2 Capture

• NG Penalty
– Compression 

• 2% (LHV)

– Capture :
• 4-7% (LHV)

– Total
• 6 à 9% (LHV)

• Investissement
– + 30%

TECHNOLOGIE NEUE KRAFTWERKE
TECHNOLOGIE NOUVELLES CENTRALES

Bulletin 11 / 2013 1

La capture de CO2 dans les centrales 
électriques
Réduction des émissions de CO2 par CCS ?

La capture et le stockage du CO2 est considéré comme 
une alternative prometteuse pour atteindre les objectifs 
de réduction des émissions de carbone de la production 
d’électricité. En appliquant une stratégie d’optimisation 
thermo-environomique, le bénéfice environnemental et 
les coûts énergétiques et économiques sont évalués de 
manière systématique pour comparer les différentes 
options technologiques. L’importance de l’intégration 
énergétique et son impact sur l’efficacité et le prix de 
revient de l’électricité sont mis en évidence pour identi-
fier les meilleurs procédés.

Laurence Tock, François Maréchal

Face aux enjeux de la réduction des 
émissions de gaz à effet de serre (GES) 
et de l’approvisionnement durable en 
énergie, la capture et le stockage du 
CO2 (CCS, Carbon Capture and Sto-
rage) est l’une des mesures phares qui 
pourrait contribuer à réduire de 20 % 
les émissions de GES afin de maintenir 
le réchauffement climatique en dessous 
de l’objectif de 2 °C [1]. Dans la perspec-
tive du virage énergétique amorcé par 
la Suisse, la capture et la séquestration 
du CO2 dans la production d’électricité 
fait par ailleurs partie des mesures 
requises.

Afin d’évaluer la compétitivité du CCS 
et d’apporter une aide à la prise de déci-
sion, une approche systématique pour 
l’analyse et la conception de procédés est 
développée et appliquée au sein du 
groupe de recherche « Industrial Process 
and Energy Systems Engineering » de 
l’École Polytechnique Fédérale de Lau-
sanne (EPFL).

Capture et stockage du CO2
Dans un procédé industriel, le cap-

tage-stockage du CO2 se résume en trois 
étapes :

 ■ la capture consistant en la séparation 
du CO2 du gaz résiduel ;

 ■ le transport par bateau ou gazoduc 
jusqu’au lieu de stockage (compression à 
110  bar) ;

 ■ le stockage à long terme dans des for-
mations géologiques (par exemple réser-

voirs de pétrole ou de gaz naturel épui-
sés, aquifères salins) [2].

Pour l’étape de capture, trois concepts 
différents peuvent être envisagés :

 ■ Lors de la postcombustion le CO2 est 
séparé des fumées (N2 et H2O) en aval de 
la combustion (figure 1a).

 ■ L’oxycombustion consiste à utiliser 
l’O2 pur, au lieu de l’air, comme oxy-
dant pour la combustion. Les gaz de 
combustion ne contiennent alors pas 
d’azote et le CO2 peut être séparé sim-
plement par condensation de l’eau 
(figure 1b).

 ■ Dans la précombustion, le combus-
tible est d’abord converti en gaz de syn-
thèse, mélange de CO et H2, soit par 
reformage du gaz naturel soit par gazéi-
fication de la biomasse ou du charbon. 
Le gaz de synthèse réagit ensuite avec 
de l’eau par la réaction de shift (WGS) 
pour générer du CO2 et de l’H2. Après 
séparation du CO2, l’H2 peut être brûlé 
dans une turbine ou être utilisé dans 
une pile à combustible pour produire 
de l’électricité (figure 1c).

Différentes technologies telles que 
l’absorption chimique ou physique  
(encadré), l’adsorption ou les procédés 
membranaires [3] peuvent être utilisées 
pour séparer le CO2 des autres substances 
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Figure 1 Concepts de la capture de CO2 : a) postcombustion ; b) oxycombustion ; c) précombustion.

Post combustion

Oxi combustion

Pré combustion

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
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⬥ Superstructure of pre-combustion processes6 

➢ Conceptual process design of fuel decarbonisation

Physical model
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Reforming

Syngas Production

CO2 methane 
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24 22
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Q- 
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     E- 
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6 Tock et al. IJHE 2012
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units ?
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configuration ?



17 May 2013 ‹#›PhD Thesis L. TOCK

➢ Configurations (380MWth,BM) 
● Without/with CO2 capture (compression to 110bar) 
● H2 process with Ė import or self-sufficient or Ė generation

Electricity production with CO2 capture

Olivine  
CaCO3  

Charcoal 
Oil  (starting)
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CO2 (biogenic, fossil)

Solid  
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RME/Water

Liquid  
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Transport Ni  
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      1GJe

Cold gas  
cleaning
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WGSWood
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CH4 
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Q
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Torrefaction

Q
H2O(v)

Air 
drying
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Q Boiler, steam  
network & turbines

Combustion

Q Q
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FICFB  
indirectly heated

Chem./ 
Phys Abs.

CO2 removal H2 purif.

Q Q
Power 
Ė

Heat 
Q-

E+

H2 rich fuel

Optional 
polygeneration 

products 

Gas  
turbine

Q

B
A

NOx,  
PM,  

(CO2 )

Air

Tsyn: 1000-1200K

Psyn: 1-15bar

S/C: 0.2-4
THTS: 573-683K

TLTS: 423-573K
3.7MJ/kgCO2

380MWth,BM
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⬥ CO2 separation technologies 
➢ Chemical absorption 

➢ Physical absorption 

➢ Physical adsorption 

➢ Membrane processes

Context

   2Göttlicher 1999

2

Operating  

conditions ? Separation/purification 

 capacity ? Energy  

requirement ? Costs ? 

Q+
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⬥ CO2 capture energy and cost penalty 
➢ Different process configurations 

● Natural gas fed processes 90% CO2 capture, biomass 60% capture 

➢ Competition between post- and pre-combustion

CO
2
 capture options comparison

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

NGCC
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⬥ CO2 capture environmental performance 
● IPCC 07: Global warming potential  (FU=1GJe)

CO
2
 capture options comparison

➢ Major contributions 
• Resource extraction 
• Uncaptured CO2 

➢ Biomass fed process 
• Benefit of capturing 

biogenic CO2 !

GWP ↘ 
by CO2 capture
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⬥ CO2 capture cost penalty

CO
2
 capture options comparison

➢ Resource purchase 
•  up to 80% of COE 

➢  Competitiveness 
• Carbon tax 
• Economic conditions 

Economic scenario base: 9.7$/GJres, 7500h/y, 25y, 6%ir 
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⬥ Economic competitiveness of process configurations 
➢ Influenced by economic conditions

Decision-making

low:14.2$/GJres, 20$/tCO2, 4500h/y, 15y, 4%ir   
base: 9.7$/GJres, 35$/tCO2, 7500h/y, 25y, 6%ir 
high: 5.5$/GJres, 55$/tCO2, 8200h/y, 30y, 8%ir 

➢ Strategy for 
supporting 
decision-making?

5.5$/GJres 
55$/tCO2

. .εtot 57.5% 
CO2 capt. 10% 

14.2$/GJres 
20$/tCO2

.εtot 51% 
CO2 capt. 85% 
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⬥ Most economically competitive process configurations

Decision-making

➢ CO2 capture penalty 
• Efficiency ↘: 6-10%-pts                       

(CO2 compression ~2%-pts) 
• COE ↗: 20-25% 

➢ Best performing process 
• Efficiency: Nat gas. pre-comb. 
• Economic: Nat gas. post-comb. 

• Environmental: Biomass pre-comb. 

➢ Competition between processes      
 and objectives!

System NGCC Post-comb ATR BM

Performance no CC MEA Selexol Selexol

Feed [MWth] 559 582 725 380

CO2 capture [%] 0 82.9 78.6 69.9

εtot [%] 58.75 50.6 53.5 35.4

Net electricity [MWe] 328 295 383 135

 [kgCO2, local/GJe] 105 13.9 22.2 -198.1

COE incl. tax[$/GJe] 18.2-28.8 9-40 12.8-42 15-69
Avoid. Costs incl.  tax [$/
tCO2,avoided] - -63-121 -49-127 0-253



LENI Systems

Thermochemical biomass conversion
Principle of conventional thermochemical routes

Thermochemical biomass to fuel reforming proceeds typically
in two (or more) reaction steps:

gasification

pyrolysis

non-condensable/
condensable
substances

(H2, CO, CO2, H2O,
CH4, CxHy ,
char, tars)

methanation

FT synthesis

DME synthesis

methanol
synthesis
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LENI Systems

Block flow superstructure
Conventional route (gasification & methanation): decomposition

Wood

Air drying

Steam drying

Torrefaction

Pyrolysis

Drying Thermal pretreatment

Indirectly heated,
steam-blown
gasification

Directly heated,
steam/oxygen-
blown gasification

Gasification

Cold gas cleaning
(cyclone, filter,
scrubber, guard bed)

Hot gas cleaning
(cyclone, filter,
catalytic treatment)

Gas cleaning

volatiles
H2O(v) Q+

Q+H2O(v)

residuals and condensates

Q+

O2-import or cryogenic
production on-site

O2 from electrolysis

producer gas
(to synthesis)

CH1.35O0.63 + 0.3475H2O
�H0=�10.5 kJ/molwood� 0.51125CH4 + 0.48875CO2
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LENI Systems

Block flow superstructure
Conventional route (gasification & methanation): synthesis

Synthesis preparation

Physical absorption
(Selexol wash)

Pressure swing
absorption

Stepwise fixed bed
methanation

Internally cooled
fluidised bed
methanation

Methane synthesis

Water-gas shift

Stoichiometry adjustment

CO2-removal

Physical absorption
(Selexol wash)

Pressure swing
absorption

Polymeric
membranes

SNG-
upgrading

Compression

Compression

SNG
treatment

CO2 treatment

Electrolysis
CO2

SNG

CO2 and condensates

H2O(v) Q-

condensates

H2O2

H2O(l)

to gasification

producer gas
(from gas
cleaning)

CH1.35O0.63 + 0.3475H2O
�H0=�10.5 kJ/molwood� 0.51125CH4 + 0.48875CO2
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LENI Systems

Gasification unit models
Problem set-up

Gasification modelling
problem:

8 bulk species:

CH4, CO, CO2, H2, H2O,
N2, C2H4, C(s)

