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Gas-steam cycle as a source of energy for

carbon dioxide capture from flue gases of

a large coal power plant

Separation of carbon dioxide from flue gas carried by the chemical absorption is associated with
a high energy demand for desorption process and increased demand for electricity. Satisfying
these needs through the use of energy generated in the same power plant, where CO2 is emitted,
has a significant influence on the parameters of the plant (reduction of power and decrease of
the electricity generation efficiency). It examines the use of additional power source, serving on
the need to install CO2 capture. The paper presents the technical and economic parameters of
the combined system, formed from a power plant fueled by coal with the CO2 capture system
that is associated with gas-steam cycle, producing energy for CO2 separation plant.

1 Introduction

The development of technology has an impact on the environment. Human ac-
tivities have an impact on the atmosphere, hydrosphere, the world of plants and
animals, or any other part of the world around us. This world is not able to keep
up with the changes, so we are forced to act and with the implementation of new
technologies, while working to protect the environment from their harmful effects.
Currently, one of the most studied issues is the impact of carbon dioxide emis-

sions on the environment and ways to reduce these emissions. Many extensive
research take place in various scientific and industrial centers in order to find
optimal solutions in this field. They mainly concern the following issues:
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• search for reliable methods of analysis of physical and chemical processes
in the CO2 capture process from flue gases in coal and gas technologies,

• search and study of new generation of sorbents characterized by the rel-
evant operational characteristics, both in the process of absorption and
desorption,

• integration CO2 capture with processes of electricity and heat generation.

2 Carbon dioxide capture technology from flue gases

The best way to protect the air is liquidation or limitation of emissions at source.
Practically, however, there is no possibility of total elimination of releases pollu-
tion into the atmosphere, and therefore there is no way to avoid purifying flue
gas on their way from the emission source to the emitter, which discharged pol-
lutants into the environment. As for removing carbon dioxide, methods of CO2

separation can be divided into three basic groups [2,3,5,7]:

1. Post-combustion – capture of CO2 from flue gas after the combustion
process by means of absorption with the use for example of the aqueous so-
lution of monoethanolamine (MEA) (chemical absorption), the application
of membrane processes, cryogenic methods or adsorption processes. Next,
carbon dioxide is separated from the resulting compound, dried, compressed
and transported to the disposal site.

2. Pre-combustion – CO2 separation techniques before the combustion pro-
cess. In the case of coal, the gas obtained in the process of gasification is
decarbonised. Carbon dioxide captured in the physical absorption process
is separated in greater concentration than in the post-combustion methods
and under high pressure. The result of this action is fuel rich in hydrogen.
A similar process can be applied for gas fuel, thus replacing gasification
with the process of reforming (synthesis gas production)).

3. Oxyfuel combustion – combustion in a high concentration of O2 with
CO2 recirculation. In this method nitrogen is removed from the air needed
for combustion, and the fuel is burnt in the oxygen atmosphere, whereas
CO2 is re-circulated to control the combustion temperature. The flue gas
practically contains only CO2 and steam. After steam is condensed, a flow
of carbon dioxide is obtained, ready for transport and storage or disposal.

One of the most often suggested methods for the systems of coal-fired con-
densing power plants is absorptive CO2 separation. Absorptive methods allow
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CO2 capture under low pressure (there is no need to compress flue gases), and
it is possible to obtain a gas of high purity even up to 99%, they do not require
a high CO2 concentration in flue gases. This technology is well-known and it is
successfully used in the chemical industry. There are some drawbacks, of course,
such as the need for sorbent regeneration, which requires high energy expendi-
tures, and the need for deep gas purification (sulphur and nitrogen compounds,
as well as dust, can result in sorbent degradation).
Sorbent regeneration requires large supplies of heat needed for the desorption

process. The most common source of heat which is taken into consideration for
the system of CO2 capture is the turbine extraction steam. However, the selec-
tion of this heat source has a significant adverse impact on the plant efficiency.
For this reason, other heat sources for the process have to be found.
The article is focuses on the technical and economic analysis of the system,

whose the gas-steam system, natural gas-fired, provide the necessary amount of
heat to the CO2 capture process. The advantage of using these systems is smaller
change in power generation efficiency compared to plants without CO2 capture.
Another important feature is no interference with the steam cycle of the power
plant, which is especially important in the case of modernization of the existing
power plants. The use of additional fuel gas can be a problem in some cases, but
on the other hand, it is also one of the simplest ways to reduce CO2 emissions
and diversify energy sources for electricity production.

