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CO2 transport and storage (CCS)
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(source : IPCC CCS Report)
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CO2 transport methods 
•Pipelines 

• <1500km (small distance) 
• CO2 8MPa 
• > 20 Mt CO2/year 

•Ship 
• > 1500 km (large distance) 
• CO2 liq. 0.7MPa 
• ~6 Mt CO2/year 

•Road & rail tankers 
• CO2 -20°C, 2MPa 
• Very small scale 
• 	 uneconomical for large-scale CO2 transportation

CO2 transport

IPCC2005 CCS report
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CO2 storage

www.ieaghg.org



ME-409 - Energy Conversion and Renewable Energy 2018/2019François Marechal 2019 5

Geological storage 
•Enhanced Oil/Gas Recovery (EOR/EGR) 

• CO2 is used to push gas out of gas/oil fields 
• In 2004 only 20% of the CO2 used for EOR is captured CO2 from 

energy conversion 
• Use of Water => produces toxics and radioactive elements 
• 3.15 t CO2 extracted (as fuel) per ton of CO2 sequestrated ! 

•Enhanced Coal Bed Methane recovery (ECBM) 
• CO2 substitutes the absorbed CH4 in deep coal mines and  
• 	 is trapped into the pore matrix of the coal due to  
• 	 the higher affinity of CO2 with coal than CH4 
• Twice as much CO2 as CH4 can be absorbed, so the balance is 

positive even if the CO2 released by CH4 combustion is accounted for

CO2 storage : Geological storage
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Geological storage 
•Deep saline formations (storage in aquifers) 

• Dissolution in saline waters (not suitable for 
potable water) 

• CO2 chemically trapped by chemical 
reaction producing carbonates (MeCO3) 

•Storage in mines & chemical storage 
• CO2 reaction with naturally occurring 

minerals (magnesium silicate)to produce 
carbonates that could be stored 
permanently

CO2 storage

www.ieaghg.org
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Trapping methods 
•Residual trapping 

• Injected CO2 is trapped in the tiny pores of the 
rocks 

•Dissolution trapping 
• Part of the CO2 dissolves into the surrounding water 

•Mineral trapping 
• Heavy CO2-rich water sinks to the reservoir’s 

bottom where over time it may react to form 
minerals (limestone, sandstone)

CO2 storage

www.zeroemissionsplatform.eu



ME-409 - Energy Conversion and Renewable Energy 2018/2019François Marechal 2019 8

Geological storage capacity 

•Economic potential for CCS: 200-2000 GtCO2 
•Largely sufficient geological storage capacity 
•Storage cost depends on: 

• Depth & permeability of storage formation 
• Number of wells needed for injection 
• Type of reservoir 
• Onshore/offshore 
• 0.5-8 $/tCO2 + 0.1-0.3 $/tCO2 monitoring 
• Including EOR  10-16$/tCO2 net profit (depends on oil/gas prices)

CO2 storage capacity
Option Lower estimate GtCO2 Upper estimate GtCO2

Oil/Gas fields 675 900

Unminable coal beds 3-15 200

Deep saline formation 1000 10000

IPCC2005 CCS report
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CCS: gas injection projects

(after Heinrich et al., 2003).

3 injection sites (1-2 Mt CO2/yr) are running since several years : 
Norway (1996), Canada (2000), Algeria (2004)
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Mineral Carbonation 
•CO2 conversion to solid inorganic carbonates by chemical reaction 

•MO= Metal oxide (MgO, CaO) or Mg2SiO4, Mg3Si2O5(OH)4 
•Magnesium carbonate (MgCO3) or calcium carbonate (CaCO3 
limestone) 

•=accelerated or assisted natural “weathering” 
•Available silicate rocks are larger than needed to fix all fossil-
derived CO2, however limited to technically exploitable reserves 

•Heat ≈ 60 kJ/mol CO2 (to compare with 400 kJ/mol CO2 for 
combustion) 

•CCS system with carbonation 60-180% more energy input per 
kWh than reference plant without capture 