4 atomic mass balances

� 4 model equations required

Wood

Ash

Air/Oxygen

Fuel

Syngas

Water

ungasified char

Condensates

Flue gas

40°C

150°C

800-900°C
120°C

Particles

Pyrolysis/
Gasification

Char/fuel
combustion

Ash

Air/Oxygen

Fuel

Syngas

Water

ungasified char

Condensates

Flue gas

40°C

150°C

120°C

Particles

Char/fuel
combustion

W
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Gasification unit models
Model equations

3 adjusted equilibrium equations

K̂p,i = Kp,i (Tg + �Ti )

where: Tg gasification temperature
�Ti artificial temperature di⇥erence

constant ratio between CH4 and higher hydrocarbons

pC2H4 = kp · pCH4

�h0
r

hydrogenating gasification C(s) + 2H2 � CH4 -75 kJ/mol
Boudouard equilibrium C(s) + CO2 � 2CO 173 kJ/mol
water-gas shift CO + H2O � CO2 + H2 -41 kJ/mol
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Model reconciliation
Gas composition (%vol) & model constants

Process FICFB Viking
Reactor gasification pyrolysis gasification
State wet dry wet wet dry
CH4 8.8 / 9.0 - / 9.3 - / 35.7 - / 1.2 1.2 / 1.2
CO 29.4 / 28.0 - / 28.9 - / 3.0 - / 18.3 19.6 / 19.0
CO2 16.2 / 15.3 - / 15.9 - / 33.2 - / 14.2 15.4 / 14.7
H2 37.3 / 39.5 - / 41.0 - / 4.9 - / 30.4 30.5 / 31.4
H2O 3.6 / 3.5 - / - - / 23.0 - / 3.2 - / -
N2 2.9 / 2.9 - / 3.0 - / 0.2 - / 32.7 33.3 / 33.7
C2H4 1.8 / 1.8 - / 1.9 - / - - / - - / -
measures (Rauch, R. (2004), Goebel, B. et al. (2004)) / calculation

� accurate reproduction of gas composition & heat demand

Process FICFB Viking
Reactor gasification pyrolysis gasification
�Thg -260�C -289�C -11�C
�Tbd -201�C - -123�C
�Twg -112�C +12�C -126�C
kp 4.9 - -
reconciled model constants

� part. oxidation at high T gets closer to equilibrium
36 / 87



LENI Systems

Flowsheet generation (2)
Energy-integration model

How to satisfy the MER?

MER of crude production

hot utility: combustion

fuel choice?

perspective: CCS at < 15 e/t
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LENI Systems

Flowsheet generation (2)
Energy-integration model

How to satisfy the MER?

MER of crude production

hot utility: combustion

fuel choice?
waste streams
intermediate products

perspective: CCS at < 15 e/t
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LENI Systems

Flowsheet generation (2)
Energy-integration model

How to satisfy the MER (while by-producing pure CO2)?

MER of crude production

hot utility: combustion

fuel choice?

perspective: CCS at < 15 e/t

41 / 87

To sequestration
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Flowsheet generation (2)
Energy-integration model

Integrating heat recovery technologies in the superstructure
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LENI Systems

Flowsheet generation (2)
Energy-integration model

Integrating heat recovery technologies in the superstructure

43 / 87



LENI Systems

Flowsheet generation (2)
Energy-integration model

MILP resolution: ... to an integrated solution

49 / 87
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LENI Systems

Plant integration

Thermochemical reforming of biomass into fuel are highly
integrated processes. Common process layouts to SNG,
DME, FT-fuels include

energy-intense feed preparation (drying)

endothermal high temperature gasification

exothermal producer gas reforming

Example: Common wood to SNG route

CH1.35O0.63 + 0.3475H2O
�H0=�10.5 kJ/molwood� 0.51125CH4 + 0.48875CO2

Wood

Air drying

Steam drying

Torrefaction

Pyrolysis

Drying Thermal pretreatment

Indirectly heated,
steam-blown
gasification

Directly heated,
steam/oxygen-
blown gasification

Gasification

Cold gas cleaning
(cyclone, filter,
scrubber, guard bed)

Hot gas cleaning
(cyclone, filter,
catalytic treatment)

Gas cleaning
Synthesis preparation

Physical absorption
(Selexol wash)

Pressure swing
absorption

Stepwise fixed bed
methanation

Internally cooled
fluidised bed
methanation

Methane synthesis

Water-gas shift

Stoichiometry adjustment

CO2-removal

Physical absorption
(Selexol wash)

Pressure swing
absorption

Polymeric
membranes

SNG-
upgrading

volatiles

Compression

Compression

SNG
treatment

CO2treatment

Electrolysis
CO2

SNG

H2O(v) Q+
Q+H2O(v)

residuals and condensates CO2 and condensates

H2O(v) Q-

condensates

Q+

H2O2

H2O(l)O2-import or cryogenic
production on-site

combustion

Q

Utility and heat recovery system

Boiler,
steam network and turbines

Q- Q+Q-

O2

Q+

Process superstructure
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Process performance
conventional SNG

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

Gasification
Wood Methane

synthesis

Q+ (800-900°C)

SNG
upgrading

fumes

Combustion
depleted streams
(CO2, CH4, H2, ...)

SNG

air

100% 98% 69% 68%

1%

18%

80%

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

indirectly heated gasification & PSA

200

300

400

500

600

700

800

900

1000

1100

1200

1300

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

T 
[K

]

Q [MW]

Process streams
Steam network

Mech. power

gasification

producer gas
& fumes

combustion

methanation

steam (meth.)

steam (gas.)
drying

cooling waterpower

process pinch point

input: 20 MWth,wood

FICFB CFB
(base) (torr) (pM) (pM, SA) (pGM) (pGM, hot)

Consumption Wood 100% 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% 72.1% 67.5% 67.8% 74.0% 74.0%
Electricity 2.9% - 2.6% 3.3% - 1.6%

Overall e�ciency 69.4% 70.7& 68.8% 69.8% 73.2% 75.6%
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LENI Systems

Process performance
conventional SNG

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

Gasification
Wood Methane

synthesis
SNG
upgrading

fumes

Combustion
     (catalytic) depleted streams

(CO2, CH4, H2, ...)

SNG

air

100% 76% 74%

2%

85%

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

directly heated gasification & Selexol

200

300

400

500

600

700

800

900

1000

1100

1200

1300

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

T 
[K

]

Q [MW]

Process streams
Steam network

Mech. power

producer gas
& fumes

methanation

steam (gasification
& methanation)drying

cooling waterpower

input: 20 MWth,wood

FICFB CFB
(base) (torr) (pM) (pM, SA) (pGM) (pGM, hot)

Consumption Wood 100% 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% 72.1% 67.5% 67.8% 74.0% 74.0%
Electricity 2.9% - 2.6% 3.3% - 1.6%

Overall e�ciency 69.4% 70.7& 68.8% 69.8% 73.2% 75.6%
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Process performance
conventional SNG

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

Maintenance
Labour

Oxygen
Biodiesel
Wood
Electricity

Depreciation

0

5
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25

30

35
Heat echanger
network 
Steam cycle 
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Gas conditioning 
Gasification
Pretreatment
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FICFB CFB

90.3 89.3

80.6
75.7

pressurised methanation & gasification

Investment cost Total production costs
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Thermo-economic optimisation
Trade-o�s: e⇥ciency and scale vs. investment

E⇥ciency vs. investment:

62 63 64 65 66 67 68
900

1000

1100

1200

1300

1400

1500

1600

energy efficiency [%]

sp
ec

ifi
c 

in
ve

st
m

en
t 

co
st

 [€
/k

W
]

trade-off: efficiency vs.
investment (& complexity)

TECHNOLOGY: 
drying:  air, T & humidity optimised
gasification:  indirectly heated dual fluid. bed (1 bar, 850°C)
methanation:  once through fluid. bed, 
      T, p optimised (p = [1 15] bar)
SNG-upgrade:  TSA drying (act. alumina)
    3-stage membrane: p, cuts optimised
   quality: 96% CH4, 50 bar
heat recovery: steam Rankine cycle
   T, p & utilisation levels optimised

input: 20 MW wood at 50% humidity (~4t/h dry)
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LENI Systems

Thermo-economic optimisation
Trade-o�s: e⇥ciency and scale vs. investment

E⇥ciency vs. investment and optimal scale-up:

62 63 64 65 66 67 68
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]

trade-off: efficiency vs.
investment (& complexity)

TECHNOLOGY: 
drying:  air, T & humidity optimised
gasification:  indirectly heated dual fluid. bed (1 bar, 850°C)
methanation:  once through fluid. bed, 
      T, p optimised (p = [1 15] bar)
SNG-upgrade:  TSA drying (act. alumina)
    3-stage membrane: p, cuts optimised
   quality: 96% CH4, 50 bar
heat recovery: steam Rankine cycle
   T, p & utilisation levels optimised

input: 20 MW wood at 50% humidity (~4t/h dry)
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scale-up objective: minimisation of production costs
(incl. investment by depreciation)ε ~ 62%

ε ~ 66%

ε ~ 64%

ε ~ 68%

optimal configurations:
increasing efficiency

discontinuities due to
capacity limitations of

equipment (diameter < 4 m)

     1
nb. of
gasifiers:     2                  3                  4              5         ...
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Comparing process configurations
Perspective: comparing process generations

Plant capacity vs. production costs

62 / 87



CGR ¼ CGR;ref

 
Dh0bm _mþ

bm!
Dh0bm _mþ

bm

"
ref

!b

(14)

or, for the specific investment cost cGR [$ kW#1
bm] of eqn (7):

cGR ¼ cGR;ref

 
Dh0bm _mþ

bm!
Dh0bm _mþ

bm

"
ref

!ðb#1Þ

(15)

in which the subscript ref refers to the reference scale and the cost

exponent b is smaller unity. For chemical process equipment,

b typically ranges from 0.4 to 0.9 and average values between 0.6

and 0.7 are often assumed.33 However, the size of the process

units, and in particular vessels, is limited to manageable dimen-

sions. In our model, we allow for maximum diameters of 4 m and

3 m for vertical and horizontal vessels, respectively.5 Parallel

arrangement is therefore required at larger scales, which leads to

a linearisation of eqn (14).

