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Abstract

This paper reports the results of the analysis regarding
economic effectiveness of the operation of a condensing
power unit with supercritical parameters compared with the
operation in oxyfuel technology. The application of the
innovative technology of oxy-fuel process is imposed by the
necessity to fulfill EU regulations with regard to reduction
of CO2 emission into the atmosphere. The analysis is based
on specific cost of production of electricity, and its main
factors are new rules for European Union emissions trading
scheme (EU ETS) which are applied for installations covered
by it. Decreasing primarily free allocations from the
governments had a significant impact on the comparative
statement of the profitability of oxy-combustion technology
in power plants. The calculations were performed by
comparing the specific production cost of electricity in the
two designs and using economic analysis measures, i.e., NPV,
IRR and DPBP.

Introduction

The utilization of oxy-fuel technology in power
units is an idea guided by the necessity imposed
by the need to fulfill EU regulations regarding
the reduction of CO2 emission into the
atmosphere [1, 2, 3]. One of the CCS (Carbon
Capture and Storage) technologies [4, 5, 6, 7] in
this area involves the process of coal
combustion in a power plant using pure oxygen
instead of air as the primary oxidant, i.e., in the
oxy-fuel [8, 9] process Fig. 1. After the
combustion process, the gases at the exhaust
stage of the boiler in this case are cooled and

H20 is condensed. The gas from this process
contains nearly pure carbon dioxide [10], which
can be transported to its destination for storage
in deep rock formations, e.g., in the empty spaces
left after oil extraction. Such areas could include
a large part of oil shelves in the North Sea.
However, this process is extremely costly, and it
would be good business only for the companies
which deal with oil extraction. The sources of
ideas regarding capture and storage of CO2 are
to be sought in the managements of the
companies who must spend considerable sums
of money to restore these areas to the
environment in unharmed conditions and in
accordance with the regulations of the EU.
Because of the idearegarding CO2 storage, these
companies could obtain additional revenues. The
lobby behind zero-emission power industry is
backed by France, whose power industry is
based in 80% on nuclear power plants. The
interest of France is also to close coal-powered
plants and promote sales of their nuclear
technologies. It should be noted at this point
that the specific cost of electricity production in
nuclear power units is considerably lower than
the cost in the units utilizing CCS installations
[11].
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CRYOGENIC OKYGEN PLANT

Figure 1: Diagram of power unit with supercritical
parameters utilizing oxyfuel combustion repowered
by two-column cryogenic oxygen station powered
by electric motor: AE- auxiliary heat exchanger, AT -
auxiliary turbine, CFB - circulating fluidized bed
boiler, CONI - main condenser, CON2- auxiliary
turbine condenser, DEA - deaerator, E-C - heat
exchanger "evaporator - condenser", Ech fuel -
chemical energy of fuel, FWT - feed water tank, G -
electricity generator, HC - high pressure compressor
section, HP - high pressure section of the steam
turbine, HPI-HP3 - high pressure preheaters, HPC -
high pressure rectification column, IC - intermediate
pressure compressor section, IP- intermediate
pressure section of the steam turbine, IS - interstage
superheater, LC - low pressure compressor section,
LP - low pressure section of the steam turbine, LPI1-4
- low pressure preheaters, LPC - low pressure
rectification column, LSSC - labyrinth seal steam
condenser, MEE - main heat exchanger for cooling the
compressed air using technical oxygen (OE) and
waste nitrogen (NE), ), P1 - condensate pump, P2 -
feed water pump, S1-S8 - bleeding steam from the
main turbine, SC - steam cooler, ST - steam from
labyrinth sealings in the turbine, TD - turbodetander
(turbine expander), V1, V2 - throttling valves

For the electricity consumers, the capture and
CO2 transport for large distances as well as its
pumping into the areas made by the extraction
of oil will be associated with an additional cost
which, consequently, would lead to a
considerable increase in the price of electricity.
It is estimated that CCS technology could lead to
an increase of electricity price by as much as

100%. It is therefore very important to compare
the economic effectiveness of the operation of a
power unit which realizes combustion in the
oxygen atmosphere with its operation using air
combustion.