•Cost: 50-100$/tCO2 mineralized 
•Considerable environmental  
•	impact mining & disposal

CO2 storage by carbonation

IPCC2005 CCS report

1t/CO2 + [2� 3t] MO ! [3� 4t] MCO3 + heat
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References: 

[1]: Ostavari, H. et al. Rock ‘n’ use of CO2: carbon footprint of carbon capture and utilization by mineralization. Sustainable Energy fuels, 2020, 4, 4482

▪ Incineration Bottom Ash (BA) feedstock 
▪ SiO2: 62 wt.% 
▪ MgSiO4: 7 wt.% 
▪ CaSiO3: 31 wt. %

▪ Feedstock pre-treatment [1] 
▪ Grinding, crushing, transport and magnetic separation 
▪ Heat treatment/Activation

▪ CO2 supply [1] 
▪ Separation and compressionCarbonation Reactor Inlet Outlet Unit

SiO2 10.5 11.9 t/h

MgSiO4 1.17 1.13 t/h

CaSiO3 5.2 2.6 t/h

∑ Feedstocks (BA) 16.9 15.6 t/h
CO2 1.00 0 t/h
CaCO3 0 2.22 t/h
MgCO3 0 0.05 t/h

Heat pre-treatment (650°C) 161 kWh/tCO2

Heat reaction (80 -150°C) 106 kWh/tCO2

Electricity [1] 685 kWh/tCO2

Direct 
Carbonation

BA

CO2

CaCO3

MgCO3

Heat Electricity

The Mass balance reference is 1t/h of stored CO2

SiO2



Carbon mineralisation

Mg3Si2O5(OH)4 + 3 CO2 => 3MgCO3 + 2SiO2 + 2H2O

Serpentine Mg3(OH)4(Si2O5)
Wolastonite CaSiO3 

MgCO3 + SiO2

Mineral Carbon => construction

-3.3 kgCO2/day/cap

0 MJ/kgC
CO2 

This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci.

and suggestion of Ostovari et al.34 is here considered, notably
a 95% cement substitution credit. This substitution policy is
likely to be a point of intense debate and therefore merits
thorough clarification. Underlying the assumption of Ostovari
et al.34 is the work by Benhelal et al.48 that showed pozzolanic
activity of SiO2. Such behavior enables SiO2 to substitute clinker
and be mixed with Ordinary Portland cement to create a
blended formulation. According to the standards for the
blended formulation,49 up to 40% of Portland cement is
available for substitution, which equates to roughly 1.8 Gton
per year. Nevertheless, as discussed in Ostovari et al.5

fractions of SiO2 above 35% jeopardize the required pozzolanic
reaction.

The schematic representation of the DC option is shown
in Fig. 1. A detailed description of each step is provided in A
similar scheme describing the IC route is available in ESI.†

3.2 System-level optimization

Economic and environmental models are integrated into a process
integration (PI) model, adapted from Butun et al.50 and Castro-
Amoedo et al.51 The objective is to minimize Total Annualized Cost
(TC). The economic model links the PI stage with monetary flows
and is used to compute the total cost of the system (eqn (2)),
composed of investment (Capex) and operating expenses (Opex).
A description of the equations used, the constraints applied to the
model, and the details of the method are explored in ESI.†

TC = Opex + Capex (2)

The solution generation (Fig. 2) is a two-stage procedure: (i) the
detailed simulation and optimization of each industrial sector,
defining the business-as-usual (BAU) solution. These incumbent
solutions allow obtaining the list of hot and cold streams and

Fig. 1 Direct carbonation system boundaries. Mineral ores refer to naturally-occurring and exploitable magnesium and calcium sources (serpentine,
wollastonite and olivine). Alkali waste treatment depends on the feedstock source with magnetic separation and heat pre-treatment being optional.

Fig. 2 Simulation and optimization procedure for integrating mineralization in industrial sectors. BAU: business as usual.