Fig. 7 compares the scaling characteristics of two exemplary

process setups regressed either piecewise in the intervals [5; 20]

and [20; 200] MW or over its entire domain [5; 200] MW. For this

regression, the calculated investment cost at 5, 10, 20, 50, 100 and

200 MW and a unique cost exponent b for all configurations on

the Pareto-front of each technology scenario are considered. At

small plant scales, the lines for FICFB and CFB-O2 gasification

are nearly parallel in logarithmic coordinates and economies of

scale are significant. Not much above 20 MWth,bm, however, the

bulky vessels operated near atmospheric pressure reach their

limits and parallel processing in several units is necessary in case

of gasification at atmospheric pressure. As a consequence,

smaller economies of scale are realised at larger scale and

a piecewise regression with a flatter slope above 20 MWth,bm is

appropriate. This effect is much less pronounced in the config-

urations based on pressurised gasification since their process

units can be operated at higher capacity. Furthermore, Section

4.6.2 has shown that pressurised gasification matches better with

liquid absorption technology, for which more important econo-

mies of scale than with the inherently linearly scaling of PSA or

membrane separation can be obtained.

The overall cost exponents for the principal technology groups

reported in Table 7 confirm these trends. Similar to Fig. 7, they

have been obtained by regressing a unique cost exponent for all

Pareto-optimal configurations. Each process flowsheet is thereby

allowed for an individual specific reference cost cGR,ref at

20 MWth,bm that can be identified directly from Fig. 4–5 or the

optimal configurations discussed in the following section and

detailed in Table 9.

6 Optimal configurations with respect to scale

The last step of the conceptual process design consists in selecting

a specific flowsheet from the generated database of thermo-

economically optimal process configurations, which is typically

based on an economically rational criterion such as the overall

production costs for SNG or the obtained profit. This choice

obviously depends on the economic assumptions for investment

depreciation and plant operation defined in Table 2, and is

particularly sensitive to the raw material costs and product prices

in polygeneration applications where multiple competing energy

services can be produced or consumed. In addition, the selection

of the economic decision criterion to be applied is not trivial, and

Section 2.2.2 has shown that the most balanced choice is to

consider the maximum acceptable biomass cost to break even

Cbm,be (eqn (11)) since it considers the value of all products in an

identical way.

In order to highlight the influence of the energy price on the

selection of the best plant at a specific scale, the flowsheets that

allow for the maximum biomass break-even cost are chosen for

the three price scenarios outlined in Table 8. The relatively high,

green energy prices are considered as reference and compared to

a mid- and low-price scenario for which the economic value of

the energy vectors are decreased to 50 and 33%, respectively.

Fig. 7 Regression of the exponent b in the cost correlation of eqn (15)

for two exemplary process configurations.

Table 7 Regressed cost exponents for principal process configurations.
The coefficient of determination R2 is between 0.97 and 0.99 if individual
costs values at reference scale are allowed. The reference value of cGR,ref

in eqn (15) for a specific configuration is given directly in one of the Fig. 4
(a)–5(c)

Separation\gasification
range [MWth,bm]

FICFB CFB-O2 FICFB (press.)

[5; 20] [20; 200] [5; 20] [20; 200] [5; 20] [20; 200]

PSA 0.63 0.90 0.64 0.78 0.64 0.80
Physical absorption 0.60 0.89 0.58 0.73 0.58 0.76
Membranes 0.64 0.92 0.64 0.78 0.64 0.81

Table 8 Energy price scenarios and their comparison with the Swiss
market

Energy vector Unit

Price scenario CH-marketa

Green Mid Low 1999 2008/09

Electricity Cel $ MWh#1 180 90 60 90–135 80–160
Automotive
fuel & SNG

CSNG $ MWh#1 120 60 40 80–95 130–140

Industrial heat Cq $ MWh#1 80 40 26.6 20–35 40–65

a Including tax. Figures for 1999 are from Previdoli and Beck,60 2008/09
is approximate.

This journal is ª The Royal Society of Chemistry 2011 Energy Environ. Sci.
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Investment as a function of biomass feed



LENI Systems

Technology integration example
Gas upgrading by membrane

Membrane system upgrading superstructure

feed

to grid

stage 2 stage 1stage 3stage 4

to combustion/
methanation

to combustion/
methanation

to oxygen
combustion & CCS

to combustion

”isolated”: separation only

Q
~850°C

indirectly heated
FICFB-gasification

wood
producer
gas

Q
~350°C

methane
synthesis

raw SNG SNG
conditioning

combustion
(hot utility)

depleted
stream/
(CO2-rich)

SNG

CO2

fumes

”integrated”: total system

Q
~850°C

indirectly heated
FICFB-gasification

wood
producer
gas

Q
~350°C

methane
synthesis

raw SNG SNG
conditioning

combustion
(hot utility)

depleted
stream/
(CO2-rich)

SNG

CO2

fumes

Maximise SNG recovery

Permeate stream is lost

Permeate stream valorised

Overall system performance
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LENI Systems

Technology integration example
Gas upgrading by membrane

Energy e�ciency:

separation only total system
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LENI Systems

Technology integration example
Gas upgrading by membrane

Production costs:

separation only total system
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LENI Systems

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 + 10.8%
esep
spec kWel/MWth,in 76.9 55.9 + 37.6%

c̃CO2,p % 86.6 79.9 + 8.4%
c̃H2,p % 10.3 9.4 + 9.6%
c̃CH4,p % 3.0 10.4 – 71.2%
A m2 4675 2928 + 59.7%
Csep

I Me 5.7 4.1 + 39.0%
�sep % 86.6 80.7 + 8.8%
�cg % 69.0 63.5 + 8.7%
� % 66.0 66.2 – 0.3%
CI Me 30.7 29.9 + 2.7%
CP e/MWh 105.6 102.9 + 2.6%
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LENI Systems

Some results
Cmparing technologies and processes

Thermo-economic Pareto front
(cost vs e�ciency):

LENI Systems

Quelques résultats
Comparaison des technologies

Optimisation de toutes les combinaisions technologiques
(coût et é�cacité):

� gaz. préssurisé à chau�age direct est la meilleure option� The best solution is the pressurised directly heated gasifier
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Comparing options

• Each point of the Pareto is a process design

Gassner, Martin, and François Maréchal.  Energy & Environmental Science 5, no. 2 (2012): 5768 – 5789. 

Note : 1.5 years of calculation time !
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BIOSNG process

• Resource productivity : + 33% per forest m2

From conventional (58%) to optimised (> 75% eff.)



fr
an

co
is

.m
ar

ec
ha

l@
ep

fl
.c

h 
©
In

du
st

ri
al

 P
ro

ce
ss

 a
nd

 E
ne

rg
y 

Sy
st

em
s 

En
gi

ne
er

in
g-

 IP
ES

E-
IG

M
-S

TI
-E

PF
L 

20
13

Break-even cost of the resource

Fig. 10 Optimal thermo-economic scaling for CFB-O2 gasification without (left) and with heat cogeneration.

Energy Environ. Sci. This journal is ª The Royal Society of Chemistry 2011
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CGR ¼ CGR;ref

 
Dh0bm _mþ

bm!
Dh0bm _mþ

bm

"
ref

!b

(14)

or, for the specific investment cost cGR [$ kW#1
bm] of eqn (7):

cGR ¼ cGR;ref

 
Dh0bm _mþ

bm!
Dh0bm _mþ

bm

"
ref

!ðb#1Þ

(15)

in which the subscript ref refers to the reference scale and the cost

exponent b is smaller unity. For chemical process equipment,

b typically ranges from 0.4 to 0.9 and average values between 0.6

and 0.7 are often assumed.33 However, the size of the process

units, and in particular vessels, is limited to manageable dimen-

sions. In our model, we allow for maximum diameters of 4 m and

3 m for vertical and horizontal vessels, respectively.5 Parallel

arrangement is therefore required at larger scales, which leads to

a linearisation of eqn (14).

Fig. 7 compares the scaling characteristics of two exemplary

process setups regressed either piecewise in the intervals [5; 20]

and [20; 200] MW or over its entire domain [5; 200] MW. For this

regression, the calculated investment cost at 5, 10, 20, 50, 100 and

200 MW and a unique cost exponent b for all configurations on

the Pareto-front of each technology scenario are considered. At

small plant scales, the lines for FICFB and CFB-O2 gasification

are nearly parallel in logarithmic coordinates and economies of

scale are significant. Not much above 20 MWth,bm, however, the

bulky vessels operated near atmospheric pressure reach their

limits and parallel processing in several units is necessary in case

of gasification at atmospheric pressure. As a consequence,

smaller economies of scale are realised at larger scale and

a piecewise regression with a flatter slope above 20 MWth,bm is

appropriate. This effect is much less pronounced in the config-

urations based on pressurised gasification since their process

units can be operated at higher capacity. Furthermore, Section

4.6.2 has shown that pressurised gasification matches better with

liquid absorption technology, for which more important econo-

mies of scale than with the inherently linearly scaling of PSA or

membrane separation can be obtained.

The overall cost exponents for the principal technology groups

reported in Table 7 confirm these trends. Similar to Fig. 7, they

have been obtained by regressing a unique cost exponent for all

Pareto-optimal configurations. Each process flowsheet is thereby

allowed for an individual specific reference cost cGR,ref at

20 MWth,bm that can be identified directly from Fig. 4–5 or the

optimal configurations discussed in the following section and

detailed in Table 9.

6 Optimal configurations with respect to scale

The last step of the conceptual process design consists in selecting

a specific flowsheet from the generated database of thermo-

economically optimal process configurations, which is typically

based on an economically rational criterion such as the overall

production costs for SNG or the obtained profit. This choice

obviously depends on the economic assumptions for investment

depreciation and plant operation defined in Table 2, and is

particularly sensitive to the raw material costs and product prices

in polygeneration applications where multiple competing energy

services can be produced or consumed. In addition, the selection

of the economic decision criterion to be applied is not trivial, and

Section 2.2.2 has shown that the most balanced choice is to

consider the maximum acceptable biomass cost to break even

Cbm,be (eqn (11)) since it considers the value of all products in an

identical way.

In order to highlight the influence of the energy price on the

selection of the best plant at a specific scale, the flowsheets that

allow for the maximum biomass break-even cost are chosen for

the three price scenarios outlined in Table 8. The relatively high,

green energy prices are considered as reference and compared to

a mid- and low-price scenario for which the economic value of

the energy vectors are decreased to 50 and 33%, respectively.

Fig. 7 Regression of the exponent b in the cost correlation of eqn (15)

for two exemplary process configurations.

Table 7 Regressed cost exponents for principal process configurations.
The coefficient of determination R2 is between 0.97 and 0.99 if individual
costs values at reference scale are allowed. The reference value of cGR,ref

in eqn (15) for a specific configuration is given directly in one of the Fig. 4
(a)–5(c)

Separation\gasification
range [MWth,bm]

FICFB CFB-O2 FICFB (press.)