In the literature we can find data on the overall
calculation of costs that entails the
implementation of oxy-combustion technology
[12] and CCS[13]. However there is a lack of a cost
analysis based on the specific cost of production
of electricity and taking into account the new
rules for European Union emissions trading
scheme (EU ETS) which are applied for
installations covered by the EU ETS, including
such factors as decreasing primarily free
allocations from the governments, which had a
significant impact on the comparative
statement of the profitability of oxy-
combustion technology in power plants. Such an
analysis is necessary to assess the viability of
such investments and decisions regarding the
timing of its introduction. In the article authors
present the analysis, which can be even more
interesting in the light of increasingly stringent
regulations imposed on coal-fired plants
covered by the EU ETS.

Furthermore, the analysis has been prepared for
different variants of calculation considering the
major costs, legislation and technical conditions
described in more detail in the article.

Studies presented in the paper concern
conditions in Poland, as arepresentative country
being currently the fifth biggest CO2 emissions
pollutant in the European Union and at the same
time covered by the European Union Emissions
Trading Scheme. Also, the analysis is useful for
countries with economies heavily dependent on
coal.

Existing publications in the subject on oxy-
combustion technology mostly concern
technical aspects [1] and the general calculations
of the specific cost of electricity, capital and
operating costs for coal power plants.

In [14] a techno-economic evaluation study was
performed on three typical power plants (2 x 300
MW subcritical, 2 x 600 MW supercritical, 2 x
1000 MW ultra-supercritical), as conventional
air fired and oxy-combustion options in China.
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Also, many others like IHI in Japan [15], Chalmers
University of Technology in Sweden [16],
ALSTOM in America [17], Argonne National
Laboratory in America [18], CANMET in Canada
[19] and EDF in France [20] have all carried out
techno-economic evaluations of the oxy-
combustion technology. The results presented
show the CO2 avoidance cost of the oxy-
combustion power plant for different capacities:
1000 MW (IHI [15]), 865 MW (from Chalmers
University of Technology [16]), 450 MW (Alstom
[17]), 400 MW (Argonne National Laboratory [18],
CANMET [19]), 1200 MW (EDF [20]).

To summarize the previous results, the net
power output will decrease by about 25%, the
cost of electricity will increase by 30%-50%, the
CO2 avoidance cost is about $30/t . The results
also showed that each coal fired power plant has
to be considered separately because they depend
highly on technology used, net efficiency,
pollutants level, local environmental and
financial policy.

In [1] it is shown that CO2 capture costs for the
case of the oxy-fuel combustion is 35 USS/ton
CO2 (2.4 US cents/kWh) which are similar to two
other studies [21,22] where total CO2 capture
cost, was 35 and 38 USS$/ton CO2 avoided for
oxyfuel technology and capital cost was 791 and
930 USS/kW for oxyfuel technology. It is also
described that currently and soon, oxy-fuel
combustion in ultra-supercritical boilers with
95% CO2 sequestration would be the lowest cost
technology for carbon capture and storage at
A$28-31/ton CO2. According to [23] in the past
few years of publications regarding CCS aspect,
papers [24-48] present the oxyfuel process
including carbon capture, investigation on
purification process, impurities prediction,
thermodynamic analysis, characteristics of
oxyfuel combustion etc. The papers [49-68]
cover aspects of economic performance (such as
economic profit, cost of CCS technologies, risk of
carbon market etc.) and policy studies (as
investment strategy, future of CCS etc.)

The analysis presented in the paper involves a
power unit with supercritical parameters with
the electrical capacity of Nel = 460 MW and
gross efficiency of fel = 45.6%. For the operation
of the unit in the oxyfuel combustion it was

additionally supplemented by a cryogenic
oxygen station Fig. 1.

Methodology of calculations

Comparative calculations of the economic
effectiveness of the operation of a power unit
which realized oxyfuel process (Fig. 1) and its
comparison with the operation in a system could
be performed most effectively by comparing the
specific cost of production of electricity in them.
The specific cost of electricity production in a
power unit is expressed by the formula [11]:

= Ka KeKap

¢ (1)
! EeI,A EeI,A

where:

Eaa - annual net electricity output of a power
unit,

K, - total annual cost of operation of the power
unit expressed by the sum of annual exploitation
(cost associated with its operation) Ke and the
annual capital cost Kesp.

