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A look at post-combustion carbon capture (PCC) as a method 
for reducing carbon dioxide emissions from large stationary 
sources, such as fossil fuel-fired power plants. 
The reduction of carbon dioxide (C02) emissions 

from stationary sources has become a major fac

tor in the environmental planning of the power 

sector and proposed regulations could severely 

impact fossil -driven power production. This trend 

is critical at a national level because almost 400/o 

of total U.S. C02 emissions are presently from 

fossil fuel-fired power plants, most of which are 

coal-fired power plants. Because fossil fuels are 

expected to remain a dominant source of energy 

in the foreseeable future,1 post-combustion C02 

capture (PCC) from large power plants is critical 

for reducing C02 emissions and meeting these 

proposed regulations. 

The challenge from a separation perspective is 

that the flue gas from conventional fossil fuel com

bustion exhibits relatively low C02 concentrations 
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Research and 
development 
efforts have grown 
substantially for 
PCC in recent 
years. 

Figure 1. Minimum work 
for C02 separation from 
flue gases with 6 and 12 
vol% C02 at 40°C. 
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(i.e., 10-15 vol% from coal-fired boilers and 4-7 work, heat energy, or both. The minimum work 
vol% from natural gas combined cycles and boil
ers) and low pressures (i.e., near atmospheric pres

sure). This results in a low driving force for C02 

separation (i.e., low C02 partial pressure) and a 

large volume of gas to be treated. As a result, PCC 
requires intensive energy use and tends to incur a 
large equipment footprint and a high cost. 

The monoethanolamine (MEA)-based absorption 

process is presently an industrial benchmark for 
PCC. According to a recent U.S. Department of 
Energy (DOE) study,2 PCC at a pulverized coal

fired power plant equipped with MEA will impose 
an increase in the cost of electricity (COE) of 

approximately 80%. Of this COE increase, the 
majority is attributable to parasitic power loss 
(60%), followed by capital costs (30%), and then 

by operating and maintenance {O&M) costs 
(10%). Clearly, the intensive energy use and high 
cost of this process present enormous challenges 

for large-scale deployment of PCC. 

Energy of C02 Separation 
and Compression 
The separation of a mixture into two or more 
products with different compositions requires 

required for a separation process can be calcu
lated according to the first and second laws of 
thermodynamics. 3 Figure 1 shows the minimum 
work required for C02 separation at 40°C and 

atmospheric pressure from a typical coal-fired 
flue gas containing 12 vol% C02 and a natural 
gas-fired flue gas containing 6 vol% C02. The 

minimum separation work increases as fhe C02 

concentration in the feed gas decreases and the 
C02 recovery or product purity increases. For 
coal flue gas, 90% C02 removal with 100% 
product purity requires a minimum separation 

work of 163.9 kJ/kg of C02 separated (0.046 
kWh/kg). In comparison, the benchmark MEA 

process consumes 3,600 to 3,900 kJ/kg of heat 
(from steam) for C02 separation, resulting in a 

parasitic load loss of 0.22 kWh/kg. This is approx
imately five times the minimum separation work, 
suggesting that the present separation process is 
extremely inefficient. 

The results in Figure 1 do not include energy use 

for C02 compression. The compression of C02 

is necessary if the captured C02 needs be trans

ported and sequestered in geological formations 
or utilized for enhanced oil recovery. Assuming 
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that a pure C02 gas at 40°C and atmospheric pres

sure is compressed to a pressure ready for cooling 

condensation/liquefaction at 30°C, the minimum 

compression work is estimated as 251 .5 kJ/kg 

of C02 compressed (0.070 kWh/kg). This com

pression work is a good estimate because in the 

liquid state, it takes minimal work to compress 

C02 to higher pressures. The work consumed for 

C02 compression with conventional multistage, 

intercooled compressors is approximately 0.1 

kWh/kg, which is more than 40% greater than 

the minimum compression work. 

