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Abstract

Interest in natural gas technologies is being driven by twin goals of increasing energy efficiency and reducing
power plant emissions, including CO,. The prospect of shale gas deposits coming online and lowering fuel
costs is an added consideration in favor of constructing new gas-steam systems. An important factor affecting
profitability is the choice of the power output capacity of the planned units, which naturally impacts initial
capital costs. If it is impossible to introduce new units into the power generation system, it is important that
the economic analysis should take account of the costs related to early decommissioning of power units. This
paper presents an analysis of two gas-steam systems with different power output capacities. The minimum
selling prices of electricity are determined. For decommissioned power plants, the conditions (i.e. electricity
costs) which make investments in new gas-steam systems equally profitable are defined.

Keywords: Gas-steam systems, Economic analysis

1. Introduction

The reduction in CO, emissions related to elec-
tricity generation is now a major goal of the power
sector. Much research aimed at reducing emissions
is concerned with the development of new technolo-
gies based on fossil fuels [1] and biomass [2, 3]. In-
teresting results were obtained in studies on the ap-
plication of carbon dioxide capture technologies both
before [4] and after the combustion process [5, 6].
Replacing hard coal and lignite with natural gas in
the process of electricity generation may contribute
to a substantial reduction in CO, emissions because
gas combustion involves lower emissions per unit of
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energy generated. The use of natural gas as fuel has
other advantages too, such as low emissions of nitro-
gen oxides, dust and sulphur oxides, as well as the
possibility of constructing highly efficient electric-
ity generation systems. An essential benefit of gas-
based technologies is the possibility of a fast start-
up and peak-demand operation. In highly efficient
plant, gas-air systems can also be taken into consid-
eration if they have a short start-up time [7]. These
advantages become especially important in view of
the rapid development of electricity generation based
on renewable sources, such as solar and wind power.

The main downside of gas is the high price. There
is a chance, however, that gas prices in Poland and all
over the world will come down due to the opening up
of shale gas deposits.

A number of other factors affecting investments
in natural gas technologies could decide about their
economic viability. A vital factor is the risk related
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to the instability of legal regulations concerning CO,
emissions. Other important factors are the stability
of prices and the energy security resulting from the
use of coal, because coal deposits are rich and spread
all over the world [8].

Despite the downsides in the form of the high price
and investment risk, gas-based technologies are quite
common. Because the energy effectiveness of gas
systems is very sensitive to gas prices, it is vital that
a thorough economic evaluation is performed. The
evaluation often consists in determining economic
indices for several solutions which differ from each
other in installed capacity. A typical feature of most
power plants is that unit investment expenditures
fall as the output capacity rises [9]. Hence, high-
capacity systems enjoy better economic indices. An-
other feature related to the scale of the plant is the
high electricity generation efficiency of systems with
a large power output capacity, which results from
the possibility of using more advanced materials and
technologies. In this case, an improvement in eco-
nomic indices can also be observed as the power out-
put capacity rises. Choosing more effective high-
capacity solutions may pose a problem with a cor-
rect evaluation of economic indices if commission-
ing new plants involves shutting down older, but still
profitable plants. This paper presents a simplified
method for calculating economic parameters in this
scenario.

2. Analysis of selected solutions

Two gas-steam system solutions were selected
for detailed calculations. One is a 32 MW plant
with a double-pressure waste heat boiler, the other
a 389 MW plant with a triple-pressure waste heat
boiler and a steam reheat.

The flowchart of the first gas-steam solution is pre-
sented in Fig. 1. The plant under analysis is made of
an LM2500 gas turbine with an electric power output
capacity of 21.8 MW and a two-casing steam turbine
generating electric power of 10.2 MW. The waste
heat boiler includes an economizer fed with low-
temperature water from the condenser; low-pressure
steam is also used in the water deaeration process.

