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Further readings
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CO2 capture and storage (CCS)

Capture

Transport & Storage 

100 bars/ no H2O 
Compression = 2% of 

LHV of fuel

Fuel
Capture

(source : IPCC CCS Report)
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CO2 capture in power plants
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Fig. 3.17  Options for CO2 separation [16] 

 

Absorption 

CO2 can be removed from flue gases using solvents that rely on chemical or physical absorption. The most 

common solvents used for neutralizing CO2 in chemical absorption systems are alkanolamines such as 

monoethanolamine (MEA), diethanolamine (DEA), and methyldiethanolamine (MDEA). Prior to CO2 

removal, the flue gas is typically cooled, and then treated to reduce particulates and other impurities. It is 

then passed into an absorption tower where it comes in contact with the absorption solution as shown in Fig. 

3.18. Chemical absorption is preferred for low to moderate CO2 partial pressures. Physical absorption can 

be used for a variety of applications and is considered the preferred technique for applications at higher 

pressure (i.e. IGCC). Physical solvents commonly used in commercial processes include cold methanol 

(Rectisol process), dimethylether of polyethylene glycol (Selexol process), propylene carbonate (Fluor 

solvent process) and sulfolane. Others absorbents include Calcium Oxide (CaO), Sodium Hydroxide 

(NaOH) and Potassium Hydroxide (KOH). Hybrid solvents combine the best characteristics of chemical 

and physical solvents and are composed of various complementary solvents appropriate to the application. 

Typical hybrid solvents include Purison, Sulfinol, A-MDEA and UCARSOL. 

 

 

Figure 3.18. Schematic Diagram of the Amine Separation Process[17] 

Although absorption technology has not yet been optimized for large scale CO2 capture, it is a mature 

technology with over 60 years’ experiences. Chemical absorption with an MEA solvent is the most 

common capture technology, is readily available and can be integrated into new plants or used to retrofit 

existing power plants. The main issues with MEA and other current chemical absorption solvents are 

corrosion in the presence of O2, high degradation rates and the large amount of energy required for 

regeneration. Fig. 3.19. illustrates the CO2 emission reduction, efficiency decrease, cost of electricity  (CoE) 

increase trend when absorption is added to the fossil power plant. The presence of impurities such as SOx 

and NOx increase reagent loss but it can be addressed by pretreatment of the flue gas stream. New or 

improved solvents with higher CO2 absorption capacities and faster CO2 absorption rates are needed, so 

that the size of the absorption towers and capital and operating costs can be reduced. A number of novel 

solvents based on sterically-hindered amines or formulated amines, which have higher selectivity for CO2 
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CxHy + (x+y/4)O2 + (x+y/4) 3.77 N2 => xCO2 + y/2 H2O + (x+y/2) 3.77 N2

CO2 : 100 bar
2% of LHV

CO2 separated from flue gases 
CO2/N2

CO2 separated from Fuel 
CO2/H2

N2 avoided in flue gases
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•Temperature and pressure conditions 
•CO2 delivery conditions for transport and sequestration

Ab(d)sorption systems

Q+
Ẇ+

CO2,N2,O2

N2,O2 + CO2<< (90% captured) CO2>> to sequestration (needs compression !)

Compression
Heat of desorption
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Research in new adsorbent

and is depicted as a black solid line. The black dashed line indicates the envelope line of355

the all-silica structures [11] for the coal flue gas composition. Details to the envelope line356

can be found in the supporting information. The envelope curve exhibits a broad parasitic357

energy optimum in a higher Henry coe�cient region. This significant region lies below358

MEA technology and highlights the pursued material property. Henry coe�cients lower359

than 10�4 mol/kg · Pa lead to higher parasitic energies due to the small accessible working360

capacity. Higher Henry coe�cients (KH,CO2
> 10�2 mol/kg · Pa) yield as well in an increase of361

the parasitic energy as the CO2 adsorption gets very strong and additional energy is needed362

to regenerate the material [11].363
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FIG. 6. Characteristic plot of parasitic energy for coal flue gas. Circles depict parasitic energy365

results for each material. Current MEA technology is marked as black solid line, black dashed366

line shows envelope for coal, and black dotted line indicates lowest predicted parasitic energy367