3 Separation of CO2 using chamical absorption

Absorption is the phenomenon during which gas is taken in by a liquid in which it
dissolves to a certain degree. Separation of CO2 in this way is based on one or sev-
eral reversible reactions between CO2 and other substances. The sorbing agents
are: aqueous solutions of such compounds as amines (e.g. monoethanolamine
(MEA), diethanolamine (DEA)), ammonia, sodium or potassium hydroxide, and
others, still examined and tested. The reactions that take place during the ab-
sorption process are usually reversed with the use of outside heat. In this way,
a mixture of CO2 and steam plus regenerated sorbent is received. Absorption
process implemented in the absorber-stripper system is presented in Fig. 1 [3–5].
The gas with CO2 to be separated is fed into the absorber which contains a sor-
bent. CO2 is separated from the flue gas as a result of reaction between sorbent
and flue gas. After the absorption process is completed, the solution is heated
in a heat exchanger and then brought to the top of the stripping column, where
the gas undergoes the desorption process through heat feeding. After desorption
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Figure 1. Diagram of CO2 capture by means of the chemical absorption method.

process sorbent flows into the heat exchanger and then to the absorber, and the
separated CO2 is directed to compression processes and transport to the storage
or management place [6]. For the analyzed variants, the sorbent before the strip-
per was heated to the temperature of 115 to 155 oC.
The carbon dioxide capture by means of the absorption method using ammo-

nia solution (similar to the chilled ammonia process (CAP) [3,6,8]) was modeled
using Aspen Plus code. An analysis of CO2 separation with the use of this method
gave an amount of heat necessary to carry out the CO2 separation process. The
value is 2.02 MJ/kg of separated CO2 [7].

4 Technical analysis

Technical analysis included the determination of basic parameters of the energy
systems under consideration. It was assumed, the mass flow of the chemical
energy of the fuel into the coal-fired system was identical in all systems.
The first system is a coal-fired power plant without CO2 capture (variant A).

The power plant under consideration was characterized by supercritical steam
parameters (live steam t = 653 oC, p = 30 MPa, reheated steam t = 672 oC, p =
6 MPa). In the cycle of the power plant, solutions analogous to those currently
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used in the new coal-fired power plants were used (e.g. steam attemperator as
the final regenerative exchanger). Basic parameters of the system:

• net efficiency of electricity generation ηel c A = 47.18% ,

• net power Nel c A = 859 MW.

The second system is a power plant equipped with the installation of carbon
capture CO2. In this case, the change in the steam cycle is related exclusively to
driving part of the steam flowing through the turbine into the CO2 desorption
system (Fig.2 – variant B). This method of providing heat for the CO2 cap-
ture process, loads power plant significantly, reducing the generated power and
efficiency.

Figure 2. Diagram of the integration of the power unit with the CO2 capture: B – boiler, ST
– steam turbine, URW, URN – low-pressure- and high-pressure regenerative system,
DEA – deaerator, S – condenser, O – dust separator, FGD – sulphur removal system,
ABS – absorber, D – stripper, G – generator.
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The plant parameters:

• net efficiency of power generation ηel c B = 43.11% ,

• net electric power Nel c B = 785 MW.

The idea of the next plant under consideration was to replace the desorption
heat coming from the steam cycle of a coal-fired power plant with heat coming
from an additional gas cycle fired with natural gas (Fig. 3). With this solution,
we increase the power generated in the system compared to the same power
plant fired with coal. Gas fuel is characterized by a lower CO2 emissions, so the
effect associated with removal of CO2 should also be positive. This system was
composed of a simple gas turbine, a single pressure heat recovery steam generator
and condensing turbine. Outlet steam from a turbine was a source of heat for
the desorption process in the system of carbon capture. It was assumed that the
parameters of the coal-fired part are the same as for the system without capture,
because this part of the system remains untouched.

Figure 3. Diagram of the system of an additional heat source – system with a condensing turbine
(variant C).