[5; 20] [20; 200] [5; 20] [20; 200] [5; 20] [20; 200]

PSA 0.63 0.90 0.64 0.78 0.64 0.80
Physical absorption 0.60 0.89 0.58 0.73 0.58 0.76
Membranes 0.64 0.92 0.64 0.78 0.64 0.81

Table 8 Energy price scenarios and their comparison with the Swiss
market

Energy vector Unit

Price scenario CH-marketa

Green Mid Low 1999 2008/09

Electricity Cel $ MWh#1 180 90 60 90–135 80–160
Automotive
fuel & SNG

CSNG $ MWh#1 120 60 40 80–95 130–140

Industrial heat Cq $ MWh#1 80 40 26.6 20–35 40–65

a Including tax. Figures for 1999 are from Previdoli and Beck,60 2008/09
is approximate.

This journal is ª The Royal Society of Chemistry 2011 Energy Environ. Sci.
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Environmental Process performance indicators

• Process superstructure, extended with LCI 
elements 

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

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

wastewater

cradle-to-gate LCA system limits

hard wood 
chips

soft wood 
chips

transport to 
SNG plant

empty 
transport

wood chips 
production wood chips

thermo-economic model flows
LCA model  flows,  added
LCA model  flows,  value 
directly taken from t-e model

NOx PM CO2 (biogenic 
+ fossil)

gypsum ZnO CO2 (fossil)

polymeric 
membranes

SNG
Functional 
Unit: 1MJout  

FNG (substituted)

purification
CO2 (biogenic)

compression

compression

flue gas 
drying

indirectly heated, steam 
blown gasification 

directly heated, oxygen 
blown gasification 

H2O (v)

Q

H2O (v)

air

air
O2

olivine
charcoal

combustion

Q

cold gas 
clean-up (filter, 
scrubber, guard 

beds)

internally 
cooled, fluidised 

bed reactor

 water
CaCO3

CaCO3
ZnO 

oil (starting)

drying

gasification 
gas 
clean-up

methane 
synthesis

heat recovery system

Q
Q

Q
H2O (v)

Ni, Al2O3 
(catalyst)

Ni, Al2O3 

electricity 
(mix substituted if produced)

air separation

Q

ion transfer membranes

boiler, steam network 
and turbines

Identification of Life Cycle Inventory elements

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

a model of the conversion of wood to SNG, electricity, and heat, and
(E) a model of the final use of SNG and substitution of non-
renewable energy services (Fig. 1). The availability model (A)
determines the spatial availability of energy wood, which is defined
in this study as residual wood from roundwood harvests and
thinning operations [7]. The other models (B to E) were used to
calculate the environmental impacts and the costs related to each
part of the SNG value chain. The individual models were combined
in the SNG value chain model, which additionally uses an optimi-
zation strategy to choose optimal technology configurations for any
given plant size and location based on a user-defined weighting
between environmental and economic performance. The SNG value

chain model therefore enables the analysis of the influence of
choices (technology configuration, plant size, wood-based energy
products, replacement of non-renewable energy) and geographical
context (wood availability and supply) on the environmental and
economic performance of SNG value chains.

11 plant locations were selected with the aim of representing
different regions of Switzerland (Fig. 2). All locations are close to
populated areas, allowing a potential use of the by-product heat in
a district heating system. Plant sizes from 5 to 200 MW were
considered.

Environmental impacts were assessed on the basis of the global
warming potential (GWP) [8], as well as two impact assessment

A) Availability

model (ESA)
B) Harvest model

C) Transportation 

model

D) SNG, electricity, 

and heat production

model

Spatial wood

potential 

model

Spatial wood

demand

model

SNG value chain model

Links all models and permits the calculation of environmental impacts and profits for plant sizes from 5 to 200 MW

Uses an optimization strategy to ensure the optimal technology configuration for all plant sizes based on a user
defined weighting between profits and environmental impacts

E) SNG, electricity, 

and heat use and

substitution model

SUBMODELS

not site-specific

VALUE CHAIN 

MODEL

site-specific

Fig. 1. Modeling approach (ESA ¼ effective spatial availability).

Fig. 2. Plant locations, energy wood availability (base and maximum scenarios), and harvest method distribution (relief source: K606-01 ! 2004 swisstopo).

B. Steubing et al. / Renewable Energy xxx (2012) 1e122

Please cite this article in press as: 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
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Transportation costs

weighted performance score bSi;s of each technology configuration
at a given plant size was calculated by Eq. (14), where bEI

net
i;s;norm is

the normalized environmental performance, bPi;s;norm is the
normalized economic performance, and xei and xp are the weights
given to the environmental and economic dimensions, respectively
(the sum of xei and xp must add up to 1). Finally, the technology
configuration with the highest overall score was selected. It
corresponds to the optimal configuration at a specific plant size for
the specified weighting of environmental and economic
performances.

bSi;s ¼ bEI
net
i;s;normxei þ bPi;s;normxp (14)

This procedure was repeated (4) for all plant sizes, locations,
and scenarios. The outcomes (5) for each location are environ-
mental impact and profit curves for the defined plant size range.
The optimal plant size is the plant size with the maximal value of
bSi;s. Similarly, the optimal plant location can be determined by
identifying the location with the maximal value of bSi;s across all
locations.

2.4. Scenario and sensitivity analysis

Two scenarios were analyzed, representing the current
conditions (baseline scenario) and the conditions in a green
future scenario (Table 2). The baseline scenario refers to the
assumptions described above regarding environmental impacts,
costs and sales prices, as well as the “ready” technologies and the
ESA base wood availability scenario (1.2 million m3). The green

future scenario is a hypothetical scenario, which is characterized
by an increased scarcity of fossil energy resources on the one
hand, and policy incentives for the increased use of renewable
resources on the other hand. Due to the scarcity of fossil energy,
the oil price is assumed to be 50% higher. As a consequence, the
cost of forest maintenance and wood harvest is also higher,
which is why foresters raise the sales price of energy wood by
50%. Similarly, wood transportation is assumed to be 50% more
costly. Policy makers have reacted to that by guaranteeing feed-in
tariffs to support the development of more efficient bioenergy
conversion technologies. To foster advanced SNG conversion
technologies, which are used in the green future scenario, the
feed-in tariffs are doubled. Finally, in order to increase the
availability of renewable energy resources a temporary reduction
of the forest stock has been permitted. Therefore the ESA
maximum scenario determines the energy wood availability (3.3
million m3) in the green future scenario (even though the actual
availability of additional energy wood would in practice also
depend strongly on other factors, such as the demand for
roundwood [35]).

Additionally, sensitivity analyses were performed with regards
to weighting criteria and transport costs.

3. Results

3.1. Transport distances

Fig. 6 shows the average transport distances to supply SNG
plants with wood for all plant locations and plant sizes in the
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Fig. 6. Transport distances according to plant sizes, locations, and wood availability scenario (left: ESA base, right: ESA maximum).
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Fig. 7. CO2 emissions (left), profits (center) and weighted performance (right) for 5e200 MW plants at the location of Zurich (baseline scenario, weighting: 0.5 environment, 0.5
profit).
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a model of the conversion of wood to SNG, electricity, and heat, and
(E) a model of the final use of SNG and substitution of non-
renewable energy services (Fig. 1). The availability model (A)
determines the spatial availability of energy wood, which is defined
in this study as residual wood from roundwood harvests and
thinning operations [7]. The other models (B to E) were used to
calculate the environmental impacts and the costs related to each
part of the SNG value chain. The individual models were combined
in the SNG value chain model, which additionally uses an optimi-
zation strategy to choose optimal technology configurations for any
given plant size and location based on a user-defined weighting
between environmental and economic performance. The SNG value

chain model therefore enables the analysis of the influence of
choices (technology configuration, plant size, wood-based energy
products, replacement of non-renewable energy) and geographical
context (wood availability and supply) on the environmental and
economic performance of SNG value chains.

11 plant locations were selected with the aim of representing
different regions of Switzerland (Fig. 2). All locations are close to
populated areas, allowing a potential use of the by-product heat in
a district heating system. Plant sizes from 5 to 200 MW were
considered.

Environmental impacts were assessed on the basis of the global
warming potential (GWP) [8], as well as two impact assessment

A) Availability

model (ESA)
B) Harvest model

C) Transportation 

model

D) SNG, electricity, 

and heat production

model

Spatial wood

potential 

model

Spatial wood

demand

model

SNG value chain model

Links all models and permits the calculation of environmental impacts and profits for plant sizes from 5 to 200 MW

Uses an optimization strategy to ensure the optimal technology configuration for all plant sizes based on a user
defined weighting between profits and environmental impacts

E) SNG, electricity, 

and heat use and

substitution model

SUBMODELS

not site-specific

VALUE CHAIN 

MODEL

site-specific

Fig. 1. Modeling approach (ESA ¼ effective spatial availability).

Fig. 2. Plant locations, energy wood availability (base and maximum scenarios), and harvest method distribution (relief source: K606-01 ! 2004 swisstopo).
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weighted performance score bSi;s of each technology configuration
at a given plant size was calculated by Eq. (14), where bEI

net
i;s;norm is

the normalized environmental performance, bPi;s;norm is the
normalized economic performance, and xei and xp are the weights
given to the environmental and economic dimensions, respectively
(the sum of xei and xp must add up to 1). Finally, the technology
configuration with the highest overall score was selected. It
corresponds to the optimal configuration at a specific plant size for
the specified weighting of environmental and economic
performances.

bSi;s ¼ bEI
net
i;s;normxei þ bPi;s;normxp (14)

This procedure was repeated (4) for all plant sizes, locations,
and scenarios. The outcomes (5) for each location are environ-
mental impact and profit curves for the defined plant size range.
The optimal plant size is the plant size with the maximal value of
bSi;s. Similarly, the optimal plant location can be determined by
identifying the location with the maximal value of bSi;s across all
locations.

