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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

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

⌘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.
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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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Conventional boilers

natural gas boiler wood boiler
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Conceptual schemes of CHF (combined heat and fuel) plants

Case I: Case II:

Case III: Case IV:
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Conceptual CHF plant operation schemes

Case I: Case II:

Case III: Case IV:
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Conceptual CHF plant operation schemes

Case I: Case II:

Case III: Case IV:
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Conceptual CHF plant operation schemes

Case I: Case II:

Case III: Case IV:
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Conceptual CHF plant operation schemes

Case I: Case II:

Case III: Case IV:
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Conceptual CHF plant operation schemes

Case I: Case II:

Case III: Case IV:
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Process performance
Case I: CHF Economic parameters

Wood [CHF/kg]             0.146 
Oil [CHF/kWh]              0.087 
Natural Gas [CHF/kWh]   0.024 
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Process performance
Case I: CHF Economic parameters

Wood [CHF/kg]             0.146 
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Process performance
Case I: CHF

• boiler size   ,  price of heat 

Economic parameters
Wood [CHF/kg]             0.146 
Oil [CHF/kWh]              0.087 
Natural Gas [CHF/kWh]   0.024 
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Process performance

Case I: CHF

Case II: CHF + CCS

Case III: CHF + P2G

Case IV: CHF + P2G + CO2 storage

Economic parameters
Wood [CHF/kg]             0.146 
Oil [CHF/kWh]              0.087 
Natural Gas [CHF/kWh]   0.024 
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Process performance

Case I: CHF

Case II: CHF + CCS

Case III: CHF + P2G

Case IV: CHF + P2G + CO2 storage

Economic parameters
Wood [CHF/kg]             0.146 
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Process performance

Case I: CHF

Case II: CHF + CCS

Case III: CHF + P2G

Case IV: CHF + P2G + CO2 storage

• integration of co-electrolysis unit lead to a great reduction in heat prices

Economic parameters
Wood [CHF/kg]             0.146 
Oil [CHF/kWh]              0.087 
Natural Gas [CHF/kWh]   0.024 
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Process performance

• integration of co-electrolysis unit lead to a great reduction in heat prices  
• with CO2 storage, huge reduction in heat price with negative values for higher CO2 tax

Case I: CHF

Case II: CHF + CCS

Case III: CHF + P2G

Case IV: CHF + P2G + CO2 storage

Economic parameters
Wood [CHF/kg]             0.146 
Oil [CHF/kWh]              0.087 
Natural Gas [CHF/kWh]   0.024 
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Carbon savings comparison between technologies
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n

(oil boiler)
0.31

Wood [CHF/kg]             0.146 
Oil [CHF/kWh]              0.087 
Natural Gas [CHF/kWh]   0.024 
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Carbon savings comparison between technologies
Br
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(oil boiler)
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0.32

0.48

1.5 times

Wood [CHF/kg]             0.146 
Oil [CHF/kWh]              0.087 
Natural Gas [CHF/kWh]   0.024 
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Carbon savings comparison between technologies
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2.63 times

Wood [CHF/kg]             0.146 
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Natural Gas [CHF/kWh]   0.024 
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Carbon savings comparison between technologies
Br
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2.8 times
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Natural Gas [CHF/kWh]   0.024 
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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

⌘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

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%
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Electrolysis integration in the FT production process

FICFB
HT

Tar Reformer

Water Quench

Radiant Panels
Hot Clean-Up

Cold Clean-Up

Sour
WGS AGR Co-FT Upgrading

Torrefaction
Steam
Drying

Air
Drying

EF

HTE

Oxygen

Hydrogen
Steam

ASUAir

Steam Network

Off-gas

Carbon Dioxide

Off-gas

Gas Quench

GrindingBiomass
Fuel

GT

Steam TurbinesHeat Recovery Steam Generator

ElectricityHeat

Electricity

Heat

Steam

Steam

Water

Air
Carbon
Dioxide

Carbon Dioxide

Not modeled in detail

Electricity

Off-gas

"storage ready"

Steam

Chemical

Not thermally integrated

Water

Fig. 4 Reduced superstructure representing the technologies considered in this study for BTL conversion. The base-case configurations employing the
EF and the FICFB gasifier are highlighted in red and blue.

Table 3 Configuration nomenclature

A Air drying
S Steam drying

T Torrefaction

EF EF gasifier
FB FICFB gasifier

HT High-Temperature stage
R Tar reforming

W Water quench
G Gas quench
RP Radiant panels

H Hot clean-up
C Cold clean-up

WG WGS
E HTE (steam)
E-CO2 HTE (steam and CO2)

GT Gas Turbine

FTrec FT with recycling

each unit operation are illustrated in Table 3. For example, the
base-case configuration employing the EF gasifier is referred to as
A-T-EF-W-C-WG.