Parameters of the gas-fired part of the system with a condensing turbine:

• net efficiency of power generation ηel g D = 47.33% ,

• net generated power Nel g D = 540 MW,

• flue gas temperature at the outlet from the steam boiler t = 110.90 oC.
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5 Avoided emission

The impact of a given power technology on the environment in the form of CO2

emissions can be compared after adopting identical operation effects of power
plants. As the main effect of a power plant operation is electricity, it is convenient
to relate the amount of emitted CO2 to the amount of electric power. The power
plant CO2 emissions factor can therefore be defined by the following formula:

e =
E

Nel

, (1)

where:
E – mass flow of emitted carbon dioxide,
Nel – net power capacity.

Power plants with CO2 capture are characterized by a lower value of the electricity
generation efficiency compared to systems without capture. In the case of CO2

capture by chemical absorption, the reduction in efficiency is related to the need
to provide great amounts of heat for the absorption process. Comparison of
different energy systems in respect of CO2 emissions, requires the determination
of the value, that accounts the effects associated with low performance systems
with CO2 capture. Such value is avoided emission factor eav. The essence of the
factor consists in defining the difference between the direct effects of the impact
of the reference and the analyzed technologies:

eav = eb − eo , (2)

where:
eb – the factor of the reference unit emissions,
eo – the factor of the analyzed unit emissions.

An environmentally beneficial effect can be achieved when emissions determined
for the technology with CO2 capture are lower than those for a technology without
it (eav > 0).
While considering combined-cycle gas-fired plants, two methodologies can be

defined. In one, it is assumed that the system of the coal-fired plant is replaced
with the system of a gas- and coal-fired plant. Avoided emissions determined
for this case comply with the effect of the technology application because in the
plant under consideration there are no gas cycles. Therefore, each new plant
with positive avoided emissions has an advantageous impact on the environment
by reducing the amounts of CO2 introduced into the atmosphere (Fig. 4). In
the other method, it is assumed that the effects of the operation of the coal-
fired system in a combined plant replace the reference coal-fired system, and the
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effects of the gas-fired system replace the gas technology. The positive value of
avoided emissions in this case results in a beneficial effect on the environment
in a power generation system composed of both coal-fired and gas-fired power
plants. Analysis was carried out using the first methodology.

Figure 4. Diagram of determination of avoided emissions for a power plant with a CO2 capture
system: eb, e0 – factors of reference and analyzed unit emissions, respectively eccs –
captured emission, eav – avoided emission factor.

6 Results of study

For the presented variants an analysis of the impact of the CO2 capture system
on the plant operation was carried out. Power and carbon dioxide emissions were
compared (assuming equal carbon mass flow in all variants ) for coal-fired power
plant without CO2 capture (A), with CO2 capture and heat delivery from the
steam turbine (B) and with an external heat source – a system with a condensing
turbine (C). Also efficiency of electricity generation and emission factor “e” were
determined. The results are presented in the charts (Figs. 5–8).
Analyses show that the use of external heat source, brings positive results of

an increased power generated in the system; moreover, CO2 emissions are smaller
compared to those from a plant without a carbon dioxide capture system.
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Figure 5. Comparison of electricity generation efficiency in various cycles with CO2 separation
(A – coal-fired plant without carbon capture and storage (CCS) technology, B – coal-
fired plant with CCS, C – combined plant with a condensing turbine).

Figure 6. Comparison of electricity generation efficiency in various cycles with CO2 separation
(A – coal-fired plant without CCS, B – coal-fired plant with CCS, C – combined plant
with a condensing turbine).
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Figure 7. Comparison of CO2 emissions from various cycles with CO2 separation (A – coal-
fired plant without CCS, B – coal-fired plant with CCS, C – combined plant with
a condensing turbine).

Figure 8. Avoided emissions for various power plants (A – coal-fired plant without CCS, B –
coal-fired plant with CCS, C – combined plant with a condensing turbine).