Energy & Environmental Science Paper
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Results: carbon footprint in the waste sector

Net-negative  
emissions

Comparison with 
deep-geological, 
according to 
Terlouw et al. [215]

Wollastonite 
outperforms 
due to a 
simpler process

Net-negative emissions are 
possible, but are mostly dependent 
on the products substitution credit

Comparison of different sources of mineralization
Process integration 
leads to 35% cost 
reduction
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CO2 utilisation

332 IPCC Special Report on Carbon dioxide Capture and Storage

	 The	application	of	this	framework	to	the	assessment	of	CO2 
utilization processes is discussed in more detail later in this 
chapter.	First,	however,	we	will	examine	current	uses	of	CO2 
in	 industrial	 processes	 and	 their	 potential	 for	 long-term	CO2 
storage.

7.3.2	 Present	industrial	uses	of	carbon	dioxide	

Carbon	dioxide	is	a	valuable	industrial	gas	with	a	large	number	
of	 uses	 that	 include	 production	 of	 chemicals,	 for	 example	
urea, refrigeration systems, inert agent for food packaging, 
beverages,	welding	systems,	fire	extinguishers,	water	treatment	
processes, horticulture, precipitated calcium carbonate for the 
paper industry and many other smaller-scale applications. Large 
quantities	 of	 carbon	 dioxide	 are	 also	 used	 for	 enhanced	 oil	
recovery,	particularly	in	the	United	States	(see	Section	5.3.2).	
Accordingly,	there	is	extensive	technical	literature	dealing	with	
CO2	uses	in	industry	and	active	research	groups	are	exploring	
new	or	improved	CO2 utilization processes.
	 Much	of	the	carbon	dioxide	used	commercially	is	recovered	
from synthetic fertilizer and hydrogen plants, using either a 
chemical or physical solvent scrubbing system (see Section 
3.5.2).	Other	industrial	sources	of	CO2 include the fermentation 
of	sugar	(dextrose)	used	to	produce	ethyl	alcohol:

C6H12O6 → 2C2H5OH	+	2CO2	 (3)

Industrial	CO2 is also produced from limekilns, such as those 
used in the production of sodium carbonate and in the Kraft 
wood pulping process. This involves the heating (calcining) of 
a raw material such as limestone:

CaCO3 →	CaO	+	CO2	 (4)

In some parts of the world, such as the United States, Italy, 
Norway	 and	 Japan,	 some	CO2	 is	 extracted	 from	 natural	CO2 
wells. It is also recovered during the production and treatment 
of	raw	natural	gas	that	often	contains	CO2 as an impurity (see 

Chapter	2	for	more	details	about	CO2 sources).

A	 large	 proportion	 of	 all	 CO2 recovered is used at the point 
of production to make further chemicals of commercial 
importance,	chiefly	urea	and	methanol.	The	CO2 recovered for 
other	commercial	uses	is	purified,	liquefied,	delivered	and	stored	
mostly	as	a	liquid,	typically	at	20	bar	and	–18°C	(Pierantozzi,	
2003).

Table	7.2	shows	the	worldwide	production	and	CO2 usage rates 
for the major chemical or industrial applications currently using 
CO2	 (excluding	enhanced	oil	 recovery,	which	 is	dealt	with	 in	
Chapter	5).	The	approximate	 lifetime	of	stored	carbon	before	
it	is	degraded	to	CO2 that is emitted to the atmosphere is also 
shown.	Such	values	mean	that	the	fraction	of	the	CO2 used to 
produce the compounds in the different chemical classes or for 
the different applications, which is still stored after the period 
of time indicated in the last column of Table 7.2 drops to zero.