The other system (Fig. 2) is based on a GT26 tur-
bine. It is characterized by high efficiency owing to

Table 1: Technical parameters of the systems

Parameter Plant Plant
no. 1 no. 2

Electricity generation efficiency, 52.0 56.8

%

Net electric power of the system, 31.9 389

MW

Gas mass flow, kg/s 1.29 14.4

Gas turbine efficiency, % 35.3 37.8

Net electric power of the gas 21.7 259

turbine set, MW

Net electric power of the steam 10.2 130

turbine set, MW

Water mass flow in the 10.2 94.6

condenser, kg/s

Flue gas mass flow, kg/s 68.8 558

the use of a high-efficiency gas turbine and an ex-
tended waste heat boiler. The basic parameters of
the two gas-steam systems are listed in Table 1.

3. Economic analysis

An analysis of the economic effectiveness of the
gas-steam power plants was conducted to determine
the minimum selling price of electricity, assuming
that the net present value NPV = 0. NPV is defined
as a sum of net money flows discounted separately
for each year (CF,), realized in the entire period cov-
ered by the account (from ¢ = 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 by the following
dependence:

=N
CF,
NPV =) o (1)
=0

Net cash flows (for discount purposes) are deter-
mined based on knowledge of: investment expendi-
tures (J), revenues from the sales of electricity (S5),
operating costs (K,,), tax on income (P,), change
in the working capital (K,,), depreciation costs (A),
and the value at liquidation—L (L, = O for 0 < ¢ <
N-1):
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CF, = |-T+S = (Kop + Pa+ Kopy) + A+ L] (2)

Operating costs in (2) are the sum of the follow-
ing: costs of fuel, costs of servicing, maintenance
and routine repairs, costs related to other raw mate-
rials, other operating costs (including environmental
charges), excise tax and depreciation costs.

Obviously, the revenues from electricity sales and
the fuel costs in (2) are related to the volume of
electrical energy production and the rate of fuel con-
sumption through the selling price of electricity (C,;)
and the unit price of the gas fuel. Using Equations (1)
and (2), the minimum selling price of electricity was
determined:

NPV (C¥) =0 (3)

A number of assumptions were made for de-
tailed economic calculations. The most important
ones are as follows: the time needed for the gas-
steam power unit to be constructed—3 years, ser-
vice life—25 years. The investment expenditures
were as follows: PLN 96.3 million—plant no. 1,
PLN 830.3 million—plant no. 2 (unit investment
cost—€ 725/kWe—vplant no. 1, € 513/kWe—-plant
no. 2); the share of internally generated resources in
financing: 20 %, the rest of the expenditures were
covered by a commercial loan.

Real interest on the commercial loan was assumed
at 7.6%; the loan repayment term: 10 years. The
allocation of investment expenditures to be incurred
in construction years 1, 2, and 3 was 20%, 40% and
40% respectively. The power plant operating time:
8200 hours per year. Moreover, it was assumed that
the average depreciation rate was 9%, excise tax:
PLN 20/MWh, income tax rate: 19%. The calcu-
lations ignore the change in working capital and the
value at liquidation. The price of the gas fuel was
PLN 1.29/m?.

The economic analysis gave the following re-
sults: the minimum selling price of electricity—
PLN 313/MWh and PLN 280/MWh for the first and
second system, respectively. The big difference be-
tween the minimum selling prices is caused by the
large differences in the unit investment expenditures
and in electricity generation efficiency between the
two systems.

4. Simplifying assumptions and methodology for
calculating early decommissioning costs

An algorithm was developed to calculate the costs
related to early decommissioning. It is based on the
following assumptions.

o the life of each plant in the system is identical—
25 years

e all plants in the system are characterized by
identical power output, equal to the capacity of
plant no. 1

e the power output of the facilities installed in
the system under consideration is known and is
798 MW (25*%31.92 MW)

e cvery year power plants are commissioned with
a power output capacity equal to the capacity of
the decommissioned plants; in the case of plant
no. 2, several power units with the total power
output similar to the capacity of plant no. 2 are

replaced.
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Figure 3: Diagram illustrating the process of commissioning
power plants with a high and low power output capacity

The presented model of the system structure is
a simplification; only in the case of very big systems
can it be considered as close to reality. With detailed
data to hand, it is possible to arrange a structure for
smaller real systems. Fig. 3 illustrates the idea of op-
erating new power plants with a high and low power
output capacity.
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Using the above assumptions, it can be determined
which power plants will generate electrical energy
and for how long. For extreme cases, it is possible
to single out the oldest power plant to be decom-
missioned after its service life expires (the company
will suffer no losses if the plant is replaced). The
youngest power plant, if decommissioned, causes
losses of similar magnitude to the investment expen-
ditures.