(Mg-MOF-74: 727.12 kJ/kg
CO2

). Color code for material classes: cation exchanged zeolites: black,368

zeolitic imidazolate frameworks: red, hypothetical materials: green, metal-organic frameworks:369

dark blue, porous polymer networks: magenta and zeolites: light blue. Mg-MOF-74 could reduce370

CCS requirement in coal about 30% compared to MEA.371

All investigated materials can be found along the all-silica envelope line which denotes that372

the experimental materials exhibit a similar trend like the theoretical ones with some devia-373

16

Zn4O(1,4-benzenedicarboxylate)3 
MOF-5

MOFs (Metal Organic Frameworks), Zeolites
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Increasing CO2 concentration

Introduction
Problem Definition

Results

Sensitivity Analysis

CO2 Recirculation allows for higher CO2 partial pressure in the 
absorber => lower investment cost 
O2 excess lower in the burner => flame stability problems
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Heat integration

Efficiency drop 
from 59% to 54% ! 

Cost of electricity 
+20 $/MWhe 
(+50%) 
The heat of desorption reduces the 
electricity produced 
Heat of adsorption can be recovered
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Oxyfuel route
Fuel + O2 → CO2 + H2O

No N2 in the flue gases
CO2 separation by condensing H2O

O2 to be produced from Air
* needs a Air Separation Unit
* consumes Elec
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• Oxy-fuel combustion 
• Matiant O2/CO2 cycle 
 Exhaust gas used as working fluid  
 CO2 recycled to combustor to keep turbine inlet temperature (TIT) at required level  

! Matiant cycle: increase of efficiency by increasing the upper cycle pressure and inserting a reheat 
! Efficiency: max 45% 

Oxyfuel in gas turbine

Kvamsdal et al. 
Energy  32 (2007)
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• Oxy-fuel combustion 
• AZEP (Advanced zero emission power plant) concept 
• Combustor replaced by mixed conductive membrane reactor 

(MCM) 
• Separation of O2 from air by membrane 
• Near-to-stoichiometric fuel combustion 
• Heat exchange 

! Efficiency: 55-62%  
! Specific cost: 690-1404$/kW

Oxyfuel route : separation with membranes

Kvamsdal et al. 
Energy  32 (2007)
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Figure 4: Pareto curve of the multi-objective optimi-

sation

Solution A Solution B

Gas Turb. press. ratio 18 41

OTM inlet temp. 1200 K 1200 K

Oxygen sep. ratio 21.8% 31.2%

OTM outlet HX ∆T 100 K 97 K

Combustor out. temp. 1600 K 1600 K

Steam head. press. 101 bar 102 bar

14 bar 13 bar

2 bar 1 bar

Steam head. superh. 357 K 365 K

311 K 214 K

283 K 290 K

Condensate head. press. 0.021 bar 0.020 bar

∆T multiplication factor 1 1

Specific Cost 690 US$/kW 1404 US$/kW

Efficiency 55.1% 62.5%

Table 2: Best solution of the optimisation

The layout of the two solutions is extremely simi-

lar. The only consistent difference is given by the

gas turbine pressure ratio and the oxygen separa-

tion rate. Higher ratios lead to better performances

but also to higher specific cost. A comparison be-

tween Table 1 and Table 2 shows that some vari-

ables (OTM inlet temperature, OTM outlet heat ex-

changer ∆T and combustor outlet temperature) are
pushed to their upper bounds, which means that per-

formances will increase when the ceramic technol-

ogy will accept higher temperatures. The steam net-

work resulting from the optimisation is very simple:

3-stage steam turbine. Reheat is not selected. Com-

pared to conventional steam network, where several

steam extractions and reheat are necessary to ensure

a good performance, this simplified configuration al-

lows money saving, which compensate the cost of

the OTM. Figure 5 shows the integrated compos-

ite curve of the steam network. The slope change

of process streams at high temperature (around 700

K) is due to the difference of temperature between

the expanded CO2-steam stream and the depleted

air from the turbine (the first temperature is 260K

higher). It is ideal to integrate steam superheat-

ing and to minimize exergy losses. Cooling down

streams to 25°C ensures heat availability to preheat

water and avoids low pressure steam extractions.