7 Economic analysis

An economic analysis was carried out for the considered power plant variants.
For the analysis of the economic efficiency of plants, the basic factor of any
economic analysis was used – the net present value (NPV). In order to compare
the economic efficiency of the plants in question, the minimum selling price of
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electricity
(

C
gr
el

)

was determined, by calculating it from the following condition:

NPV
(

C
gr
el

)

= 0 . (3)

The NPV quantity was determined as a sum of net money flows discounted
separately for each year (CFt), realized in the entire period covered by the account
from t = 0, i.e. from the year of the construction commencement to t = N , i.e.
the last year under consideration, with a known rate of discount r. This can be
expressed with the following dependence:

NPV =

t=N
∑

t=0

CFt

(1 + r)t
. (4)

The determination of the net cash flow is based on the knowledge of: investment
expenditures (J), revenues from the sale of electricity and certificates of energy
origin (S), operating costs (Kop), tax on income (Pd), change in the working
capital (Kchwc), depreciation costs (A), and the value at liquidation – L (Lt = 0
for 0 ≤ t ≤ N − 1):

CFt = [−J + S − (Kop + Pd + Kchwc) + A + L]t . (5)

Investment expenditures were calculated in a simplified manner from:

J = iNel , (6)

where:
i – estimated investment expenditures per unit, depending on the

adopted technical solution for the plant, EUR/kW,
Nel – electric power station capacity.

Investment expenditures per unit take account of the expenditures related to
the construction of CO2 capture systems for variants B and C, as well as the
expenditures on the construction of the gas- and gas-steam cycles for variants C.
Table 1 presents the unit and total investment cost for the plants under analysis.
The revenues included income from the sale of electricity, and for plants with CO2

capture systems – also the income from the sale of artificial fertilizers. Operating
costs included among others: costs of fuel, costs related to obtaining permits for
CO2 emissions, CO2 storage costs, costs of servicing as well as maintenance and
repairs, costs of other raw materials (including the costs of ammonia water) and
costs of depreciation. Selected revenue and cost components are listed in Tab. 2.
The assumption was that the plants were financed by commercial credit.

Moreover, it was assumed that the depreciation rate was 9%, and the income
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Table 1. Investment costs.

Variant Investment cost per unit i Total investment cost J

A 2800 EUR/kWe 2523 mln EUR

B 3070 EUR /kWe 2523 mln EUR

C 2130 EUR /kWe 3028 mln EUR

Table 2. Selected parameters of the economic analysis.

Coal price 3.4 EUR/GJ

Gas price 8.5 EUR/GJ

Price of purchase of emissions permits 18.4 EUR/T

CO2 storage price 5 EUR/T

Commercial credit interest rate 7%

Discount rate 4.88%

tax rate 19%. The calculations ignore the change in the working capital and the
value at liquidation. Table 3 presents the value of the minimum selling price of
electricity.

Table 3. Results of economic analysis.

Variant Minimum selling price of electricity

A 91.04 EUR/MWh

B 90.54 EUR/MWh

C 85.67 EUR/MWh

Economic analysis shows that the best economic efficiency of the system is
characterized by coal-gas system with a gas turbine (variant C). It should be
noticed that the values of the minimum selling prices for electricity are very
similar and small changes in assumptions may affect the choice of the optimal
solution. Particularly important may be assumptions concerning fuel prices and
CO2 emissions permits.
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8 Conclusions

Presented results show what effects can be brought about by the use of an external
heat source for the needs of the carbon dioxide capture system. An increase in
the generated power can be noticed, as well as a reduction in carbon dioxide
emissions due to the use of a different kind of fuel. However, regardless of the
selected solution to the problem of carbon dioxide separation, the selling price of
electricity rises substantially, which poses new challenge in the field of the search
for less expensive methods of carbon dioxide capture.
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Układ gazowo-parowy jako źródło energii dla układu wychwytu CO2 ze spalin

bloku węgłowego dużej mocy

S t r e s z c z e n i e

Separacja CO2 ze spalin przeprowadzana metodą absorpcji chemicznej wiąże się z dużym za-
potrzebowaniem na energię cieplną (na cele desorpcji) oraz zwiększonym zapotrzebowaniem
na energię elektryczną. Zaspokojenie tych potrzeb poprzez dostarczenie energii wytworzonej
w bloku, dla którego przeprowadza się wydzielanie CO2 ze spalin, ma znaczny wpływ na
parametry bloku (zmniejszenie mocy wytworzonej oraz spadek sprawności wytwarzania en-
ergii elektrycznej). Przeanalizowano wykorzystanie dodatkowego źródła energii, pracującego na
potrzeby instalacji wychwytu CO2. W pracy przedstawiono parametry techniczne i ekonomiczne
dla układu kombinowanego, powstałego z bloku węglowego z wychwytem CO2, skojarzonego z
układem gazowo-parowym i wytwarzającego energię do instalacji separacji CO2.