According to the above analysis, the minimum 

work required for both C02 separation and com

pression at coal-fired power plants amounts to 

0.116 kWh/kg of C02 captured. Given an aver

age C02 emissions intensity of 0.9 kg/kWh in the 

United States, this translates to a 10.4% reduction 

in net plant output. In comparison, the parasitic 

loss for the benchmark MEA process is estimated 

at about 0.32 kWh/kg of C02 captured, resulting 

in a 29% reduction in net output. It is obvious 

that a huge potential exists for improvement in the 

energy efficiency of PCC. 
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Cost of C02 Capture 
The state-of-the-art PCC technologies at new coal

fired power plants will result in a 60-80% increase 

in COE compared with plants without PCC.4•5 This 

translates to a C02 capture cost of $40-$70/MWh 

or $60-$80/ton of C02 avoided. The cost for PCC 

retrofitting at existing plants is generally expected 

to be higher than that at new plants. At present, 

the costs of PCC are approximately twice the DOE 
Carbon Capture Program's cost goal of a 35% 

COE increase at 90% carbon removal.6 

Figure 2 displays the trajectories for meeting DOE's 

cost goal.6 The total cost of PCC consists of direct 

costs, which account for the capital and 08.M 

costs, and indirect costs, which are associated with 

parasitic power losses attributable to PCC. The 

solid blue line in the figure depicts the costs cor

responding to DOE's cost goal. The dashed red 

line represents the costs corresponding to the min

imum work required for carbon capture and com

pression, and the dashed green line outlines the 

lowest realistic capital cost. The PCC processes with 

direct and indirect costs that fall into the "feasible 

region" can meet or surpass the cost goal.6 

ANNIVERSARY 

Figure 2. Trajectories for 
meeting the U.S. Depart
ment of Energy's cost 
goals of carbon capture. 
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The unique 
challenge of PCC 
at fossil fuel-fired 
power plants 
is to treat huge 
volumes of flue 
gas containing low 
partial pressures 
of C02. 
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As shown in Figure 2, points A and A', which rep

resent the state-of-the art amine-based process 

at new or existing coal-fired power plants, are far 

above the cost goal line. Note that the indirect 

costs are much greater than the direct costs at A 

or A', suggesting that reducing the parasitic losses 

from carbon capture should be a primary focus 

of research and development (R&.D). However, 

the direct cost, especially the capital cost- which, 

depending on the technologies, is generally much 

higher than the O&.M cost- cannot be ignored in 

future R&.D efforts aimed at fulfilling DOE's goal. 

Capture Technology Options 
Research and development efforts have grown 

substantially for PCC in recent years. A recent Elec

tric Power Research Institute (EPRI) study reviewed 

125 PCC technologies and assigned a Technol

ogy Readiness Level (TRL) to describe different 

development stages, from paper analysis (TRL1) 

to commercial deployment (TRL9).7•8 Among these 

technologies, 43% were absorption processes, 

23% were adsorption processes, and 14% were 

based on membranes. Most of the reviewed proj

ects were laboratory-, bench-, or small pilot-scale 

developments, and only four absorption projects 
were under sub- or full -scale demonstration. 

Table 1 gives a comparison of the three primary 

technologies-absorption, adsorption, and mem

branes-with respect to technical characteristics, 

energy use, cost, equipment footprint, scalability, 

and maturity. In absorption processes, a chemical 

solvent, as opposed to a physical solvent, is used to 

obtain acceptable C02 uptake from flue gas with 

a low C02 concentration. The chemical solvents 

investigated covered advanced amines or amino 

acids, carbonate salts, ammonia, ionic liquids, 

their blends, and rate catalysts or promoters. A 

high C02 recovery rate (90- 98%) and high C02 
product purity (>99%) can usually be attained 

in chemical absorption processes.9 Amine-based 

absorption processes for removing C02 from 

gas streams have been practiced in the chemical 

and oil industries for more than 80 years and are 

expected to present few obstacles in scaling up 

for the PCC application. However, the state-of-the

art amine-based processes are still energy inten

sive and costly because of their intensive heat use 

for solvent regeneration and solvent degradation 

over time. Present R&.D efforts for absorption are 

focused on addressing these issues by developing 

novel solvents, new stripping process configura

tions, high-pressure processes, and hybrid systems. 

Adsorption is a dry process for PCC that has the 

potential for significant energy savings compared 

with wet absorption processes. Water is not used 

in adsorption processes, and they avoid the heat 

usage associated with heating and evaporation 

of water encountered during sorbent regenera

tion. Many sorbents, such as supported amines, 

molecular sieves, metal organic frameworks, and 

carbonate salts, have been investigated. Fixed-bed 

adsorption operates in batch modes, including 

temperature swing adsorption, pressure swing 

adsorption, and vacuum swing adsorption. Tem

perature swing adsorption is not generally suitable 

for PCC because a large number of absorbers and 

desorbers are required when adsorption-desorp

tion cycling is slow, as limited by the rates of sor

bent heating and cooling, and the actual C02 

capacity of the sorbent is low.9 Pressure swing 

adsorption/vacuum swing adsorption may use 

rapid cycles of pressure change to compensate 

for the low-sorbent capacity, but it tends to have 

either low C02 recovery or low product purity.9 

Fluidized-bed adsorption is a continuous process. 