7.3.3	 New	processes	for	CO2	abatement

7.3.3.1 Organic chemicals and polymers
A number of possible new process routes for the production of 
chemicals	and	polymers	have	been	considered	in	which	CO2 is 
used as a substitute for other C1 building blocks, such as carbon 
monoxide,	methane	and	methanol.	The	use	of	CO2, an inert gas 
whose	carbon	is	in	a	highly	oxidized	state,	requires	development	
of	 efficient	 catalytic	 systems	 and,	 in	 general,	 the	 use	 of	
additional	energy	for	CO2 reduction. Chemicals that have been 
considered include polyurethanes and polycarbonates, where 
the motivation has primarily been to avoid the use of phosgene 
because	 of	 its	 extreme	 toxicity,	 rather	 than	 to	find	 a	 sink	 for	
CO2. The proposed processes can have a lower overall energy 
consumption than the current phosgene-based routes leading to 
further	CO2 emission reductions. Current world consumption 
of polycarbonates is about 2.7 Mt yr–1. If all polycarbonate 
production	 was	 converted	 to	 CO2-based processes the direct 
consumption	of	CO2	would	be	about	0.6	MtCO2yr-1.	Some	CO2 

Table 7.2	Industrial	applications	of	CO2	(only	products	or	applications	at	the	Mtonne-scale):	yearly	market,	amount	of	CO2 used, its source, and 
product	lifetime	(Aresta	and	Tommasi,	1997;	Hallman	and	Steinberg,	1999;	Pelc	et	al.,	2005).	The	figures	in	the	table	are	associated	with	a	large	
uncertainty.

Chemical product class  
or application

Yearly market 
(Mt yr-1)

Amount of CO2 used per Mt 
product (MtCO2)

Source of CO2 Lifetimeb 

Urea 90 65 Industrial Six	months
Methanol	(additive	to	CO) 24 <8 Industrial Six	months
Inorganic carbonates 8 3 Industrial, Naturala Decades to centuries
Organic	carbonates 2.6 0.2 Industrial, Naturala Decades to centuries
Polyurethanes 10 <10 Industrial, Naturala Decades to centuries
Technological 10 10 Industrial, Naturala Days to years
Food 8 8 Industrial, Naturala Months to years

a Natural sources include both geological wells and fermentation.
b	The	fraction	of	used	CO2 that is still stored after the indicated period of time drops to zero.

Chapter 7 : Mineral carbonation and industrial uses of carbon dioxide 

CO2 can be used as a product

It is important that the CO2 used as carbon is not going to release fossil C in the atmosphere at an other time 
e.g. short term plastic usage



Cement curing 15

Can. J. Civ. Eng. Vol. 37, 2010 

Per unit CO2 sequestrated

use as construction materials (substitution)



▪ 55 kg/cap/year produced from the waste of fuel production 
▪ 75 % single use (2.7 kg CO2/kg polymer = 111 kg/cap/year)  
▪ 25 % long term use (2.0 kg CO2/kg polymer = 27.5 kg/cap/year sequestrated)

Plastics 16

Plastic world production: 55 kg 
plastics/capita/year

CO2

H2O

E

O2

(CxHyOz)n

Co-electrolysis 
+ 

Synthesis 
+ 

Polymerisation

Q

Use end of life Capture

recycling CO2
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CO2 utilization : E-Fuels
Conversion of captured CO2: as a source of Carbon

Power-to-chemicals/stored energy

Electricity has to be from renewable energy resources
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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

http://www.electrochea.com


Fuels production : Power2X 19

Figure 2.1: Energy density of various fuels (source: eia [39])

eia (Energy Information Administration) study [39] demonstrates that methanol is the third
most optimal fuel in terms of storage space after liquid natural gas (LNG). In addition, it re-
quires fewer intermediate steps than LNG which must naturally undergo a liquefaction step
(leading to higher energy consumption), and ethanol which derived from biomass, with a
greater number of steps and which is competing with the food industry.

The storage space concern is also addressed by F. Maréchal who calculated the mass and
volumic energy density for the tank system for a typical 40 tonnes truck:

Fuel System mass density [MJ/kg] System volume density [MJ/l]
Diesel 43 39
CNG 22 9

Methanol 18 16
Compressed H2 5 3

Hybrid CNG CO2 13 9
Diesel CO2 14 11

Table 2.2: Tank system mass density according to the fuel

Table 2.2 shows that methanol is the third best fuel in terms of tank system mass density
and second in terms of system volume density. While CNG delivers the highest amount of
energy in terms of unit weight compared to other fuels, its low energy content per unit vol-
ume makes him almost two times less competitive compared to methanol. Its tanks must
be two times larger.

