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The gasification system 2
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Cogeneration : Gasification 4
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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

Energy flow diagrams of optimisation scenarios 5

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
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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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Fig. 6. Integrated composite curves for GT-CC air gasification (left: max eff., right: min cost).
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Fig. 7. Trade-off points characteristics as a function of total grass roots costs. Left: specific costs (upper) and tar conc. (lower). Right: temperature (upper)
and pressure (lower).
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Fig. 5. Integrated composite curves for ICE-CC air gasification (left: max eff., right: min cost).
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Fig. 6. Integrated composite curves for GT-CC air gasification (left: max eff., right: min cost).
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Fig. 7. Trade-off points characteristics as a function of total grass roots costs. Left: specific costs (upper) and tar conc. (lower). Right: temperature (upper)
and pressure (lower).
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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%
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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.
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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
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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 
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• NG Penalty 
– Compression  

• 2% (LHV) 
– Capture : 

• 4-7% (LHV) 
– Total 

• 6 à 9% (LHV) 
• Investissement 

– + 30%

CO2 Capture 13

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
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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
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➢ 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
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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

CO2 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)

CO2 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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◆ 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



‹#›L. TOCK

◆ efficiency <40% :  Combustion + Rankine cycle 
=> cogeneration 

◆ efficiency up to 70% :  Gasification + 
◆ Gas turbines 
◆ Engines 
◆ Fuel cells 

◆ efficiency 40% : Gasification + Reforming 
◆ H2 production 
◆ CO2 separation for sequestration

Producing electricity from biomass

+ Rankine cycle