The annual net production of electricity Eea in
the above formula should be expressed by
means of the adopted gross electricity output of

the power unit Nel, its internal electric load Nel
and annual operation time ta:

EeI,A = Nel (1_ eel )tA (2)

The annual exploitation cost Ke involves: the cost
of fuel Kcoa, cost of supplementing water in
system circulation K., cost of remuneration
including overheads K, cost of maintenance
and overhaul Kserv, cost of non-energy
resources and supplementary materials Km,
cost associated with the use of the environment
Kenv (including: charges for emission of flue gases
into the atmosphere, waste disposal, waste
storage, etc.), taxes, local charges and insurance
K., cost of purchasing CO, emission allowances

O, [11]
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The annual capital cost Ke,p is made up by the
sum of depreciation and financial cost, i.e.,
income which needs to be made for the pay-back
of the value of the investment J along with the
interest on it [11]:

where:

z - discounting coefficient (coefficient of
immobilization of the capital) of the investment
] at the instant when the construction of
investment is complete, z > 1; this coefficient
includes the undesirable effect of
immobilization of capital for the duration of the
construction process as the capital does not
yield profits during this time, while the interest
on the capital ] increases [11].

_@+n™-1
~ (b+Dr

r -discounted annual depreciation rate [11]

(5)

r@a+r)"

- @+ -1 ©

where:
b - duration of the investment,

N - calculated exploitation period of the power
unit expressed in years,

r - annual depreciation rate of capital.

The cost of fuel, cost of economic use of the
environment, cost of purchasing CO, emission
allowances and cost of maintenance and
overhaul in the formula (3) are expressed by the
following formulae:

KcoaF

€coal,

Ech,A (7)

0 0 0 0
0 0 0 (3)
V] 0#/
0
Ok "w Nu ®)
e Mar T N
"y Ny TN

Kco2 = Ech,A(l' u)fcozeco2 (9)

Ksen=Gend (10)

while the annual use of the chemical energy of

the fuel E, , and investmentJ can be
expressed by thellowing formulae:

Nt
Ecna = he' A (1)
el
J=N,i (12)
where:
e
CO _ cost of CO2 emission allowances,
0, . &y,

ecoal - specific cost of fuel, PLN/G]

i - specific investment expenditure (expressed
per unit of installed electrical capacity),
PLN/MW,

Pco, Pco Pro, Pso, Pausi_

1

specific rates on
CO2, CO, NOx, SO2 emission, and on particulate
matter emissions, PLN/Mg,

dserv - annual rate of maintenance and
overhaul,

l'co, Feo 'no, T

’

S0, | I qust_ emission of Co2,
CO, NOx, SO2, and particulate matter per
specific unit of chemical energy of the fuel,
kg/G]J,

021193



Journal of Power Technologies 0% () (2025) 183 -- 193

@:

\

u - proportion of chemical energy of fuel in its
total use for which the purchase of CO2
emission allowances is not required.

For the case of the oxyfuel process, the cost 0
and 0 (formulas (8), (9)) do not occur in the
total exploitation cost 0 (formula (3). Instead of
them, it is necessary to include the cost 0
associated with the transport of carbon dioxide
to the destination of its storage (formula (13)).
However, the exact input value associated with
the cost 0 is possible only in the case when
the place of its storage and the cost of transport
are already known. The cost U  is relative to
the fact whether the transport of CO; occurs in
a liquid form, i.e., at a temperature which is
considerably below ambient temperature in
isolated tanks on tankers, by rail or by road
freight, or if it is transported over a pipeline in a
gaseous state. In this case it is necessary to
consider the length and diameter of the pipeline,
as well as the pressure to which the CO2 needs
to be compressed above the critical pressures so
that a phase change does not occur and its
sufficient density is guaranteed. The way of the
transport over a pipeline is more effective from
the perspective of energy efficiency and, hence,
it can be presumed to be more economical.