From the figure, it can be seen that heat remains

available from 75°C to 25°C for district heating, if

necessary.

It should be noted that the excellent efficiencies ob-

tained with our model can be partly explained with

the following assumptions: the default ∆Tmin defined
for the HRSG (16K for gas-gas heat exchanges, 8K

for liquid-gas and 4K for liquid-liquid) allows to in-

crease the efficiency of the plant by 1-2%; the steam

superheating of 365K for the high pressure steam

header is also critical for conventional HRSG.

The method presented in this paper shows neverthe-

less that the integration of the hot streams of con-

densing water are extremely useful to improve the

combined cycle performances: taking Solution B

as reference, we obtain 62.5% of efficiency. If the

temperature at stack is limited to 120°C, the perfor-

mances are limited to 61.9%. If the heat recovery of

the CO2 separation system is limited to 120°C, the

efficiency goes down to 60.9%, because it becomes

necessary to introduce steam extraction in the cy-

cle. Finally, if theCO2 separation system is not inte-

grated in the HRSG, performances fall to 56%. If the

steam network is not implemented, the efficiency of

the AZEP gas turbine plus the CO2 system is 46%,

and the efficiency of the AZEP gas turbine alone is

37%. The latter value is similar to the results pub-

lished in [6], where the CO2 capture system is not

considered for power production.

CONCLUSIONS

The optimisation framework based on the coupling

of process flow modelling and energy integration,

is extremely useful to study complex superstruc-

tures and identify promising process configuration

at early stage of design. The multi-objective optimi-

sation performed with genetic algorithms combined

Oxy-fuel : AZEP Plant (Alstom)
easily handle first degree discontinuities and mul-

tiple local minimums. Their weakness is that they

ask a lot of computational time and they can’t en-

sure convergence, since they don’t compute objec-

tive function’s first derivative. Conventional opti-

misation methods based on semi-Newton algorithm

offer the guarantee of convergence (if there is one)

with a limited number of iterations. Unfortunately,

these algorithms are extremely sensitive to the slope

of the objective and they are limited to the research

of local minima.

Coupling GA with conventional optimisation allows

reducing computational time and ensures conver-

gence. In our work we used advanced GA devel-

oped at LENI (MOO) [7],[13] exploiting clustering

and multi-objective functions. The usage of inte-

ger variables allows studying several technological

alternatives leading to the creation of different so-

lution’s families. The optimisation of several ob-

jectives functions like exergetic efficiency, cost, en-

vironmental impacts, leads to the generation of a

Pareto curve which is a powerful information sup-

port for decision making considering mature and

new technologies. In the hybrid approach, the mem-

bers of the Pareto curve are optimised along the

two objectives (the other being considered as a con-

straint) so that the Pareto curve is pushed to its fron-

tier.

CASE STUDY - ADVANCEDNGCCWITH CO2
CAPTURE

For demonstration purposes, we choose to study

the performance of an advanced natural gas com-

bined cycle based on the zero-emission gas turbine

(AZEP) developed by Alstom [6]. This cycle com-

bines a conventional 3-stage steam turbine with re-

heat and a modified gas turbine allowing CO2 cap-

ture. Modifications concern the combustor: the con-

ventional combustion chamber has been substituted

with a system composed of two heat exchangers and

an oxygen separation membrane (OTM) [6]. Figure

3 shows the concept. After compression, air is pre-

heated to the membrane working temperature (be-

tween 800 and 900°C) and oxygen is partially cap-

tured. The remaining air is then heated and finally

expanded in the turbine. Since depleted air does not

participate in the combustion, there is no additional

water in the flue gases and therefore it can be cooled

down to the ambient temperature. The separated

O2

Q
.

Q
.

H2O
Q

.

Q
.