2.4. Scenario and sensitivity analysis

Two scenarios were analyzed, representing the current
conditions (baseline scenario) and the conditions in a green
future scenario (Table 2). The baseline scenario refers to the
assumptions described above regarding environmental impacts,
costs and sales prices, as well as the “ready” technologies and the
ESA base wood availability scenario (1.2 million m3). The green

future scenario is a hypothetical scenario, which is characterized
by an increased scarcity of fossil energy resources on the one
hand, and policy incentives for the increased use of renewable
resources on the other hand. Due to the scarcity of fossil energy,
the oil price is assumed to be 50% higher. As a consequence, the
cost of forest maintenance and wood harvest is also higher,
which is why foresters raise the sales price of energy wood by
50%. Similarly, wood transportation is assumed to be 50% more
costly. Policy makers have reacted to that by guaranteeing feed-in
tariffs to support the development of more efficient bioenergy
conversion technologies. To foster advanced SNG conversion
technologies, which are used in the green future scenario, the
feed-in tariffs are doubled. Finally, in order to increase the
availability of renewable energy resources a temporary reduction
of the forest stock has been permitted. Therefore the ESA
maximum scenario determines the energy wood availability (3.3
million m3) in the green future scenario (even though the actual
availability of additional energy wood would in practice also
depend strongly on other factors, such as the demand for
roundwood [35]).

Additionally, sensitivity analyses were performed with regards
to weighting criteria and transport costs.

3. Results

3.1. Transport distances

Fig. 6 shows the average transport distances to supply SNG
plants with wood for all plant locations and plant sizes in the
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Fig. 6. Transport distances according to plant sizes, locations, and wood availability scenario (left: ESA base, right: ESA maximum).
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Industrial Process and 

Energy Systems Engineering

• Process superstructure, extended with LCI 

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

Environmental Process performance indicators 84

(1) http://www.ecoinvent.org
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Integration of LCIA in the methodology
Perspective: plant scale-up vs. biomass logistics

The biomass Logistics has an influence on the plant impact
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� Optimal plant size with respect to biomass logistics
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Multi-objective optimization results 

• Optimal configurations
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The green boiler => use of the renewable resource

Production 
SNG  

WOOD 
100 MWth, dry

67.5 MW SNG => storable and transportable

CO2

INVESTMENT 
86 Million USD 

 

16.8 MW Waste heat

(108 kg CO2 avoided / MWh wood)

1.4 MW net electricity

• Co production of biofuel from wood 

• Synthetic natural gas, methanol, DME, F-T fuels 

• CO2 capture 

• Exothermic => Heat supply 

• Cogeneration of Heat

With market price of WOOD (40$/MWh) and NG (65 $/MWh) and with CO2 taxes (80 CHF/ton), also for capture 
8000 hours/year of operation

COST OF HEAT  
25 $/MWh (- 47 $/MWh*) 

* with CO2 tax
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle
Input wood 100 %

ethanol 32.3 %
Output SNG -

electricity 17.1 %
chem. e⇤ciency (��NGCC =55%) 62.3 %
total e⇤ciency 49.4 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle
Input wood 100 %

ethanol 32.3 %
Output SNG -

electricity 17.1 %
chem. e⇤ciency (��NGCC =55%) 62.3 %
total e⇤ciency 49.4 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC
Input wood 100 % 100 %

ethanol 32.3 % 32.3 %
Output SNG - -

electricity 17.1 % 21.5 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 %
total e⇤ciency 49.4 % 53.8 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC SNG
Input wood 100 % 100 % 100 %

ethanol 32.3 % 32.3 % 32.3 %
Output SNG - - 40.3 %

electricity 17.1 % 21.5 % -3.0 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 % 67.3 %
total e⇤ciency 49.4 % 53.8 % 70.5 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC SNG + steam
Input wood 100 % 100 % 100 % 100 %

ethanol 32.3 % 32.3 % 32.3 % 32.2 %
Output SNG - - 40.3 % 30.5 %

electricity 17.1 % 21.5 % -3.0 % 1.5 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 % 67.3 % 65.3 %
total e⇤ciency 49.4 % 53.8 % 70.5 % 64.2 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC SNG + steam + HP
Input wood 100 % 100 % 100 % 100 % 100 %

ethanol 32.3 % 32.3 % 32.3 % 32.2 % 32.2 %
Output SNG - - 40.3 % 30.5 % 41.9 %

electricity 17.1 % 21.5 % -3.0 % 1.5 % -1.0 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 % 67.3 % 65.3 % 72.3 %
total e⇤ciency 49.4 % 53.8 % 70.5 % 64.2 % 73.1 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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Hydrothermal supercritical gasification

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)

Salt slurry

CH4, (H2),
CO2, H2O,

~300 bar, 400°CBiomass slurry
(total solids >10-20%wt)

hydrolysis
(200-380°C)

Q+
catalytic
fixed-bed
gasification
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salt separation (400-550°C)
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Q+

separation,
expansion & cooling~300 bar

combustion & CHP

(POX-)GT

STs

combustion
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Q+
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(dewatering or
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IPESE

INPUT:
10 MWdry BM
15 % solid 
content

" Depleted gas are not sufficient to close the energy balance; 
" 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 ;

8

SNG 6.2 MW

ELEC 0.25 MWe

 15% solids content in feedstock – 94% CH4  in crude SNG  
 Sludge treatment 

New technology Hydrothermal gasification

Salts

Water

Gassner, Martin, and François 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.

CO2
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Results for different wet biomass substrates
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Gassner, Martin, and François Maréchal. “Thermo-economic Optimisation of the 
Polygeneration of Synthetic Natural Gas (SNG), Power and Heat from Lignocellulosic 
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2 (2012): 5768 – 5789.



Process optimisation
(2) Thermo-economic performance for different substrates

Optimal plant configurations
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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)



fr
an

co
is

.m
ar

ec
ha

l@
ep

fl
.c

h 
©
In

du
st

ri
al

 E
ne

rg
y 

Sy
st

em
s 

La
bo

ra
to

ry
- 

LE
N

I-
IG

M
-S

TI
-E

PF
L 

20
12

Integrate or not ?

The First Law efficiency (Eq. (1)) is defined as the ratio between
the electrical power output and the transformation energy received
by the system as input. The electrical power output is the sum of
the net power production of all process sections. The trans-
formation energy received by the system, consisting in biomass and
in pure oxygen used as oxidant in the SOFC-GT hybrid cycle unit, is
calculated on the basis of the lower heating value of the dry
biomass [22] and considering an electricity consumption of
1080 kJ/kg for cryogenic oxygen production, as estimated by
Hamelinck et al. [23].

3¼

P

i

_E
"
i

_M
þ
dry Biomass$Dh0idry Biomass þ

_M
þ
O2
$ecryO2

i ¼ 1;.;n Process sections

(1)

The second-law performance is based on a theoretical exergy
efficiency definition that represents a coherent thermodynamic
indicator of the upper bound system performance. According to
the general definition and following the formalism proposed by
Favrat [24,25], the exergy efficiency is defined as the ratio
between the exergy rate delivered by the system and the exergy
rate received by the system. In our case (Eq. (2)), the exergy rate
delivered by the system consists in the electrical power output
and in the diffusion exergy of the separated carbon dioxide, which
is equivalent to the ideal work needed to separate the carbon
dioxide from the atmosphere if it was not separated by the
system. The exergy rate received by the system is reduced to
the transformation exergy received from the biomass [26] and the
diffusion exergy of the pure oxygen, which is equivalent to the
ideal work needed to separate the oxygen from the atmosphere.
Compared to the First Law efficiency (1), this exergy efficiency
definition provides a consistent indication that also includes the
additional value provided by the system of separating the carbon
dioxide.

h ¼

P

i

_E
"
i þ _M

þ
CO2

$esCO2

_M
þ
dryBiomass$Dk0dryBiomass þ

_M
þ
O2
$esO2

i ¼ 1;.;n Process sections

(2)

3. Process description

The integrated system is divided into four units: the hydro-
thermal gasification unit, the fuel processing unit, the SOFC-GT
hybrid cycle unit and the steam Rankine cycle unit. A conceptual
flowsheet of the system is presented in Fig. 1. The principles and
modeling of these units are described in the following paragraphs.

Default operating conditions, general assumptions and the decision
variables that have been identified for the optimization are detailed
in Table 1.

3.1. Hydrothermal gasification

3.1.1. Principles and issues
As discussed in detail in the process model development [8],

hydrothermal gasification of wet waste biomass in supercritical
water takes advantage of the thermophysical properties of the
aqueous environment at high pressure. Conventional gasification
typically decomposes the carbonaceous matter above 1073 K into
synthesis gas and requires a dry feedstock to limit the considerable
heat demand at high temperature [27]. Since waste biomass is
usually very wet, an energy-intense drying step would thus be
mandatory prior to gasification. At supercritical pressure, the
specific and latent heat of water is sharply decreasing [28] and
limits the energy requirement for its heat-up to the gasification
temperature. Wet feedstock can thus be processed directly without
a significant penalty on the conversion efficiency.

Depending on the temperature, two principal strategies for
supercritical water gasification can be distinguished [29]. If
hydrogen is targeted as the principal product [30], high gasification
temperatures of 773e1023 K are applied and low-grade, non-metal
catalysts like activated carbon or no catalysts at all are used. This
has the advantage that its deactivation is not an issue, and the
inorganics do not need to be removed prior to gasification. At the
lower bound, the temperature range is thereby limited by the
conversion kinetics, while mechanical stress limitations of the
construction materials prevent higher operating temperature and
pressure to be feasible.

If methane is targeted as the principal product [28,31], the
gasification is carried out at lower temperatures of 623e873 K and
catalyzed by noble metal (typically nickel- or ruthenium-based)
catalysts. The lower gasification temperature has the advantage to
decrease the enthalpy of reaction and the heat requirement of the
process, but also requires to prevent an excessive degradation of the
high-grade catalyst by a prior removal of the dissolved catalysts
poisons such as sulfur. Since the solubility of the inorganic
compounds that are present in the feedstock decreases drastically
when reaching supercritical conditions, they precipitate as a salt
brine that needs to be removed and fromwhich the nutrients might
be recovered. As investigated by Peterson et al. [32] and Schubert
et al. [33,34], this may be done in a heated separator device that acts
similar to a cyclone. In addition, the use of guards or catalyst recy-
cling may be economically advantageous to allow for low temper-
atures and thus decrease the heat demand for the separation [9].

In addition to these technological issues, the successful devel-
opment of an efficient process design strongly depends on the
process integration and, in particular, the heat supply and
power recovery from the hot gasification product at supercritical
pressure [8,9].

3.1.2. Modeling
Based on the experimental results of the process development

conducted by Vogel and coworkers [28,32e35], we have developed
a detailed process model including several configurations for the
polygeneration of SNG, power and heat fromwet waste biomass by
catalytic hydrothermal gasification, in which the inorganic
compounds are precipitated and removed in a salt separator prior
to gasification (Fig. 2) [8].