There are currently two routes to produce methanol: direct hydrogenation and indirect hy-
drogenation. The first one consists in the formation of methanol through a single step and
the second one through a two-step reaction. The direct hydrogenation is the most advanced
in terms of technological maturity as it starts from syngas. There are actually three types
of reactors for the direct hydrogenation : the adiabatic, water-cooled and gas-cooled reactor.

The direct hydrogenation equation is expressed as follows:

2H2 + CO ) CH3OH �H298K
R = -91kJ/mol (2.6)

12

The first industrial PtL-plant is scheduled to open in 2022 by Nordic Blue Crude AS. The
plant will have a 20 MW co-electrolysis SOEL for syngas production and will produce 8000
t per year of FT-crude, which can be further processed in existing refineries.

2.1.3 Summary

Figure 2.2 summarizes the reported efficiencies from industrial projects:

Figure 2.2: Fuel reactors efficiencies from literature

Methanol synthesis and MtG efficiencies are well-established technologies with low uncer-
tainty across studies. This is due to (i) higher TRL, (ii) higher certainty in the reactor design
as a lower amount of heat is released i.e efficiency is less subjected to increase with heat
integration at the system level. Efficiencies of more exothermic reactions, like methanation
and Fischer-Tropsch, are more uncertain due to wide range of reactor designs. The DME
outlier is certainly due to the fact that the project with a 68% was a test project for direct
hydrogenation.

Table 2.3 summarizes the gathered information for each fuel:

Key parameters PtM PtMeOH PtDME PtFT
H2/P ratio 4 3 6 26

CO2 content [kgCO2/kWh] 0.20 0.25 0.246 0.26
⌘reactor
fuel 83% 88% 91% 78%
⌘LT
fuel 70% 74% 77% 66%

⌘HT
fuel 82% 79% 82% 76%

⌘co
fuel 85% 83% 86% 81%

Literature range 70-80% 77-83% 68-84% 58-83%
⌘fuel 79% 80% 82% 68%
TRL 7 8 8 8

Table 2.3: Summary of fuel synthesis theoretical efficiencies

This information will be further used in Chapter 4 for synthetic fuel cost modeling.

17

Efficiency

Life cycle efficiency

3.4 Global results

The environmental impact between the three valorisation routes are summarized in Table
3.18 :

CO2 emitted CO2 avoided KPICO2

Sy
n.

Fu
el

s Methane 0.31 1.39 -1.08
Methanol 0.23 1.49 -1.26
DME 0.22 1.51 -1.29
Diesel 0.22 1.20 -1
Gasoline 0.20 1.20 -0.96

C
ar

bo
na

tio
n Cu-OPC 1.4 3.35 -1.95

Cu-WOA 1.23 3.35 -2.12
Cu-ISS 2 3.35 -1.35
Cu-WCA 1.45 3.35 -1.9
Ex-WOA 0.56 3.35 0.56

Se
qu

es
t. SEQ 1 0.01 0 0.01

SEQ 2 0.03 0 0.03
SEQ 3 0.05 0 0.05
SEQ 4 0.09 0 0.09

Table 3.18: Environmental impacts for the CO2 valorisation routes

CO2 carbonation routes present the lowest KPICO2 between all valorisation routes. Com-
pared to synthetic fuel, the production ofCO2-cured material replace a more carbon-intensive
conventional product, resulting in higher CO2 savings by the avoidance effect. However,
in absolute terms, CO2-cured material still produce more CO2 in the atmosphere than its
the captured amount (e.g. Cu-OPC emits 1.4 kg CO2 per kg CO2 stored). Among the car-
bonation routes, the Ex-WOA is the only one that emits less CO2 in the atmosphere than its
captured amount. However, its performance is lower than the other CCS option, sequestra-
tion, which emits less than 10% of the captured CO2 before being injected into deep saline
aquifers in Norway for the worst scenario considered in this study (SEQ4). On its side, the
production of synthetic fuel is also not carbon neutral with CO2 emission between 0.20-
0.31 kgCO2/kgCO2 stored for a Swiss grid’s CO2 intensity at 33g CO2/kWh. However,
compared to carbonation, the valorisation route emits less CO2 than its captured amount.