CO2

HRSG ST

TC

Stack

OTM

Natural
Gas

Combustor

Air

1600K

960K

1200K

1590K

700K

293K

293K

293K

Figure 3: AZEP combined cycle layout

oxygen is recovered in a recirculation loop contain-

ing CO2 and steam and burned with methane. The

combustion in the absence of N2 eliminates concerns

about NOx formation. Combustion gases are par-

tially recycled in the loop and partially sent to the

CO2 capture system. The latter flow is expanded in

a turbine down to ambient pressure and then cooled

down in order to almost completely condense water.

Since the gas phase is composed ofCO2 and water, it

is possible to separate the CO2 by condensation and

recover it by pressurising it to about 100 bars and

cooling it down to 25°C in order to be transported to

its storage place [1].

This cycle is very interesting from the point of view

of energy integration, because there are several hot

streams that can be used to heat up steam in the

heat recovery steam generator (HRSG). Since the

network structure is not known a priori, energy in-

tegration allows creating the optimal one.

Advanced zero-emission power plant

(AZEP) gas turbine

The AZEP gas turbine developed for this study

is extremely simplified (Figure 3): the compres-

sor has an isentropic efficiency of 88%, the turbine

93%, combustion is assumed complete, natural gas

is composed by pure methane and air is 78%N2 and

22%O2. Heat exchangers have a global heat ex-

change coefficient of 1 kW/°C/m2. The oxygen sep-
aration membrane is assumed ideal, i.e. it is possible

to separate as much oxygen as needed; membrane

area and cost are backward calculated. Stack tem-

perature is fixed at 25°C. Heat exchanges performed

in the membrane zone are directly computed in the

process flow model, i.e they are not considered for

100b

OTM : Oxygen separation membrane
Ceramic Separation membrane at high temperature (900 °C)
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CO2 capture concepts 
• Oxy-fuel combustion 

• Chemical looping combustion (CLC) 
• No direct contact between air and fuel 
• Combustion process split up into oxidation and reduction 
• Metal oxide as oxygen carrier

Chemical looping Combustion

Kvamsdal et al. 
Energy  32 (2007)

! Efficiency: 51%
Courjon 

EPFL/LENI (2010)

! Alternative H2 co-production
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Chemical looping

Courjon 
EPFL/LENI (2010)
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Hydrogen production routes

Steam Methane reforming

 10 

pressure. Most commercialised reformers works with a pressure between 1 and 30 
bar9. 
 
Another important factor for the methane conversion is the ratio between water 
vapour and methane. Like any other chemical reaction the equilibrium of the SMR 
reaction will be shifted towards the right hand side of the reaction equation if the 
concentrations of the compounds on the left hand side are increased. On the other 
hand increased costs will occur if the steam/methane ratio is too high, considering an 
increased volume of flue gas in the reactors. Another important factor is that the 
energy needed to vaporise the water represents a large part of the total energy input 
of the hydrogen production in total. Further more, if the steam/methane ratio gets to 
low there will be problems with carbon decomposition on the catalysts and this 
damage will be expensive to restore. These decomposition problems will normally 
occur when the steam/methane ratio is around 1. In commercial units the 
steam/methane ratio is between 2 and 3,59. 
 

Table 1.  Reaction properties for a conventional steam methane reformer (SMR). 

General info: Endothermic reaction 
Temperature 500 – 1000 °C 
Pressure 1 – 30 bar 
Steam/methane ratio 2 – 3,5 
Catalysts Nickel- and aluminium oxide-based catalysts 

 
 
The selection of catalyst is also an important factor for the operation as well as the 
total cost of the SMR reactor. The most important factor influencing the selection of 
the catalyst is the reaction temperature. In reality it is rather the selection of the 
catalyst that sets the lowest practicable reaction temperature since the methane 
conversion is depending on the catalyst parameters. Conventional SMR reformers 
often uses Ni catalysts and these are usable in a temperature range of 500 to 900 °C 
and are used in a pressure range of 1 -15 bar9. But there are also many other 
available catalyst materials today which can work at lower temperatures, for instance 
the Ni/alfa-Al2O3 catalyst which works in the range of 350-450 °C9. 
 