Assuming a linear dependence of the cost of elec-
tricity generation on the plant age and assuming that
the cost of electricity of the oldest plant is equal to
the market price, the cost components incurred due
to early decommissioning of some power plants can
be determined for every year.

In detailed calculations it is assumed that the mar-
ket price is equal to the cost of electricity generation
in the oldest power plant.

In the next step, based on the average operating
time of the plants, the amount of generated electricity
was determined for every year and for every power
plant. The next stage was to calculate the lost cash
flows in the case of early decommissioning of a plant.
More specifically, the product of the amount of gen-
erated electricity (E,; ; ,) and the difference between
the market price (C,;) and the cost of electricity gen-
eration (C,; g y) for individual years () and expen-
ditures (1) was determined. The lost revenues (CF})
were calculated for each power plant in individual
years using the following formula:

CFL = Eel_t_u : ((Cel) - (Cel_K_u)) : (1 - pd) (4)

Finally, the obtained values were discounted.

5. Results of the analyses

Summing up the lost and discounted cash flows
of decommissioned power plants made it possible to
define the dependence of this value as a function of
the power output capacity of the power plant replac-
ing decommissioned plants (Fig. 4). The dependence
is presented for three levels of the market price of
electricity compared to the minimum selling price of
a low-capacity plant.

Using the methodology described herein, it is pos-
sible to determine, for the assumptions under consid-
eration, the cumulative discounted cash flows related
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Figure 4: Comparison of cumulative discounted lost cash flows
depending on the power output capacity of the new plant sub-
section

to the loss of revenues in decommissioned power
plants if they are replaced with plant no. 2. These
are, respectively:

e PLN 23.20 million if the market price is 105%
of the minimum selling price for plant no. 1

e PLN 35.19 million if the market price is 107.5%
of the minimum selling price for plant no. 1

e PLN 46.41 million if the market price is 110%
of the minimum selling price for plant no. 1

Table 2: Market price and the minimum selling price of elec-
tricity for plant no. 2

C, Cflr u2’

PLN/MWh  PLN/MWh

C, = 330 281
105%C¢ |

C,= 337 281
107.5%C% |

C, = B 345 282
110%C¢

Using these values, the selling prices of electricity
were corrected. The results are presented in Table 2.
An analysis of these results indicates that due to the
very high efficiency of plant no. 2, the level of the
minimum selling price rises only slightly if decom-
missioning costs are taken into account.

Another result of the analysis was the determina-
tion of the electricity market price level for which
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the economic effectiveness of plant no. 2, expressed
by means of the minimum selling price, would be
equal to the minimum selling price for plant no. 1.
The calculations gave a very high value of the mar-
ket price of PLN 926/MWh (296% of the minimum
selling price for plant no. 1).

The unit investment expenditures are the main el-
ement, apart from technical issues, determining the
high economic effectiveness of plant no. 2. Its im-
pact on the possibility of reaching a similar economic
effectiveness was defined by determining unit in-
vestment expenditures that guaranteed obtaining the
minimum selling price identical to that in plant no. 1.
The value of the unit investment expenditures should
then be € 1069/kWe (which is more than the unit ex-
penditures for plant no. 1).

6. Conclusions

The presented calculation algorithm enables an
approximate determination to be made of the eco-
nomic effects of an investment which involves early
decommissioning of power plants which are still eco-
nomically effective.

The economic parameters obtained, as well as the
levels of prices, differ substantially from present val-
ues due to the fact that the considerations were lim-
ited to a system with gas-steam plants only; no sup-
port in the form of certificates obtained for electricity
generation from gas, for example, was taken into ac-
count.

Due to the assumptions adopted, some of the re-
sults obtained should in great measure be evaluated
qualitatively rather than quantitatively.