In this model, the biomass decomposition during hydrolysis
between 473 and 623 K is phenomenologically represented
considering the breakdown of the macromolecules (cellulose,
hemicellulose and lignin) into the principal substances (methanol,Fig. 1. Conceptual flowsheet of the system.
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100%

63%
71%

Integrated

below the pinch that is provoked by the salt separator. If this
constraint is released, only marginally better results are obtained
with the increased power output from the GT expansion in the
fuel processing.

The capability of the system to adapt to different process
requirements has been experienced also in additional analyses that
have been performed for gasification temperatures between 673 K
and 973 K.

5. Conclusions

This paper presents a systematic process integration and opti-
mization of a SOFC-GT hybrid cycle fueled with hydrothermally
gasified waste biomass. For this purpose, a general process
superstructure based on detailed process models has been devel-
oped. Special attention has thereby been paid to completely
recover the thermal and physical exergy potential from the process
streams. The crucial role of fuel processing (i.e. the expansion,
separation and reforming of the crude gasification product) has
been highlighted by analyzing different flowsheet options for flash
separation both at high and low pressure. All these design alter-
natives have been compared through a thermodynamic optimi-
zation approach with respect to First Law and exergy performance
indicators.

The analysis has demonstrated that the systemmay convert wet
waste biomass to electricity at a First Law efficiency of up to 63%. At
the same time, the biogenic carbon dioxide is separated and thus
allows for negative net emissions of carbon dioxide if it would be
sequestrated. Despite more conservative assumptions that lead to
lower conversion efficiencies in the gasification and fuel cell
subsystems, 1 the overall electric efficiency thus is improved by
roughly 10% with respect to the only comparable flowsheeting
approach available in the scientific literature [17]. This result
highlights the potential of a systematic process design approach
that combines the development of a general process superstructure
with methods for systematical energy recovery, process integration
and optimization.

The optimal design solution consists in maximizing the flow
rate of fuel that is converted in the SOFC and in adjusting the other
process subsystems in order to supply the process heat require-
ments andminimize the exergy losses. The analysis has shown that
flowsheets based on liquidevapor separation at gasification pres-
sure are more efficient than reheating and expanding the entire
crude product to the pressure of the fuel cell since not enough
excess heat is available in the system. Furthermore, upgrading the

fuel quality by separating the carbon dioxide before reforming
slightly increases the performance of the SOFC itself, but is not
worthwhile from an overall system perspective.

The relation between system efficiency and its complexity has
also been investigated by limiting the number of subsystems that
are considered for recovering the available exergy. It has been
shown that although the system efficiency always increases with
the number of available conversion technologies, these alternatives
are both complementary and competing in different temperature
ranges. The maximum efficiency, which is 13.5% higher than for the
simplest case, is thereby only achievable when all options are
considered.

A sensitivityanalysiswith respect to the gasification temperature
has shown that the conversion efficiency remains constant for
gasificationbetween673and973 Ksince it is limitedby theavailable
heat. For this reason, the system is flexible to adapt to design
constraints imposed by issues such as catalyst deactivation by
sulfurous compounds or limited material strength at high
temperature.

Compared to a non-integrated, decentralized system in which
waste biomass is hydrothermally gasified, purified and injected as
SNG into the gas grid [8,9] that is afterward locally converted to
electricity in an SOFC-GT hybrid cycle [7], this work demonstrates
that process integration allows for a considerable increase of the
overall conversion system performance. As shown in Fig. 13, the
non-integrated combination allows for an overall electric effi-
ciency of only 59.1%, which is 3.9%-points lower than the one of
the optimally integrated system that has been proposed in this
work.

References

[1] Zhang X, Chan SH, Li G, Ho HK, Li J, Feng Z. A review of integration strategies
for solid oxide fuel cells. J Power Sources 2010;195:685e702.

[2] Palsson J, Selimovic A, Sjunnesson L. Combined solid oxide fuel cell and gas
turbine systems for efficient power and heat generation. J Power Sources
2000;86:442e8.

[3] Massardo AF, Lubelli F. Internal reforming solid oxide fuel cellegas turbine
combined cycles (IRSOFCeGT): part a e cell model and cycle thermodynamic
analysis. J Eng Gas Turbines Power 2000;122:27e35.

[4] Park SK, Kim TS. Comparison between pressurised design and ambient pres-
sure design of hybrid solid oxide fuel cell-gas turbine systems. J Power
Sources 2006;163:490e9.

[5] Franzoni A, Magistri L, Traverso A, Massardo AF. Thermoeeconomic analysis
of pressurised hybrid SOFC systems with CO2 separation. Energy 2008;33:
311e20.

[6] Park SK, Kim TS, Sohn JL, Lee YD. An integrated power generation system
combining solid oxide fuel cell and oxy-fuel combustion for high performance
and CO2 capture. Appl Energy 2011;88:1187e96.

[7] Facchinetti E, Favrat D, Marechal F. Innovative hybrid cycle solid oxide fuel
cell e inverted gas turbine with CO2 separation. Fuel Cells 2011;11:565e72.

[8] Gassner M, Vogel F, Heyen G, Maréchal F. Optimal process design for the
polygeneration of SNG, power and heat by hydrothermal gasification of waste
biomass: thermo-economic process modelling and integration. Energy
Environ Sci 2011;4:1726e41.

[9] Gassner M, Vogel F, Heyen G, Maréchal F. Optimal process design for the
polygeneration of SNG, power and heat by hydrothermal gasification of waste
biomass: process optimisation for selected substrates. Energy Environ Sci
2011;4:1742e58.

[10] Panopoulos K, Fryda L, Karl J, Poulou S, Kakaras E. High temperature solid
oxide fuel cell integrated with novel allothermal biomass gasification. J Power
Sources 2006;159:570e85.

[11] Athanasiou C, Coutelieris F, Vakouftsi E, Skoulou V, Antonakou E, Marnellos G,
et al. From biomass to electricity through integrated gasification/SOFC
system-optimisation and energy balance. Int J Hydrogen Energy 2007;32:
337e42.

[12] Aravind P, Woudstra T, Woudstra N, Spliethoff H. Thermodynamic evaluation
of small-scale systems with biomass gasifiers, solid oxide fuel cells with Ni/
GDC anodes and gas turbines. J Power Sources 2008;190:461e75.

[13] Nagel F, Schildhauer T, Biollaz S. Biomass-integrated gasification fuel cell
systems e part 1: definition of systems and technical analysis. Int J Hydrogen
Energy 2009;34:6809e25.

[14] Sadhukhan J, Zhao Y, Shah N, Brandon N. Performance analysis of integrated
biomass gasification fuel cell (BGFC) and biomass gasification combined cycle
(BGCC) systems. Chem Eng Sci 2010;65:1942e54.

Fig. 13. Integrated system versus non-integrated system.

E. Facchinetti et al. / Energy xxx (2012) 1e12 11

Please cite this article in press as: Facchinetti E, et al., Process integration and optimization of a solid oxide fuel cell e Gas turbine hybrid cycle
fueled with hydrothermally gasified waste biomass, Energy (2012), doi:10.1016/j.energy.2012.02.059

Grid Integrated

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





fr
an

co
is

.m
ar

ec
ha

l@
ep

fl
.c

h 
©
In

du
st

ri
al

 P
ro

ce
ss

 a
nd

 E
ne

rg
y 

Sy
st

em
s 

En
gi

ne
er

in
g-

 IP
ES

E-
IG

M
-S

TI
-E

PF
L 

20
13

Use of Natural Gas to provide energy services

Technologies de conversion du biogaz
Utilisation à travers le réseau de gaz naturel

Cogénération
Rendements [% du PCI]

Technologie électrique chaleur Remarques/Source
Chaudière à condensation 0 106 Hoval AG

0 102 Ø, Ecoinvent
Moteur à gaz 34 52 Ø CH, OFEN (2003)

42 40 potentiel max. (données int.)
Turbine à gaz 28 48 Ø CH, OFEN (2003)

30 50 potentiel max. (données int.)
Cycle combiné 35 45 petite centrale à cogénération

57 0 centrale industrielle sans cogén.
SOFC 45 40 très petite échelle, (labo/démo)

60 25 potentiel max., (labo)

Technologies de conversion du biogaz
Utilisation à travers le réseau de gaz naturel

Utilisation comme carburant (tank-wheel)
km/MJ l/100 kma gCO2/kmb

Carburant 2002c 2010d 2005e 2002c 2010d 2005e 2002c 2010d 2005e

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 8.66 160 120 205
diesel 0.556 0.667 0.402 5.00 4.17 6.92 140 110 184
électrique 2.18 1.44 0 0
a Pour gaz naturel et électrique, l’equivalence essence est donnée.
b sans chaine de production du carburant et correction en equivalents CO2
c Nouvelles voitures, essence : direct injection spark ignition, diesel : direct injection compression ignition, gaz : port injection
spark ignition, CNG.

d comme b, mais moteur hybride
e moyenne du parc de voitures Suisse selon ecoinvent

80 20 SOFC-GT
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• Who is going to use the extra amount in the Summer ? 
• Note : seasonal storage = 45% of PV production 

Producing Electricity using renewables 104

http://www.energyscope.ch Scenario 2050 : OFEN / Low
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Long term electricity storage by converting electricity to fuel 105

⌘c =
�CH4�LHV

�E+
= 85%

WOOD Natural Gas CO2 (pure)

+ 4 H2 + CH4 - CO2

Electricity form the grid 
4.7 TWhe = 13 PJSNG 
max 0.50kWe/kWSNG

Storage as transportation fuel

Gassner, M., and F. Maréchal. Energy 33, no. 2 (2008) 189–198.

+ 2 H2O

+ 2 O2

CO2 H2O

SUN

NUTRIENTS

TREES

Carbon source

�E+ + 4H2O

Power to gas concept

100 PJ

72-85 PJ 
+18%
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Indirectly heated gasification : electricity storage option

(q _mwood=qwþ ¼ 0), from what follows:

Dh0
SNG

q _mSNG

qwþ
¼ !. (10)

It is thus possible to store electricity as natural gas with an
efficiency equal to the overall process efficiency and to
produce additional SNG at the marginal cost of electricity
factored by 1=!. In this way, adding an electrolyser to the
system allows to absorb seasonal overproduction of
electrical power and efficiently produce fuel for transport
applications.

4.6. Impact of electrolysis on CO2 balance

Based on the data for an emission inventory depicted in
Table 7, Table 8 shows the specific avoided emissions of
CO2 due to the substitution of fossil natural gas by SNG
produced from wood. Values for both the Swiss and UCTE
electricity mix as well as electricity generated from renew-
able sources are given. In addition to the avoided emissions
for a process without CO2 sequestration, values corre-
sponding to an optional carbon dioxide sequestration are
further shown.