Another important parameter is the geometry of the catalysts. Normally the catalysts 
in SMR reactors have the form of porous thick rings or pellets. The size of the 
catalyst rings or pellets is important since smaller diameters means larger contact 
surface with the gas, but on the other hand this also means larger pressure drop 
through the reactor. However, catalysts are sensible to certain chemical compounds 
which may poison the catalyst and dramatically reduce its activity. Sulphur is the 
most common problem for the SMR catalysts and if the natural gas contains sulphur 
it has to be desulphurised before entering the SMR reactor. Other impurities which 
can cause poisoning of the SMR catalyst are AsH3 and PH3 9. 
 
An interesting possibility to further improve the conversion ratio of methane in the 
SMR reactor is to integrate hydrogen permeable membranes into the reactor 7. This 
technology enables to lower the concentration of hydrogen in the reaction and 
creates more favourable thermodynamic conditions since the equilibrium is changed 
to produce more hydrogen. This could permit a lower working temperature and a 
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Figure 2: Fuel cell stack of a PEMFC system

usually several sections :

Fuel preparation The fuel preparation consist in chemical reactions that will remove for
the fuel the unwanted molecules that would poison the catalysts of the next steps. This
is typically made using filters followed by chemical reactors like desulphuriser.

Syngas production The hydrocarbonated fuel is transformed into a mixture of H2 and CO
using a high temperature reactor. The temperature of the reaction depends mainly on
the type of fuel and the catalyst.

Steam reforming The steam reforming uses steam to crack the fuel molecules. For
most fuels, the chemical reaction is endothermic. It is given below for methane and
hydrocarbons

CH4 + H2O ⌦ CO + 3H2(�h0 = 206kJmol�1) (4)

CnHm + nH2O ⌦ nCO + (
m

2
+ n)H2 (5)

This reaction is equilibrated and takes place simultaneously with the shift reaction,
therefore the resulting gas mixture always contains the four components.

CO + H2O ⌦ CO2 + H2(�h0 = �41kJmol�1) (6)

Steam reforming is performed under Ni catalysts at high temperature over 500C.
Temperatures higher than 700C are required to maximise the conversion into hy-
drogen. Steam to carbon ratio is typically of 2 to 3 kmolH2O/kmol of C. Steam
reforming is the more conventional way of producing hydrogen from natural gas.
One of the di⇤culty with steam reforming is the usage of demineralised water that
introduces an additional cost to the system.

Partial oxidation Partial oxidation uses air or enriched air to partial oxidise the hy-
drocarbon fuel using the following chemical reaction that takes place together with
the steam reforming and the shift reaction. The partial oxidation will be complete

3

Water gas shift reaction

CO2 is separated from the H2 
H2 is then the fuel for a combined cycle or a fuel cell

CxHy

CO + H2

CO2 + H2

H2 CO2

H2/CO2 separation
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Figure 2: Fuel cell stack of a PEMFC system

usually several sections :

Fuel preparation The fuel preparation consist in chemical reactions that will remove for
the fuel the unwanted molecules that would poison the catalysts of the next steps. This
is typically made using filters followed by chemical reactors like desulphuriser.

Syngas production The hydrocarbonated fuel is transformed into a mixture of H2 and CO
using a high temperature reactor. The temperature of the reaction depends mainly on
the type of fuel and the catalyst.

Steam reforming The steam reforming uses steam to crack the fuel molecules. For
most fuels, the chemical reaction is endothermic. It is given below for methane and
hydrocarbons

CH4 + H2O ⌦ CO + 3H2(�h0 = 206kJmol�1) (4)

CnHm + nH2O ⌦ nCO + (
m

2
+ n)H2 (5)

This reaction is equilibrated and takes place simultaneously with the shift reaction,
therefore the resulting gas mixture always contains the four components.

CO + H2O ⌦ CO2 + H2(�h0 = �41kJmol�1) (6)

Steam reforming is performed under Ni catalysts at high temperature over 500C.
Temperatures higher than 700C are required to maximise the conversion into hy-
drogen. Steam to carbon ratio is typically of 2 to 3 kmolH2O/kmol of C. Steam
reforming is the more conventional way of producing hydrogen from natural gas.
One of the di⇤culty with steam reforming is the usage of demineralised water that
introduces an additional cost to the system.