39

Based on El. Swiss mix

Per unit CO2 captured

CO2

H2O

E

O2

CxHyOz

Chemical 
Synthesis

Q

Use

Ca
pt

ur
e

CO2
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Electrolysis and Co-Electrolysis

2. Small-scale, solid-oxide electrolyzer based, power-to-methane system110

The small-scale, SOE-based PtM system considered here aims at providing energy storage capability111

at local district level, thus enhancing the flexibility of local grid operation with high penetration of112

renewable energies. Existing large-scale, AE or PEME based PtM plants can achieve an efficiency of 60%113

based on higher heating value (HHV) [33], below that reported for power-to-hydrogen plants (70% [17]);114

while with system-level heat integration of SOE-based PtM systems, realistic, practical HHV efficiency115

without considering the energy consumption for carbon capture has been targeted at around 70 – 75%,116

which can largely increase its technological competitiveness.117

The schematic of the considered SOE-based PtM system is given in Fig. 2, without specific heat118

exchanger networks explicitly illustrated and CO2 capture. The processed, demineralized water is first119

vaporized and then mixed with re-circulated, cooled product from SOE to ensure a reduction atmosphere120

with 10% (molar fraction) H2 for cathode (H2 and CO evolution electrode). The mixed feed is further121

heated up to the desired temperature (e. g., 700 �), either mostly by SOE outlets and minorly by electrical122

heating, or completely by SOE outlets, depending on the operating mode and conditions of SOE. The123

fed steam (and CO2) at the desired temperature, namely fuel feed, is partially split into H2 (and CO2)124

in SOE, after which the produced gas mixture is cooled down and most unreacted water is knocked out125

in a flash drum. To remove O2 generated in SOE, air feed to SOE at the same temperature level as the126

fuel feed is employed, which also offer certain cooling to SOE stack. The minimum air flowrate is usually127

determined by ensuring O2 mole content below 50% at the air outlet.128

For the methanation process, dry product from SOE is first mixed with recirculated unreacted gas129

and then heated up to around 220 – 240 � before entering the fixed-bed catalytic reactor, which mostly130

SOECSOEC

O2-rich air

water recycle

CO2 bottle

water recycle

Heat Exchanger Network

Methanator

Membrane

air

water
recirculation

NG Grid
 when with steam electrolysis

when with co-electrolysis

Drum

Drum

Figure 2: Schematic of the considered SOE-based PtM system without explicit heat exchanger networks (adapted from

[28]). Feed streams of CO2 are distinguished for both steam- and co-electrolysis, and the heaters in red may be partially

provided by electrical heating to heat up the targeted steams to the required temperature. Components for start-up, hot

stand-by and temporary storage are not included.

5

Efficiency reaches 80% of HHV
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Who is going to use the extra amount in the Summer ?

http://www.energyscope.ch

Scenario 2050 : OFEN / Low

Electricity storage

http://www.energyscope.ch
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Combined heat, fuel and storage from biomass

SNG 
production

WOOD 
100 MWth, dry

67.5 MW SNG

 

16.8 MW Waste heat

Sequestration/storage 
(108 kg CO2 avoided / MWh wood)

1.4 MW net electricity
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Excess in summer

Swiss Energy System

2C(H2O) -> CH4 + CO2

2C(H2O) + 4H2 -> 2CH4 + 2H2O

CO2 + 4H2 -> CH4 + 2H2O