The impact of adding hydrogen from electrolysis to the
process is influenced by different effects. Firstly, the SNG
production and hence the amount of substituted natural
gas as well as the avoided CO2 emissions are increased. If
the electricity needed for this purpose is generated from
fossil sources, this is counterbalanced by additional
emissions of carbon dioxide associated with the power
demand. Furthermore, adding hydrogen to the carbon flow
decreases the ratio of CO2 emitted on-site to CO2 emitted
during combustion of SNG. If carbon dioxide is not
captured at the process outlet, this does, however, not
change the total emissions of carbon originated from
wood. The only effect on the overall CO2 balance is that
the emissions of fossil natural gas are substituted by the

ones for electricity production. Reminding Eq. (10), it is
possible to produce SNG from electrical power at an
efficiency equal to the process efficiency. Accordingly, the
overall greenhouse gas emissions decrease if

ep;elo! # eu;NG $ 188 kgCO2
=MWhel (11)

and specific avoided emissions of

ea;el ¼ ! # eu;NG % ep;el (12)

are assigned to the electricity used in the process. If carbon
dioxide is captured at the process outlet, adding hydrogen
results in a smaller amount of CO2 that is sequestrated, but
emitted during combustion of the additionally produced
SNG. Only the emissions related with the production and
transportation of natural gas are mitigated and a decrease
of the total emissions is obtained if

ep;elo! # ep;NG $ 21:8 kgCO2
=MWhel (13)

resulting in specific avoided emissions of

ea;el ¼ ! # ep;NG % ep;el. (14)

CO2 sequestration will therefore require an electricity
production based on renewable resources.

ARTICLE IN PRESS

Table 7
Data for CO2 emission inventory [16]

Type Associated emissions

Wood growth %418kgCO2
=MWhwood

Wood choppinga 5.38 kgCO2
=MWhwood

Wood transportb 0.87 kgCO2
=MWhwood

Swiss electricity ðep;elÞ 110 kgCO2
=MWhel

UCTE electricity ðep;elÞ 450 kgCO2
=MWhel

NG production ðep;NGÞ 26.7 kgCO2
=MWhNG

NG combustion ðeu;NGÞ 203 kgCO2
=MWhðSÞNG

aData for Fw ¼ 55wt%.
bAverage distance of 40 km with lorry (16 t).
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Fig. 8. Design types for maximum profit for directly (left) and indirectly heated gasification.

M. Gassner, F. Maréchal / Energy 33 (2008) 189–198 197

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.
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Green boiler and RES storage

Production 
SNG  

WOOD 
100 MWth, dry

67.5 MW SNG

CO2

 

16.8 MW Waste heat

(108 kg CO2 avoided / MWh wood)

1.4 MW net electricity

Production 
SNG  

WOOD 
100 MWth, dry

170 MW SNG

37 MW Waste heat

Electricity 
145 MWth, dry

H2 
123 MWth, dry

38  MW Useful heat

Winter Mode

Summer Mode
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• H2 electrolysis integrated in SNG process 
–CO2 emissions are negative (wood carbon neutral, CO2 is captured) 

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

• Roundtrip efficiency 

• Long term storage on the gas grid !

Round trip efficiency of electrcity storage 108

⌘d =
E�

CH4+LHV

= 60%

⌘ =
E�

E+
= 50%

⌘c =
�CH4�LHV

�E+
= 85%
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• Hybrid gas turbine SOFC combined cycle 

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

If Electricity production efficiency increases 109

Facchinetti, Emanuele, Daniel Favrat, and François Marechal. “Innovative Hybrid Cycle Solid Oxide Fuel Cell-

⌘d =
E�

CH4+LHV

= 80%

⌘ =
E�

E+
= 68%

80%

12%100%

A battery is 80%



CO2 capture and reuse/electricity storage
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Renewable Electricity

Sun
Wind
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H2O

H2O

P MSun

CaptureCO2

Capture
Flue gases

B : Biomethanisation
C : CO2 Capture
G : Gasification
M : methanation
S : CO2 separation
P : Photocatalysis for CO2 reduction
SOFC : Solid Oxide Fuel Cell
SOEC : Solid Oxid electrolysis Cell
ET : Electro thermal storage
CO2 : CO2 Storage
CH4 : Methane Storage
DH : District Heating
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H2O
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• Producing liquid fuels
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Process Superstructure

Cold gas  
cleaning

Hot gas  
cleaning

Gas 
cleaning

Q

SMR

Q

Air

Air separation

Offgas

Upgrading

byproducts

H2O

H2O sep.
FTcru

deFT

Distillation Me
OH

MeOH

DME DM
E

Distillation
H2O

WGSWo
od

Acids 
CO2 

CH4 

CO

Q

Pyrolysis

Torrefaction

Q
H2O(v)

Air 
drying
Steam  
drying

Drying

Q
Boiler, steam  
network & turbines

Combustion

Q Q

O2

Entrained flow  
directly heatedH2O(v)

Gasification

Entrained flow  
indirectly heated

CFB  
directly heated

FICFB  
indirectly heated

H2O(v)

Fuel 
synthesis

Unreacted 
gas

MEA

CO2 
removal

Cu/ZnO/Al2O3 

catalyst:

Olivine  
CaCO3  

Charcoal 
Oil  (starting)

NOx, PM,  
CO2 (biogenic, fossil)

Solid Waste
CaSO4  

ZnO  
CO2  

Wastewater

Alkalis  
Halogens 
SOx 

NOx  
H2S  
NH3

CaCO3 

ZnO 
RME/Water

Ni,  
Sorbents

Liquid  
Waste

Catalyst slurry  
(catalyst +solvent oil)

CO2

H2O
Electricity 

Co-catalyst 
(SAS)

EtOH, 
Wastewater

Al2O3,, Ni 
CatalystTransport

Ni  
catalyst

MEA 
 solvent

Functional  
Unit: 1MJin

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.   5Tock, L., Gassner, M.& Maréchal, F.,Thermo-economic process model for thermochemical production of liquid fuels from lignocellulosic 
biomass, submitted to Bomass & Bioenergy 2009.

Tdry=473K

Tgas=1123K 
Pgas=1bar

TSMR=1050K (FT) 
TSMR=1223K (MeOH, DME)

H2/CO

FT: Tsyn=613K, Psyn=25bar 
MeOH: Tsyn=533K, Psyn=85bar 
DME: Tsyn=550K, Psyn=50bar
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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

p, T, t, Catalyst
CO

H2

CH4
Ammonia
Gasoline, Jet-fuel, Diesel
Wax

CO+2H2 <-> (-CH2-)(l)+H2O(l) (ΔH0=-231.1 kJ/mol (1/8 of 1-octene C8H16))

Franz Fischer and Hans 
Tropsch developed in Germany 
in the 1920sIm
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Temperature is controlling the species distribution
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# Maximum heat recovery &  
 heating and cooling requirements  
 for FT process

Process Performance – Energy Integration

Energy performance  
•    Valorize heat excess  
   → Rankine cycle

Hot Utility

Cold Utility

Pinch 
 point

Gasification
Reforming

Gas cooling

FT synthesis Pyrolysis

Steam 
EvaporationDrying

# Optimal energy conversion & 
 combined heat and power  
 production for FT process

Radiative heat  
of combustion

Convective heat  
of combustion

Steam  
superheating

Cooling water 

Steam  condensation

Utilization levels

Production levels

Pinch 
 point

Steam network 
•    2 production, 2 usage  
     & 1 condensation level  
   → Efficiency increase of 17%

Mechanical  
Power

-  FT process 
-  Steam Network 
-  Mechanical Power
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# Performance indicators 
$ Overall energy efficiency εtot 

% Expressed on the basis of the lower heating value of dry substance 

$ Chemical efficiency εchem 
% Ė substituted by a natural gas fuel equivalent: NGCC/HP  

  

$ Environmental performance 
% Cradle-to-gate LCA approach5 

% Impact assessment method: Impact 2002+ method 
% Functional unit: 1MJ of biomass at the installation inlet 

$ Plant capacity of 20MWth of biomass

Process Performance - Comparison

5Gerber, 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 19th  ESCAPE, Cracow, Poland

ProcessBiomass
 Fuel
CO2
Ė-

Ė+

NGCC 
HP

SNG Ė-
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# Base scenario: indirect fluidized bed gasification, cold gas cleaning

Process Performance - Comparison

FT process highest performance 
• FT-upgrading not included 
• No CO2 removal unit required 
• Power demand variation

Methanol

Dimethylether

Synthetic natural gas

Fischer-Tropsch fuel for refinery crude

εtot [%]

4
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# Base scenario: indirect fluidized bed gasification, cold gas cleaning

Process Performance - Comparison

FT process highest performance 
• FT-upgrading not included 
• No CO2 removal unit required 
• Power demand variation

Methanol

Dimethylether

Synthetic natural gas

Fischer-Tropsch fuel for refinery crude

εtot [%]

Biomass  price: 33 €/MWh4,5 

Electricity price: 180 €/MWh4,5

4
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# Base scenario: Power balance

Process Performance - Comparison

Power consumption 
• Psyn: FT 25bar, MeOH 85bar, DME 50bar 
• CO2 capture: chemical absorption with MEA

Fischer-Tropsch  
crude fuel

Methanol Dimethyl  
Ether

Net electricity output 
[kW/MWth,biomass]

- 75 -36

7.5

Power production 
• FT: Electricity output !
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# Competitiveness: Environmental impacts

Process Performance - Comparison

Major differences 
• Electricity consumption 
 (Swiss mix for medium voltage  
electricity production at grid)

Largest impact 
• Gas cleaning:  
Rape methyl ester (RME) 
from rape cultivated  
with pesticides !

Process improvements: 
Alternative gas cleaning 
technologies
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# Multi-objective optimization (evolutionary algorithm6) 
 FT process 

$ Objectives 
% Minimize investment (total grass roots cost)  min TGRC 
% Maximize chemical efficiency max εchem 

$ Decision variables (12 variables) 
% Process operating conditions  
 (Tsyn, Psyn, CO-conv, TSMR, Tdry, Tgas) 

% Steam network characteristics 
 (production & consumption levels: T, P)

Process Performance - Optimization

Trade-off  between competing performance indicators? 
   