Partial oxidation Partial oxidation uses air or enriched air to partial oxidise the hy-
drocarbon fuel using the following chemical reaction that takes place together with
the steam reforming and the shift reaction. The partial oxidation will be complete

3
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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 using biomass with CO2 capture
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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

Biomass
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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 ! 

• Negative carbon balance !

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
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CO2 mitigation cost116 L. Tock, F. Maréchal / Computers and Chemical Engineering 83 (2015) 110–120

Table 7
Performance of the different power plant options with CO2 capture.

System capture technology NGCC no CC Post-comb MEA Post-comb CAP ATR TEA ATR Selexol SMR  TEA BM TEA BM Selexol

Feed [MWth,NG/BM] 559 587 588 725 725 725 380 380
CO2 capture [%] 0 89.5 89.7 89.7 89.1 89.3 59 59
!tot [%] 58.75 49.6 50.9 56.8 52.6 53.3 34.8 34.8

Power balance
Net electricity [MWe] 328 291 299 408 375 381 132 132
Ė+

consumption
[MJe/GJe,net] – 108.3 44 91.9 146.6 48.1 342.4 342.4

Ė−
steamnetwork [MJe/GJe,net] 340.7 341.3 301 200 177.6 143.8 346.2 346.2

Ė−
gasturbine [MJe/GJe,net] 659.3 767 743 891.9 969 904.3 996.2 996.2

Economic performance (assumptions Table 10 – base)
Invest. [$/kWe] 555 909 785 757 813 798.8 7380 3880
COE  no CO2 tax [$/GJe] 18.31 23.7 22.5 22.67 24.5 24.1 66.1 49.5
COE  with CO2 tax [$/GJe] 22 24.2 22.8 23.0 24.9 24.5 60.2 43.6
Avoidance costs [$/tCO2,avoided] – 60 43 46 66 62 173 113

Environmental performance (FU = 1GJe)
CO2 emissions [kgCO2 /GJe] 105 14.9 8.5 10.1 11.5 11.2 −170.4 −170.4
IPCC  GWP  [kgCO2,eq/GJe] 120 34 27.7 30 31.9 36.1 −139.6 −134.2
EI99  [pts/GJe] 7.48 7.7 7.7 7.7 8.1 9.0 6.2 6.1
Impact 2002 [10−3pts/GJe] 28.9 20.8 20.3 21.5 22.4 25 2.9 3.2
CML  acidification [10−2 kgSO2,eq/GJe] 20.1 14.9 15.4 20.6 21.8 24.3 21.3 21.1
CML  eutrophication [10−3 kgPO4,eq/GJe] 39 23.6 24.4 37.7 40.6 43.5 95.1 95

decision variables of the physical absorption process are reported
in Table 6.

4. Systematic comparison of CO2 capture options

4.1. Multi-objective optimisation

The trade-offs between the competing objectives are assessed
by multi-objective optimisation. Applying an evolutionary algo-
rithm, the energy efficiency !tot and the CO2 capture rate "CO2 are
maximised. Based on Pareto results illustrated in Fig. 4, compromise
process configurations with 90% of CO2 capture are selected for
natural gas fed processes and with 60% of capture for biomass fed
power plants. The performance results are summarised in Table 7
and illustrated in Fig. 5. The corresponding values of the decision
variables are reported in Table 8 for the power plant designs with
post-combustion CO2 capture and in Table 9 for the pre-combustion
configurations.

Pre-combustion CO2 capture processes reveal to perform
slightly better in terms of energy efficiency than post-combustion
CO2 capture processes. In pre-combustion CO2 capture processes
the energy demand for CO2 capture is lower, however the capital
investment is larger because of the more complex installation. The
electricity production costs are hence comparable for both concepts
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Fig. 5. Performance results of the different power plant options with CO2 capture.
For natural gas fed processes a capture rate of 90% is considered and 60% for biomass
fed processes (Table 7).