The inability to determine the cost 0
without the input in the form of the above data
leads to the assumption that the cost could be
assumed to be proportional to the cost of U
for the comparative analysis, as it forms the
most basic component of the exploitation cost
U . Hence, we can achieve the fraction of the
total cost @ which can be attributed to this
variable:

KCCS = XCCSKcoaI (13)

By dividing the cost 0 by the annual net
production of electricity E.a and the annual
mass of carbon dioxide generated in the power
unit O "4 we canderive the formulae for the
specific cost of its transport into the place of its
pumping and storage expressed, respectively,
per specific unit of electricity production and
unit of carbon dioxide mass (Fig. 4):

K
Keices = ECCS (14)
el,A
K
kcoz,ccs = ﬁ (15)
chal co,

The specific cost Q apparently forms a
component of its specific cost Qy . The
calculations should adopt a varying value of
proportionality coefficient @ in a relatively
wide range, e.g.® N &|pd Such an approach
makes it possible to assess the influence of the
cost U  on the economic profitability of the
design, construction and exploitation of the
power unit in oxyfuel technology, regardless of
the way of transport and distance of CO,
storage. The necessary condition for this
profitability is associated with the fulfillment of
the relation that this specific cost of electricity
production in a power unit realizing oxyfuel
process will not be higher than the cost of
production in a conventional power unit, i.e., one
with the combustion of fuel in air atmosphere:

K ¢k, (16)

el,oxy

The sufficient condition is associated with the
fact that the annual profit from the exploitation
of the power unit secures a sufficiently large
increase of the discounted net present value
NPV .y, relatively short pay-back period DPBP,,
of the investment Joy and relatively high
internal rate of return IRR.y, which is higher
than the rate r [11]. The fulfillment of these
conditions is to a large degree relative to the
price Q, of the CO. emission allowances,
proportion of the chemical energy of fuel uinits
total annual use, for which is it not necessary to
purchase CO2 emission permits and to the cost
0
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Discussion and analysis of exemplary
results of calculations

The calculations were undertaken for the values
of the input data summarized in Table 1.

Table 1: Summary of basic input data for calculations

Rated capacity of the power uig = 460 MW.

Gross eergy efficiency of the power unity = 456%.

Estimated specific investmeimt a power uniti = 6.5 mInPLN/MW.

Estimated specific investment in a power unit including cryogenic oxygen sigierf.1 mPLN/MW.
Annual operating time of a power ubit= 7500 h/a.

Internal load of the power unig = 7.6%, & 0xy= 33%.

Discount rate = 8%.

Period needed for construction of a power bnit5 years

. Exploitation period of a power urit = 20 years.

10 Annual rate of maintenance and overlsagil = 3%

11.Total of cost) O =T U ,total of cost) 0 =18t O

12.Specific coal pric&,a= 114 PLN/GJ

13.Price ofCO, emission allowancesecq, = 29.4 PLN/Mg o, (7 euro; EURO/PLN rate =2).

14.Specific tarifs per emissiorof substances) ™ e, . Ly N ppOt, . By , N
vaolrt . €7 ,N v o0t . Ty ,N ouor, . Kyy

©CoNoOrwWNE

15.Emissionsassoéated with coal combustior: WwECT,”"* MWECT”* TEECT,

8 Tt VEC T, " * gt nxC 1. *

16.Proportion of chemical engy of fuel in its total use for which it is not required to purchase €&@ssion
allowancesu = 038.

17.Calculation ofNPV (Net Present ValyeandDPBP (Discounted Pay Back Peripddopted the rate @&IT
(Corporate Income Tgyequal t019%.

W04
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Fig 2. illustrates the specific cost of electricity
production Q@ and Qj in the function of the
proportion u of the chemical energy of the fuel
inits total annual use, for which is not necessary
to purchase CO; emission permits and with the
prices Q, of these allowances as the
parameters of the equation. As the curves
indicate, the fulfillment of relation (16) will be
hard to achieve. Even if the cost Q is avoided
(Fig .4.), i.e., when ® 1T then the fulfillment
of the relation Q j, "Q will only be possible
after the 'Q, price of the purchase of CO2
emission allowances of Q, Cp, . Ly is
exceeded (Figs. 3, 5), which seems quite
improbable to occur in the near future. The cost
0 Q 1001 . F- Wdild in this case
be higher than the cost of generating electricity
in nuclear power plants, as it is equal to around
420 PLN/MWh [1]. In such circumstances, the
design and construction of power units with CCS
installations would not serve any economic
purpose. In reality Q 1, and hence, ®
mand the minimum value of Q, e.g., for the
value of @ & is even higher and equal to
Q ¢u@, . Xy ; as a consequence,
kol Q tu), . T- 7(BEg. 3), which
would disqualify even further the construction
of power units in the CCS technology. For @