However, operational problems arise in relation to 

heating and cooling management, sorbent attri

tion and degradation, and solids handling and 

transportation . Fluidization also causes strong 

back-mixing, significantly reducing the equilibrium 

capacity of the sorbent.9 Present R&.D activities are 

attempting to address these technical challenges. 

Membranes act as filters that allow C02 to pass 

through the materials faster than other species. 

The driving force for the separation is created 

either by compressing the gas feed or by creat

ing a vacuum on the permeate side. Membranes 

under development for PCC are mostly polymers, 

carbons, inorganics, mixed matrices, and facilitated 

transport membranes. Selectivity and permeability 

are two important properties for membranes. High 

selectivity is required to produce a high-purity 

C02 product stream. To achieve high purity at an 

acceptable recovery rate, multiple stages, recycling 

awma.org 



of one of the streams, or both may be necessary. tolerance for flue gas impurities such as particu

Permeability determines the capacity of a mem- lates remain to be addressed. 

brane system, and low permeability translates to 

a large membrane area and high equipment cost. 

It has been reported that a C02/nitrogen gas (N2) 

selectivity of greater than 70 and a C02 perme

ability of greater than 1,000 GPU are required 

for membranes to be economically competitive 

with amine-based absorption processes.10 How

ever, the combined selectivity and permeability 

of membranes now available are far smaller than 

these target values. Membrane separation also 

has been used much less frequently in chemical 

industries compared with absorption or adsorption 

processes. Challenges associated with the need for 

high selectivity, large membrane areas, and low 

Concluding Remarks 
The unique challenge of PCC at fossil fuel-fired 

power plants is to treat huge volumes of flue gas con

taining low partial pressures of C02. The thermody

namic minimum work required for C02 separation 

and compression corresponds to, respectively, 4.10/o 
and 6.30/o of the net plant output. The actual para

sitic losses attributable to C02 separation with the 

state-of-the-art technologies are approximately five 

times the thermodynamic minimum, indicating the 

separation processes have great potential to improve 

energy efficiency. The state-of-the-art PCC tech

nologies will result in a 60-800/o increase in COE, 

Table 1. Comparisons of 
postcombustion carbon 
capture technologies 
(assuming technologies 
achieve ~90% C02 cap
ture with ~95% purity of 
the C02 product). 

• FGD =flue gas desulfurization. 

Chemical properties of the solvent Chemical & physical properties of 
the sorbent 

Chemical & morphological structure 
of the membrane 

' Proposed location 

Probability of requiring a 
polishing step post FGD 
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Post FGD' 

Medium 

Very experienced 

Post FGD Post FGD 

Medium Low 

Low Medium 

Experienced Experienced 

march 2015 em 11 



ENV •VISION 
Environmental Vision - An International Electricity Sector Conference 

By: Electric Power Research Institute 

May 12-14, 2015 •Crystal City, Virginia 

About the Conference Conference Location 

DoubleTree by Hilton 
Washington DC-Crystal City 

A premier conference to exchange research results on current 
and emerging issues in the electricity sector, and to develop a 
shared vision to address the most critical environmental and 
sustainability challenges through engagement of electric 
industry leaders, regulators, NGOs, academics, and other 
stakeholders. The main purpose of this conference is to enable 
high level discussion on current and future environmental 
challenges facing the electricity sector, identify knowledge 
gaps and to define research needed to solve those challenges. 

300 Army Navy Drive, Arlington, VA 22202 
+ 1-800-222-TREE 

Register Early and Save! 

Visit www.awma.org/environmental-vision 
for pricing or to sign up now! 

12 em march 2015 

Learn more at www.awma.org/environmental-vision. 

a significant portion of which is due to parasitic 

load losses. To meet DOE's cost goal of a 350/o 

increase in COE, reducing the parasitic losses from 

PCC should be a primary focus of R&D. However, 

the equipment capital cost still needs to be low

ered to achieve the cost goal. Many PCC technol

ogies are presently under development, most of 

which are laboratory-, bench-, or small pilot-scale 

developments that use absorption, adsorption, or 
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