The results indicate that based on the average level
of parameters characteristic of gas-steam systems,
power plants with a large power output capacity are
much more effective than small-scale plants, even if
the revenues lost due to early decommissioning of
some power plants are taken into account.

Should the construction of a high-capacity gas-
steam system prove too costly, i.e., should it be char-
acterized by high unit investment expenditures, the
economic effectiveness of the large- and small-scale
plant might still be similar. For the assumed values
of parameters such a situation occurs if the unit in-
vestment expenditures for plant no. 2 exceed 147%

of the unit investment expenditures for plant no. 1.

Acknowledgments

The results presented in this paper were obtained
from research work co-financed by the Polish Na-
tional Center for Research and Development within
the framework of Contract SP/E/1/67484/10—
Strategic Research Program—Advanced technolo-
gies for obtaining energy: Development of tech-
nologies for highly efficient zero-emission coal-fired
power units integrated with CO, capture.

References

[11 K. W¢jcik, T. Chmielniak, Wychwyt i transport CO, ze
spalin — efekty energetyczne i analiza ekonomiczna [CO,
capture and transport from flue gases — energy effects and
economic analysis], Rynek Energii 6 (2010) 51-55.

[2] J. Kotowicz, T. Iluk, Instalacja zgazowania biomasy zin-
tegrowana z silnikiem spalinowym [biomass gasification
installation integrated with a combustion engine], Rynek
Energii 3 (2011) 47-52.

[3] S. Lepszy, S. Rulik, K. W¢jcik, T. Chmielniak, Produkcja
energii elektrycznej z biomasy w ukladach z turbinami
gazowymi [electricity generation from biomass in systems
with gas turbines], in: Prace Naukowe PW Konferencje,
X Konferencja Problemy Badawcze Energetyki Cieplnej
[10" Conference Research Problems of Thermal Power
Engineering], Vol. 27, Oficyna Wydawnicza Politechniki
Warszawskiej, Warsaw, 2011, pp. 17-19.

[4] J. Kotowicz, . Bartela, A. Skorek-Osikowska, K. Janusz-
Szymanska, T. Chmielniak, L. Remiorz, T. Iluk, Anal-
iza termodynamiczna i ekonomiczna ukladu gazowo-
parowego zintegrowanego ze zgazowaniem wegla oraz
membranowa separacja ditlenku wegla [Thermodynamic
and economic analysis of a gas-steam system integrated
with coal gasification and a membrane separation of carbon
dioxide], Wydaw. Politechniki Slaskiej, Gliwice, 2012.

[5] K. Wéjcik, S. Lepszy, T. Chmielniak, Energochtonnos¢
procesu separacji CO;, ze spalin metoda aminowa dla bloku
900 MW na parametry nadkrytyczne [energy consumption
of the process of CO, separation from flue gases by means
of the amine method for a 900 MW supercritical power
unit], Systems 17 (2012) 91-99.

[6] T.Chmielniak, S. Lepszy, K. Wéjcik, Analysis of gas tur-
bine combined heat and power system for carbon capture
installation of coal-fired power plant, Energy 45 (2012)
125-133.

[71 T.Chmielniak, D. Czaja, S. Lepszy, A thermodynamic and
economic comparative analysis of combined gas-steam and
gas turbine air bottoming cycle, in: The 25th International
Conference on Efficiency, Cost, Optimization and Simula-
tion of Energy Conversion Systems and Processes. ECOS
2012, Perugia, 2012.

— 223 —



Journal of Power Technologies 94 (3) (2014) 219-225

[8] A. Bejan, G. Tsatsaronis, M. Moran, Thermal design and
optimization, John Wiley & Sons, Inc., New York, 1996.

[9] M. Bazilian, F. Roques, Analytical methods for energy di-
versity and security, Elsevier, Oxford, 2008.

24—



Journal of Power Technologies 94 (3) (2014) 219-225

526
HF‘»-'A 520 D

— ADMMX

CNDFUF

LFSTSF

HESHT . LPSHT LFEVAR WHTR

Figure 1: Flowchart of a low-capacity gas-steam system (plant no. 1)

Figure 2: Flowchart of a high-capacity gas-steam system (plant no. 2)
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