p, the boundary price of purchase of one ton of
carbon dioxide emission allowance would be
equal to as much as Q, oo, . Ly and
kol Q v, . T- (FE3)
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Figure 2: Specific cost of electricity production in the
function of the proportion of chemical energy of coal
combustion u in its total use for which it is not
required to purchase CO2 emission allowances,
where: 1 - kel for eCO2 = 5 PLN/MgCO2; 2 - kel for
eCO2 = 25 PLN/MgCO2; 3 - kel for eCO2 = 50
PLN/MgCO2; 4 - kel for eCO2 = 100 PLN/MgCO2; 5 -
kel for eCO2 =150 PLN/MgCO2; 6 - kel for eCO2 =219
PLN/MgCO2; 7 - kel for eCO2 = 252 PLN/MgCO2; 8 -
kel for eCO2 = 319PLN/MgCO2; 9 - kel for eCO2 = 385
PLN/MgCO2 and in the oxyfuel technology, where: 10
- kel,oxy for xccs = 0; 11 - kel,oxy for xccs = 0.2; 12 -
kel,oxy for xccs = 0.6; 13 - kel,oxy for xccs =1

Fig. 3. presents the boundary values Q,
associated with carbon dioxide allowances in
the function of xCCS, i.e., the prices above which
it is profitable to develop power units with CCS
installations. The presentation also includes the
cost Q; h™Q corresponding to these prices,
which are then equal, ie. Q} Q . Prices
Q, and costs Q "Q are presented for the
value u equal to zero, u = 0, as in 2020 power
plants will not receive free CO2 emission
allowances and it will be necessary to pay for
every ton of carbon dioxide emissions.
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Figure 3. Boundary price of Q; emission allowances
in the function of xCCS, for which the specific cost of
electricity production will be brought to an equal
level for air and oxyfuel process Q j Q for the
proportion of the chemical energy of the fuel in its
total use equal tou=0
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Figure 4. Specific cost of electricity production in the
function of xCCS, where: 1 - kel,oxy [PLN/MWHh]: 2 -
kCCS,CO2 [PLN/MgCO2]; 3 - kel,CCS [PLN/MWh]

Fig. 5. illustrates the ranges of profitability of
electricity production in a power unit in air and
oxy-fuel combustion processes in the function
of the price 'Q, for selected values of ® s
and @ T8, coefficients.
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Figure 5. Specific cost of electricity productionQ ,
"Q inthe function of the priceQ, , where:1-Q ;2
-Qy forxces=0.2;3-Qy forxccs=0

Fig. 6. illustrates how the values of the specific
cost of electricity production Q ,Q are
affected by the variations in the coal prices
ecoal, investment ], Joxy and internal load of

the power unit &, &ioxy Fluctuations in these
variables were taken to be in the range +30%
from the base values adopted in the
calculations in Table 1. The reduced prices
corresponding to the base ones assume the
value of 1 on the x axis in Fig. 6.

H

Specific cost of electricity
production ke with oxy-
fael process in 2460 MW
power unit for xges = 0.2

H

Specific cost of clectricity
‘production ky with air

combustion in a 460 MW power
it for u=0

Specific cost of electricity production, k, k., [PLN/MWh]

Reduced price
Figure 6. Effect of coal prices, internal load of the
power unit and investment on the value of the
specific cost of electricity productionQ [ Q
where: 1 - internal electrical load fel of the power
unit realizing air combustion; 2, 4 - fuel prices; 3 -
investment ] in the power unit which realizes air
combustion; 5 - internal electrical load flel,oxy of the
power unit which realizes oxyfuel process; 6 -
investment Joxy in the power unit which realizes
oxyfuel process
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Based on the presented curves one can state the
investment in the design and development of
the power unit both including CCS installation
and excluding it have the greatest influence on
the specific cost’Q ,’Q; .Itisvery important to
ensure the reduction of the internal load of the

power unit & oxyin the oxyfuel technology, as it
can bring an additional increase of its total net

energy efficiency. A decrease of &joxyby 30%
could lead to the increase of the net efficiency of

the power unit by 4 per cent, i.e., from &inettopxy
= 31% to 35%. Therefore, the specific cost Q j,

is reduced from the value of 457 to 398
PLN/MWh. Hence, it is necessary to ensure
optimization of  the structure and
thermodynamic parameters of the unit
operating in oxy-process, especially cryogenic
oxygen station, which is the most energy-
consuming installation, so as to increase its
efficiency [69, 70, 71, 3].