(Fig. 8), since the higher productivity compensates the additional
investment almost for the pre-combustion CO2 capture processes.
CO2 capture in biomass fed processes leads to a lower electrical pro-
duction efficiency and to higher costs due to the limited biomass
conversion efficiency and to the high investment costs for the gasi-
fication process (Fig. 8). However, these renewable processes have
the advantage of capturing biogenic CO2 and will thus become
interesting if a carbon tax is introduced. It has to be noted that the
considered biomass plant’s capacity of 380 MWth,BM is much lower
than the one of the natural gas plants (580 and 725 MWth,NG). The
biomass plant’s scale is limited by the biomass availability and the
logistics of wood transport, as explained in Gerber et al. (2011).

4.2. Environmental performance

The climate change impact assessed with the IPCC 2007 method
is detailed in Fig. 6 for the different process options. The results
reveal the benefit of capturing CO2 compared to a conventional
NGCC plant without CO2 capture. For the natural gas fed processes,
the major contributions to the greenhouse gas emissions are com-
ing from the natural gas and from the uncaptured CO2. With CO2
capture, the contribution from the natural gas is slightly larger

Table 8
Operating conditions for the different compromise power plant options with post-
combustion CO2 capture, whose performance results are reported in Table 7.

System Post-comb MEA  Post-comb CAP

Lean solvent CO2 loading [kmol/kmol] 0.198 0.468
Rich solvent CO2 loading [kmol/kmol] 0.455 –
Rich solvent pre-heat T [◦C] 100.12 –
Rich solvent re-heat T [◦C] 122.71 –
LP  stripper pressure [bar] 1.926 –
HP/LP pressure ratio [–] 1.357 –
MEA% in solvent [–] 0.337 –
Absorber steam out [kgH2O/tFG] 307.78 –
Split fraction [–] 0.534 –
Nb  stages absorber 15.5 –
Nb  stages HP stripper 10.6 –
Nb  stages LP stripper 6.8 –
Absorber diameter [m] 16.1 –
HP  stripper diameter [m]  5.6 –
LP  stripper diameter [m] 2.8 –
Absorber Tin [K] – 278.27
Absorber flash T [K] – 295.6
Stripper P [bar] – 39.07

118 L. Tock, F. Maréchal / Computers and Chemical Engineering 83 (2015) 110–120

Fig. 7. Comparison of the life cycle impacts of power plants without and with CO2 capture based on the impact methods Impact 2002+ (left) and Ecoindicator 99-(h.a) (right)
for  1 GJe . Contributions that are harmful are positive and beneficial ones negative.
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Fig. 8. Production cost build-up (base case economic scenario Table 10).

single score life cycle assessment methods where the weighting
factors may  create biases in the analysis and thus lead to different
conclusions citeTock ESCAPE 2014. Considering different environ-
mental impacts, no clear decision in favour of one specific capture
concept can be made.

4.3. Economic performance

The economic competitiveness of CO2 capture highly depends
on the resource price as shown in Fig. 8. In fact, the costs are defined
by up to 80% by the resource purchase.

4.3.1. Economic parameters sensitivity
The variation of the electricity production costs with the

resource purchase price and the introduction of a carbon tax is
studied by sensitivity analyses in Fig. 9 for the economic scenarios
defined in Table 10. When a carbon tax of 35 $/tCO2 is introduced,
the economic benefit of a conventional NGCC is reduced and sce-
narios with 90% of CO2 capture become competitive (Fig. 9left).
The break even natural gas price for which post-combustion CO2
capture becomes competitive is around 6$/GJNG for a carbon tax of
35$/tCO2 . Under the base case economic conditions, the break even
carbon tax is around 50$/tCO2 for post-combustion capture with
MEA and around 62$/tCO2 for pre-combustion capture with Selexol

Table 10
Definition of the economic scenarios.

Scenario Base High Low

Resource price [$/GJres] 9.7 14.2 5.5
Carbon tax[$/tCO2 ] 35 20 55
Yearly operation [h/year] 7500 4500 8200
Expected lifetime [years] 25 15 30
Interest rate [%] 6 4 8
Biomass feed [MW(th)] 380 380 380
NG  feed (post-comb) [MW(th)] 725 725 725
NG  feed (pre-comb) [MW(th)] 590 590 590

as shown in Fig. 9(right). Due to the benefit of capturing biogenic
CO2, CO2 capture in biomass fed power plants becomes competi-
tive with natural gas fed processes for a carbon tax of 62$/tCO2 . In
these analyses, the CO2 capture rate and thus the process design are
fixed. However, it is evident that there is a trade-off between the
economic performance and assumptions, and the process design,
in particular the CO2 capture rate.

