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The gasification system 2

GasificationWood

H2O(l)
0.96 kg/s

residuals and
condensates

(partly to combustion)

Steam drying Gas cooling and
cold cleaning

Methanation

Q+ (180°C)
Q+ (900°C)
4.2 MW Q- (<399°C)

H2O(l)
0.53 kg/s

TSA, PSA, memb. 
& compression

fumes
0.51 kgCO2/s

Combustion catalytic
combustion

depleted stream
0.74 kg/s

SNG

fumes/CO2air

pre-
heated
air

20 MWth

2.15 kg/s
Φ=50% hydrogen

recycling

heat recovery system

Q- (800-150°C)

Q- (800-150°C) Q- (>400°C)

5 bar, 180°C, 10%wt 1 bar, 850°C

H2O(v)
0.42 kg/s
300°C

1 bar, >900°C

1.19 kg/s
100°C

char: 1.8 MW
0.05 kg/s

19.6 MW
1.56 kg/s

850°C

16.5 MW
1.13 kg/s

25°C

3.1 MW
0.21 kg/s

0.22 kg/s

4.4 bar, 399-329°C

H2O(v)
0.44 kg/s
399°C

15.3 MW
1.07 kg/s

25°C
0.03 kg/s

14.1 MW
0.30 kg/s
25°C, 50 bar

600°C
400°C 0.75 kgCO2/s

production: 86.8 bar, 549°C
utilisation: 15.0 bar, 198°C

0.02 bar, 21°C

electricity
0.76 MW

GasificationWood

H2O(l)
0.90 kg/s

residuals and
condensates

(partly to combustion)

Steam drying Gas cooling and
cold cleaning

Methanation

Q+ (180°C)
Q+ (900°C)
4.4 MW Q- (<396°C)

H2O(l)
0.54 kg/s

3+1 membranes
& compressions

fumes
1.28 kgCO2/s

Combustion

SNG

pre-
heated
air

20 MWth

2.15 kg/s
Φ=50% hydrogen

recycling

heat recovery system

Q- (800-150°C)

Q- (800-150°C)

5 bar, 180°C, 14%wt 1 bar, 850°C

H2O(v)
0.36 kg/s
300°C

1 bar, >900°C

1.25 kg/s
100°C

char: 1.8 MW
0.05 kg/s

19.6 MW
1.56 kg/s

850°C

17.4 MW
1.19 kg/s

25°C

2.2 MW
0.15 kg/s

0.22 kg/s

12.2 bar, 396-326°C

H2O(v)
0.46 kg/s
396°C

15.6 MW
1.13 kg/s

25°C
0.02 kg/s

13.4 MW
0.29 kg/s
25°C, 50 bar

600°C

production: 97.8 bar, 531°C
utilisation: 15.0 bar, 198°C

2.11 bar, 122°C
0.96 bar, 99°C

electricity

ind. heat
0.36 MW

3.4 MW
110/70°C

2.0 MW
0.82 kg/s

th,biomass

εchem

CO, H2, CO2, H2O, CH4, CxHy

SOLID -> SYNGAS

DownDraft
Entrained flow
Indirectly heated
Multi-stage



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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Wood to Methane 4

• Stoechiometry of the methane synthesis reaction 
from wood

Exothermic CO2 is a by product



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

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

40 / 87

Closing the energy balance after heat recovery



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

Closing the energy balance after heat recovery and produce pure CO2

CO2
To sequestration



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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BIOSNG process design 10

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
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LENI Systems

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

gasi!cation

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 (gasi!cation
& 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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LENI Systems

Process performance
conventional SNG

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

Maintenance
Labour

Oxygen
Biodiesel
Wood
Electricity

Depreciation

0

5

10

15

20

25

30

35
Heat echanger
network 
Steam cycle 
CO2-removal
Methanation
Gas conditioning 
Gasification
Pretreatment

(base) (torr) (pM) (pM,SA) (pGM) (pGM,hot)
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st
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t 
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R
]

32.6 33.1

23.3
24.1

17.0 17.6

FICFB CFB
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P
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U
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/M
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h
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G
]

102.9 105.4

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

FICFB CFB

90.3 89.3

80.6
75.7

pressurised methanation & gasification

Investment cost Total production costs
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LENI Systems

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 e!ciency [%]

sp
ec

i"
c 

in
ve

st
m

en
t 

co
st

 [€
/k

W
]

trade-o$: e!ciency vs.
investment (& complexity)

TECHNOLOGY: 
drying:  air, T & humidity optimised
gasi"cation:  indirectly heated dual %uid. bed (1 bar, 850°C)
methanation:  once through %uid. 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)

60 / 87



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
900

1000

1100

1200

1300
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1500

1600

energy e!ciency [%]

sp
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W
]

trade-o$: e!ciency vs.
investment (& complexity)

TECHNOLOGY: 
drying:  air, T & humidity optimised
gasi"cation:  indirectly heated dual %uid. bed (1 bar, 850°C)
methanation:  once through %uid. 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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1600
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scale-up objective: minimisation of production costs
(incl. investment by depreciation)ε ~ 62%

ε ~ 66%

ε ~ 64%

ε ~ 68%

optimal con!gurations:
increasing e#ciency

discontinuities due to
capacity limitations of

equipment (diameter < 4 m)

     1
nb. of
gasi!ers:     2                  3                  4              5         ...
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LENI Systems

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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• Each point of the Pareto is a process design

Comparing options 18

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

69 / 87

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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• Resource productivity : + 33% per forest m2

BIOSNG process 19

From conventional (58%) to optimised (> 75% eff.)
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Break-even cost of the resource 20

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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Biomass availability 21

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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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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20 MWth: •  51.4 Mio. CHF 

•  29.5 Mio. CHF 

•  35.4 Mio. CHF

20 MWth

(1) 

(2) 

(3)

Transport = 10 % of the energy

Area = 40 km2

Efficiency : 5000 Wyear/year/ha

Plant location 23

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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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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• 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 24

(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 configurations

Multi-objective optimization results 26
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• Co production of biofuel from wood 
– Synthetic natural gas, methanol, DME, F-T fuels 
– CO2 capture 
– Exothermic => Heat supply 
– Cogeneration of Heat

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

27

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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• Convert biomass to gas in the grid 
• Efficiency = 70% (LHV Biomass => LHV Gas) 
• Heat can be reused = +15% 
• CO2 can be separated (negative emissions)

Synthetic Natural Gas production 28