Figs. 7-9 illustrate the curves of the
summarized discounted net present value,
dynamic pay-back period and internal rate of
return in the function of the specific price of

electricity €el.
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Figure 7. Discounted net present value NPV gained
during the exploitation of the power unit in the
function of the the selling price of electricity eel,
where: 1-u=0.8, eco2 = 29.4 PLN/MgCO2; 2 - u=0.8,
eco2 =100 PLN/MgCO2;3-u=0, eco2=29.4
PLN/MgCO2; 4 -u=0,eco2=100PLN/MgC02;5-u=
0, eco2 =150 PLN/MgCQO2; 6 -u =0, eco2 =200
PLN/MgCO2; 7 - calculations with respect to oxygen

combustion for xCCS = 0; 8 - calculations with
respect to oxygen combustion for xCCS=0.2, 9 -
calculations with respect to oxygen combustion for
xCCS=1
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Figure 8. Dynamic pay-back period DPBP of the
investment in the function of the selling price of
electricity eel, where: 1-u=0.8, eco2=29.4
PLN/MgCO2; 2 -u=0.8, eco2 =100 PLN/MgCO2; 3-u
=0, eco2=29.4PLN/MgC02;4-u=0,eco2=100
PLN/MgCO2; 5-u=0,eco2=150PLN/MgC0O2; 6 -u=
0, eco2 =200 PLN/MgCO2; 7 - calculations with
respect to oxygen combustion for xCCS=0; 8 -
calculations with respect to oxygen combustion for
xCCS = 0.2, 9 - calculations with respect to oxygen
combustion for xCCS =1
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Figure 9. Internal rate of return IRR brought by the
invested capital in the function of the selling price of
electricity eel, where: 1-u= 0.8, eco2 = 29.4
PLN/MgCO2; 2 -u=0.8,eco2 =100 PLN/MgCO2; 3-u
=0, eco2=29.4PLN/MgCO2;4-u=0,eco2=100
PLN/MgCO2; 5-u=0, eco2=150PLN/MgCO2;6-u=
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0, eco2 =200 PLN/MgCO2; 7 - calculations with
respect to oxygen combustion for xCCS = 0; 8 -
calculations with respect to oxygen combustion for
XxCCS = 0.2, 9 - calculations with respect to oxygen
combustion for xCCS = 1

From the analysis of the NPV, IRR, DPBP curves
it follows that the design of the power plant
with CCS installation is highly unprofitable
from the economic perspective due to the very
high cost of electricity production in it, i.e., 460
PLN/MWh. This price is in sharp contrast with
the market price of electricity, which fluctuates
around 170 PLN/MWh [72]. Even if it was
possible to obtain a selling price of 500
PLN/MWh, which would be 3 times higher than
the present market price, the total discounted
net present value NPV derived from 20 years of
exploitation of the power plant for xCCS = 0.2
would be equal to only 800 million PLN while
the investment in it would be equal to 4.186
billion PLN, dynamic pay-back period DPBP
would be around 15 years and the internal rate
of return IRR - around 9.5%. In practice, such
values of NPV, IRR, DPBP parameters are
impossible to obtain, as the domestic market
price of electricity equal to 500 PLN/MWh is
unlikely to happen.

Summary and conclusions

The utilization of CCS oxyfuel technology in
coal-fired power plants is highly unjustified
from the economic perspective. The high cost of
generating electricity in them would lead to the
reduction of the economic growth in the
countries in which CCS technology would be
applied. The cost of electricity production in
coal-fired power units utilizing CCS technology
is in this case considerably higher, at least two
times from the cost incurred in the power units
not applying this technology. It is even higher by
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