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CO2 transport and storage (CCS)

Capture

Transport & Storage

Fuel
Capture

(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
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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 (after combustion) 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 

•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
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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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•CO2 capture cost determines the CCS cost

Summary: CCS cost

IPCC2005 CCS report
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According the Global CCS Institute 
•238 projects involving CO2 capture, 
transport and/or storage are active or 
planned worldwide 
• 9 are already operational 
• 2 are under construction 
• 69 are at planning stages (CO2 

capture-transport-storage chain is 
demonstrated)

Summary: Global CCS projects

http://www.zeroemissionsplatform.eu/projects/global-
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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
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CO2 utilization
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
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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
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Photosynthesis

1 m2

Overall 
efficiency = 
1.40%

Solar energy harvesting and storage by growing wood?
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Artificial leaves ?

Overall 
efficiency = 
14.06%

1 m2

Schaaf T., Grunig J., Schuster M.R., Rothenfluh T. and Orth A., Methanation of CO2 - storage of renewable energy in a gas distribution system, 
Energy Sustainability and Society, 2014; http://www.climeworks.com/co2-capture-plants/articles/capture-plants.html 

PV

3.97	MJ

Electrolysis

H2 =	0.022	kg
3.03	MJ

(η	=	80%)

(η	=			23%)

CH4

Methanation
(η	=	80%)

400	
W/m2

17.28	
MJ/d

CO2 =	0.118	kg

3.79	MJ

Electricity
0.18	MJ 2.43	MJ

Air

Adsorption

Waste	Heat	from	PV	
cooling,	Electrolysis	and	

Methanation
(0.85	MJ)

CO2	+	4H2	=	CH4 +	2H2O,	Δh	=	-165	kJ/mol

100	0C

0.76 MJ

0.6 MJ
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Calculate the CO2 avoidance cost of an NGCC plant with 90% 
CO2 capture knowing the performance of a conventional NGCC 
plant and assuming that CO2 capture decreases the efficiency by 
8% points and increases the cost of electricity by 33%. It can also 
be assumed that the natural gas consumption remains the same. 

•Performance of a conventional NGCC (IEA report 2011) 
• 528MW 
• 56.6% 
• 370gCO2,emitted/kWhe 
• 77CHF/MWhe

Numerical application