All solutions use AGR and FT synthesis and upgrading, therefore
these unit operations are not specifically indicated in the configu-
rations’ nomenclature. Only the case where the recycling of the FT
off-gases is used is specified. Each solution includes the integration
with a steam network and the co-generation of electricity through
a Rankine cycle (steam turbines), therefore only the cases which
also use a gas turbine are highlighted with the corresponding
acronym (GT).

Given the unit operations retained from the superstructure pre-
sented in Figure 2, the problem is set-up by defining:

• The process chain by activating the unit operations of interest
(binary variables);

• The value of the decision variables and, for the multi-objective
optimisation, their operating range, as the inputs of the ther-
mochemical models;

• The performance indicators to be considered or used as objec-
tive functions for the multi-objective optimisation: the equiva-
lent efficiency, heq, and the capital investment, CAPEX;

• The assumptions regarding energy integration and the eco-
nomic modelling (reported in the ESI), and CO2 emissions
accounting (specific emissions reported in Table 2).

The value of the process variables for the base-case operating
conditions and their operating range (in parenthesis) for each
of the models are summarised in Table 4. The operating ranges
reported in this table are considered, when applicable, as the
decision variables of the multi-objective optimisation.

The superstructure approach allows to select alternative tech-
nologies through integer variables, setting the unit operations on
or off. In principle, therefore, it is possible to include these along
with the operating conditions as decision variables to be optimised
by the multi-objective evolutionary algorithm.

It should be taken into account, however, that the convergence
of the thermochemical models depends on the good initialisation
of the problem, which is especially important when using a si-
multaneous resolution method, as is the case in this study, with
Vali by Belsim™. Furthermore, including the integer variables in
the optimisation problem, even though it would allow to consider
the complete range of possibilities given by the superstructure,
would explode the size of the optimisation problem. Therefore,
in order to reduce issues related to non-convergence during the
multi-objective optimisation and reduce the computation time,
the relevant configurations are enumerated, initialised and then
optimised one-by-one.

The objective functions are represented by the minimisation of
the investment, the CAPEX, and the maximisation of the equiv-
alent efficiency, heq as described in Section 2. The evolutionary
algorithm used for the multi-objective optimisation, previously

+PVSOBM�/BNF
�<ZFBS>
�<WPM�>
 1–18 | 7
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Solid oxide electrolyser

70-80 % efficiency



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

Integration of the electricity

ηel =
Δ ·mLHVFT

Δ ·E
= 0.84
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• Electrolysis : H2O + E => H2 +1/2 O2 (e.g.Proton exchange membrane systems eff ≈ 
60%) 

•  + Methanation (Sabatier Reaction) 
– Typical Temperature : 250°C-400°C 
– Catalyst : Ni  
– Exothermic

CO2 reuse : Power2Gas concepts

CO2 + 4H2 ! CH4 + 2H2O + energy �H = �165.0kJ/mol

• Biological catalysis(1) 
–Typical Temperature : 40-70°C 
–Catalyst : thermophilic methanogen Methanothermobacter 
thermautotrophicus 

–www.electrochea.com

(1) Matthew R. Martin, et al. “A Single-Culture Bioprocess of Methanothermobacter thermautotrophicus to Upgrade Digester Biogas by CO2-to-CH4 Conversion with H2,” Archaea, vol. 2013, Article ID 157529, 11 pages, 
2013.

• Co-Electrolysis (SOEC) + Methanation or Fisher-Tropsh 
–Typical Temperature : 800°C

CO2 + 2H2O + energy ! CH4 + 2O2

(2) Diethelm, S., herle, J. V., Montinaro, D. and Bucheli, O. (2013), Electrolysis and Co-Electrolysis Performance of SOE Short Stacks. Fuel Cells, 13: 631–637. doi: 10.1002/fuce.201200178
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CO2 capture and reuse/electricity storage
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• C(H2O) conversion is a source of Biogenic 
Carbon for long term electricity storage 

• adding renewable H2 to CO2 in the 
biomass conversion process produces more 
fuel 
– seasonal storage of electricity as fuel 

• CO2 if separated can be sequestrated 

• CO2 can be stored as a liquid (70 bar - 25 
°C) and be later converted when excess of 
electricity is available

Conclusion Power to X with biomass