6 Molyneaux, A; Leyland, G & Favrat, D. (2010), Environomic multi-objective optimisation of a district heating network 
considering centralized and decentralized heat pumps, Energy  35( 2) 751-758.  

Decision variable  Range
Synthesis P [bar] 20-30

Synthesis T [K ] 590-660

CO-conv [%] 82-88

SMR T [K] 950-1200

Drying T [K] 433-513

Humidity drying outlet [%] 5-35

Gasification T [K] 1000-1200

H2O flow [kg/s/kg PG] 0.06-0.1

1st Prod. level [bar] 60-90

2nd Prod. level [bar] 100-120

Superheating T [K] 623-823

1st Utilization level [K] 323-523
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# Multi-objective optimization: Pareto optimal frontier 
 FT process, 20MWth,biomass, indirect fluidized bed gasification

Process Performance - Optimization

Efficiency ↗   Investment ↗ 

Eff_max

FT_max

A

B

W_max

Invest_min

Influence 
of cogeneration

.FT_base

FT_base.
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# Energy Integration influence on performance

Process Performance - Optimization

Steam network well integrated 
Large amount of excess heat recovered

Max Efficiency 
εchem=63.4%

Min Investment 
εchem=59.6%

Tsyn 660K, Psyn 20.8bar,  
CO-conv 86.4%

Tsyn 627K, Psyn 20.3bar 
CO-conv 87.8%

Treforming 955K 
Treforming 1025K 

Tgasification  1104K Tgasification 1114K 

Tdrying 502K  
Фdrying 13.3%

Tdrying 513K  
Фdrying 35%

Psteam 65&117bar Psteam 61&120bar

817.7K 823K

Power balance [kW/
MW]

Base  

case

Min  

Cost

Max  

Efficiency
Consumption 85 77 74

Generation 92.5 107 90

Net electricity 7.5 30 16
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# Energy Integration influence on performance

Process Performance Fisher-Tropsh

Eff_max 
εchem=63.4%

Min Investment 
εchem=59.6%

Additional annual fuel production  
compensates annualized  
investment impact!

Tsyn 660K, Psyn 20.8bar,  
CO-conv 86.4%

Tsyn 627K, Psyn 20.3bar 
CO-conv 87.8%

Treforming 955K 
Treforming 1025K 

Tgasification  1104K Tgasification 1114K 

Tdrying 502K  
Фdrying 13.3%

Tdrying 513K  
Фdrying 35%

Resource impact ↘ 
Electricity generated by steam turbine  
replaces nuclear in Swiss mix

Trade-off: power & fuel production
Performance Base  

case

Min  

Cost

Max  

Efficiency
Net electricity [kW/MW] 7.5 30 16

Fuel output [kW/MW] 600 545 610

Investment [k€/MW] 965 815 915

Prod. cost [€/MWh] 86.1 83.1 81.5

Envir. Impact [10-9pts] 3.90 3.13 3.65
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INTRODUCTION
• 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
• Overview 

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



MECHANISM AND PRODUCTS OF BIOMASS 
PYROLYSIS

• Biomass Pyrolysis

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



Properties of bio-oil

particular organization producing the oils. For example some producers may not have used bone 
dry feed as a starting material and the additional moisture ends up in the oil. This is clearly seen 
in the range of moisture contents for the various samples whereas the samples produced at VTT 
and NREL both used bone­dry feed. It is interesting to note that bio­oils from birch and poplar, 
both hardwoods, have identical moisture contents even though they were made in different 
laboratories with different reactor designs. Both reactor designs however employ similar heating 
rates and residence times. A similar issue applies for the mineral matter, which is a function of 
the amount of char permitted to carry over to the condensation system where the oils are 
recovered. The hot gas filtered oils produced at NREL clearly show the link between char 
content and minerals. In other production runs using the same poplar feedstock but employing 
cyclone separators instead of a baghouse filter, alkali metal levels of up to 300 ppm were 
measured. 

Table 2. Properties of Bio­oil from Various Feedstocks 

Property  Birch  Pine  Poplar  Various 

Solids (wt%)  0.06  0.03  0.045  0.01­1 

PH  2.5  2.4  2.8  2.0­3.7 

Water (wt%)  18.9  17.0  16.8  15­30 

Density (kg/m3)  1.25  1.24  1.20  1.2­1.3 

Viscosity, cSt  @ 50qC  28  28  13.5  13­80 

LHV (MJ/kg)  16.5  17.2  17.3  13­18 

Ash (wt%)  0.004  0.03  0.007  0.004­0.3 

CCR (wt%)  20  16  N/M  14­23 

C (wt%)  44.0  45.7  48.1  32­49 

H (wt%)  6.9  7.0  5.3  6.9­8.6 

N (wt%)  <0.1  <0.1  0.14  0.0­0.2 

S (wt%)  0.00  0.02  0.04  0.0­0.05 

O (wt%)  49.0  47.0  46.1  44­60 

Na + K (ppm)  29  22  2  5­500 

Ca (ppm)  50  23  1  4­600 

Mg (ppm)  12  5  0.7  N/M 

Flash Point (qC)  62  95  64  50­100 

Pour Point (qC)  ­24  ­19  N/M  ­36  ­9 

It is also possible to manipulate the chemistry of bio­oils by changing the thermal conditions in 
which they are produced or carrying out the pyrolysis in the presence of catalysts (see section 
4.5). Increasing the cracking severity (time/temperature relationship) is known to alter the 
chemical profile of the resulting oils. Elliot [26] described the relationship between compound 
classes and the temperature to which the vapors were exposed to before quenching. That 
relationship is described in the example shown below. 

17 
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
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Mixed  Phenolic Alkyl Heterocyclic Polycyclic 

    Aromatic HC 

     Larger 

Oxygenates Ethers Phenolics Ethers PAH PAH 

 

400q C 500q C 600q C 700q C 800q C 900q C 
This relationship is also shown below in a series of molecular beam scans taken at different 
temperatures when using a common Pine biomass sample. As the temperature is increased, alkyl 
groups are split off aromatic compounds until eventually the aromatics condense into polycyclic 
aromatic hydrocarbons at the higher temperatures. Even though the desired high yields are 
realized at the lowest cracking severities, this thermal chemistry shows the potential for altering 
the chemical nature of bio-oils by shifting the temperature. 

Figure 4. Molecular Beam Mass Spectrometer Scans of Pyrolysis Product Profile at Different 
Temperatures Using the Same Pine Wood Sample 

 
Given the complex nature and number of different compounds making up bio-oil, it is not 
unreasonable to expect that one could effect some separation of compounds by exploiting the 
temperature profile on the quenching or condensation end of the process. Another approach to 
selectively producing specific compound classes was demonstrated by Pakdel et al. [27] by what 



TYPES OF PYROLYTIC REACTORS 
• 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.

Fluidized bed

Rotating cone



TYPES OF PYROLYTIC REACTORS 
• Types of Pyrolysis Reactor Designs

Re-circulating 
fluidized bed

Vacuum



Typical pyrolysis process

Figure 5. Fast Pyrolysis Block Flow Diagram 

Exhaust Gas Exhaust  Net Electricity 

Recycle 
Carrier Gas 

Gas Clean­Up and 
Oil Recovery 

Process 
Electricity 

Feed Handling and  
Drying  Steam Cycle Pyrolysis 

Wood  Bio­Oil 

Char Combustion 

Char 

Combustion Air 
Ash 
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Table 5. Design Basis 

Parameter  Value  Source 

Oil Representative Components 
(lb/100 lb wood)

 C2H4O2

 C3H6O2

 C7H8O2

 C8H10O3

 CH2O2

 C10H12O3

 C6H6O 

C7H8

 C5H4O2

 C6H6 

Projected Overall bio-oil 
composition (wt%)

  Carbon

  Hydrogen 

  Oxygen 

Target Overall bio-oil composition 
(wt%) 

  Carbon

  Hydrogen 

  Oxygen 

5.93 

7.31 

0.61 

3.80 

3.41 

16.36 

0.46 

2.27 

18.98 

0.77 

59.27 

6.03 

34.69 

55­58% 

5.5­7.0% 

35­40% 

Estimated values 

Spreadsheet results 

[67/68] 

Gas Composition (lb/100 lb dry wood)
 CO2

 CO

 CH4

 C2H4

 H2

 C3H6

 NH3 

5.42 

6.56 

0.035 

0.142 

0.588 

0.152 

0.0121 

Elemental balance 

From the ratios of the earlier 

model 

Material balance – all N in 

feed 
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13kg

16kg

59.9kg100 GJ

67 GJ

2 GJ

Heat : 21 GJ

11kg

100 kg



Pyrolysis processes

• 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 

A technoeconomic analysis using discounted cash flow methodology (10% IRR, 100% equity 
financing) on a bio­oil production facility showed that heavy bio­oil (i.e., IEA #6 heavy bio­oil) 
is projected to have a selling price of roughly $7.62/GJ, LHV. The facility analyzed produced 
16,091 kg/hr of bio­crude with a moisture content of 23.6%. The feed rate to the pyrolyzer was 
550 dry tones/day. The pyrolysis reactor was modeled using yields from Bridgewater, et al. 
[67/68].  

The pyrolysis unit also produced almost 4,900 kW of electricity, but used roughly 80% of that 
value for recycle gas compression (2,600 kW) and feedstock size reduction (1,400 kW). The net 
electricity output for the facility was 588 kW. 

7.2 Recommendations for Advancing Fast Pyrolysis Technology 
There are a number of barriers that must be overcome to advance the technology of biomass fast 
pyrolysis. They can be listed as follows: 

• No universally accepted specifications or standards for bio­oil 

• Bio­oil quality and reproducibility must be established, especially with respect to storage 
stability of the oil 

• Effects  on  the  environment  and  safety  and  health  of  production  personnel  potentially 
exposed to bio­oil needs to be established. This need is also present for consumers using 
the product. 

• Public  acceptance  or  perception  may  be  an  issue,  particularly  if  the  health  and  safety 
issues  are  unknown.  Odor  is  another  issue  related  to  public  acceptance.  Bio­oil  has  a 
strong smoky smell that is unlikely to be masked by other compounds. 

• A near term technical barrier is lack of adequate supplies of bio­oil for long term testing 
in burners and prime movers for power generation. There are currently a limited number 
of sources for bio­oil production and little support for funding bio­oil production runs. 
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Conclusion

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

• Biomass Conversion
– Bio SNG and Liquid Fuels

• exothermic => cogeneration

– Fuel cell integration
– CO2 separation

• Power to gas concepts 
– Long term electricity storage by electrolysis 

integration