4.4. Decision making

The previous results reveal the trade-off between the differ-
ent performance indicators and shown that the competitiveness
and especially the economic performance of power plants with
CCS is strongly determined by the economic conditions which
are highly uncertain. This is highlighted in Fig. 10. For the base
case economic scenario biomass fed processes are not competi-
tive and post-combustion CO2 capture performs best for capture
rates around 70–85%. When gas prices increase, the natural gas
based processes become uncompetitive compared to the base case
biomass configurations. From this Pareto frontiers it is therefore
difficult to decide which is the best process design.

Considering the uncertainty of the economical parameters
(Table 1), the different process designs are ranked and the most eco-
nomically competitive process designs are identified by applying
Monte Carlo simulation procedure on the Pareto-optimal solutions
(Tock and Maréchal (2014)). From this approach the most prob-
able optimal solution is defined and the relative competitiveness
compared with the best one identified is then calculated. Fig. 11
illustrates the overall competitiveness of each Pareto-optimal solu-
tion compared to the most-economically competitive solution.
The relative competitiveness of the most competitive solution is
defined as being 1. The post-combustion process configuration cap-
turing 83% of the CO2 emissions yields a relative competitiveness
of 1 since this solution is the most economically competitive one

Tock, Laurence, and François Maréchal. "Thermo-environomic optimisation strategy for fuel decarbonisation process design and 
analysis." Computers & Chemical Engineering 83 (2015): 110-120.
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• Fuel cell gas turbine hybrid system 
• SOFC => O2 separation membrane 
• Innovative cycle with CO2 capture 

• Energy efficiency 83% 
• Exergy efficiency >75%

CO2 capture

E. Facchinetti 
ECOS 2010

Facchinetti, Emanuele, Daniel Favrat, and François Marechal. "Innovative Hybrid Cycle Solid Oxide Fuel Cell-
Inverted Gas Turbine with CO2 Separation." Fuel Cells 11.4 (2011): 565-572.
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CO2 capture: Performance

1. Kanniche M. et al.., Pre-combustion, post-combustion and oxy-combustion in thermal power plant for CO2 capture, Appl.Therm. Eng. 30, no.1, 53-62, 2010.   
2. Parsons E.L. et al., Advanced fossil power systems comparison study: Final Report, NETL, 2002. 
3. Klett. et al. Hydrogen Production Facilities Plant Performance and Cost Comparisons. United States Department of Energy – NETL, March 2002 
4. Metz, B et al.,  IPCC Special Report on Carbon Dioxide Capture and Storage, Cambridge University Press, 2005

" Fuel decarbonization performance 

# With CO2 capture: Efficiency ↘, COE ↗ 
• Without capture 400-800MWe, with capture 300-700MWe 
• Up to 10% points lower efficiency 
• Additional COE 10-30$/MWh, ~50% higher COE

Electricity PC IGCC NGCC H2 plant
Capture no Post Oxy no Pre no Post Oxy Pre no Pre
η  [%]1 45 30 35 41-44 33 60 50 48 46 52-68

CO2  emissions [kg/MWh]2 833 58 - 688 105 343 43 - 42 493 61

COE [$/MWh]4 43-52 62-86 61-80 41-61 54-79 31-50 ←   43 – 72  → 23-36 27-48

$/to CO2 captured4 - 29-51 - - 13-37 - ←    37-74   → 2-56
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Carbon capture technology

[1] Figueroa, J. D.; Fout, T.; Plasynski, S.; McIlvried, H. & Srivastava, R. D. Advances in CO2 capture technologyâ€”The U.S. Department of 
Energy's Carbon Sequestration Program. International Journal of Greenhouse Gas Control, 2008, 2, 9 - 20 


