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Abstract — The paper investigates the effect of the carbon tax on the optimal parameters and
indicators of two coal power plants: a steam turbine power unit with coal dust burning in a
steam boiler and an internal gasification combined cycle power plant. Sufficiently detailed
mathematical models have been developed for the considered plants that are focused on
calculating the flow rates of working fluids and coolants and thermodynamic parameters at
all points of the flowcharts, as well as the structural characteristics of the plant elements. The
problems of optimizing the parameters of these plants related to the problems of nonlinear
mathematical programming are formulated. As an efficiency criterion, the price of electricity
is used at given value of the internal rate of return on investment. Optimization calculations
were carried out with a carbon tax in the range from 0 $/t to 140 $/t in increments of 20 $/t.
It is shown that with an increase in the charge for emissions, the optimal efficiency of the
plants increases, as well as the specific investment. Specific CO: emissions are reduced.
Throughout the entire range of carbon tax values, IGCC power plant has the best economic
and environmental indicators.
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1. INTRODUCTION

About 40 % of the world's CO; emissions are generated by fossil fuel-fired power plants,
with 75 % of this coming from coal-fired power plants [1].

Despite the rapid development of renewable energy in a number of countries, continue the
construction of a solid fuel burning power plant (China, India, etc.). In this regard, the
problem of reducing CO» emissions by newly commissioned coal-fired power plants remains
urgent, due to the negative impact of rising atmospheric CO, concentrations on the planet’s
climate [2].

One of the most effective tools to reduce CO; emissions is to tax for these emissions [3].

A significant number of studies have been carried out evaluating how the tax value of the
CO, emissions (carbon tax) affects the cost of electricity. Moreover, such studies are carried
out both for power plants not equipped with the post-combustion CO; capture (PCC) systems,
for example [4], [5], and equipped with such systems, for example [6]—[8]. It should be noted
that these studies were carried out, as a rule, at fixed values of the parameters of the
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thermodynamic cycle of the power plants [9]. First of all, the results of such studies make it
possible to assess the change in the competitiveness of various power units. At the same time,
the effect of the carbon tax value on the optimal technical parameters of the power plants was
not considered. At the same time, with the growth of this board, it becomes advisable to
change the parameters so that the energy efficiency of the power plant increases, and the
specific CO, emissions (per unit of electricity) decrease (even due to a very significant
increase in specific (per unit of useful power) investments).

In this paper, we study the change in the optimal parameters, energy and economic
indicators of two types of power plants that are prospective for using coal (steam turbine
power plant (STP) and integrated gasification combined cycle plant (IGCC)) with a change
in the carbon tax value.

2. METHODS AND METHODOLOGY

Research Problem Statement

The research is based on the optimization calculations of these power plants according to
the criterion of the minimum cost of electricity at a given level of internal rate of return on
investments. For optimization, an effective gradient method of nonlinear mathematical
programming is used [10]. In this case, sufficiently detailed mathematical models of these
power plants are used. In these mathematical models, the design calculation of the elements
of the technological schemes installations is carried out (heat exchangers of various types,
elements of turbomachines, combustion chambers, gasifiers, etc.).

On the basis of the design characteristics of the elements determined as a result of the
calculation, the investments in these elements and the plant, the generated electric power, the
energy consumption for own needs, etc. are determined.

Optimization is carried out according to a large number of thermodynamic cycle parameters
(pressure and enthalpy of live and reheat steam, etc. for STP; pressure and temperature of
coal gasification process, blast air flow, etc. for IGCC), as well as design parameters of some
elements (steps and diameters of pipes of heat exchangers, etc.). More than a hundred
parameters are optimized for each of these power plants. A significant number of inequality
constraints are allowed that determine the physically and technically permissible range of
elements parameters (constraints on the temperature of combustion and gasification
processes, constraints on the ultimate mechanical stresses of the pipes metal, the maximum
humidity of the steam leaving the low-pressure part of the turbine, etc.).

Assuming a uniform distribution of capital investments over the years of construction and
the same values of the useful annual electricity output, fuel rate and annual semi-fixed
operating costs, the cost of electricity is determined from the expression:

COE = (TCI - A+ FC+ ASFOC + AD+ U, ) /E) : (1)

where
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S = \1+CRF . 2)
CoP+OpP 1 -1
S -
t=CoP+1 1 + CRF
UCO2 = Ggfo‘;’ .CCO2 annual CO; emissions cost;

FC=36m,, c

N annual fuel costs;

coal

ASFOC =TCI - a 44, annual semi-fixed operating costs;

AD=TCI-a,, annual depreciation charges;

Geo, annual CO; emissions;

Ceo, carbon tax;

CoP construction period;

OpP operation period;

CRF capital recovery factor;

TCI total capital investment;

Eyear useful annual electricity output;

m,,., coal mass flow rate;

Cevul coal price;

N the number of plant operation hours each year;
A sroc shares of annual costs on semi-fixed operating costs;
a,, depreciation charges.

Optimization was carried out at various Cc,, values, including at zero value.

The carbon capture and utilization (CCU) and the carbon capture and storage (CCS)
technologies does not study in this paper. The reducing of CO, emissions is achieved only
through increasing energy efficiency.

3. MATHEMATICAL MODELS OF THE RESEARCHED POWER PLANTS

Fig. 1 presents the flow diagram of the steam power plant.

The mathematical model of STP includes 1050 set parameters, 1294 calculated parameters,
and, for 34 parameters it was necessary to set the initial approximation. A detailed description
this plant scheme and models of its elements are given in [10].

The schematic diagram of IGCC is shown in Fig. 2.
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Fig. 1. The schematic diagram of steam turbine power plant. FAN — air fan; SG — steam generator; CC — combustion
chamber; F — furnace; SHI-SH3 — superheaters; RH1, RH2 — reheaters; TZ — zone of maximum heat capacity; WEI,
WE2 — water economizers; AH1, AH2 — air heaters; HP — high-pressure turbine; IP — intermediate pressure turbine; LP —
low-pressure turbine; GEN — electric generator; COND — condenser; CWP — circle water pump; CP1, CP2 — condensed

water pumps; GH — gland heater; FWH1-FWH4 — low-pressure feed water heaters; DEA — deaerator; FWHS-FWH7 —
high-pressure feed water heaters.

Fig. 2. The schematic diagram of integrated gasification combined cycle plant. 1 — gasifier; 2 — air compressor 1;
3 — furnace of gas generator; 4-8 — waste-heat boiler on gasification products; 9 — combustion chamber of gas turbine;
10 — air compressor; 11 — gas turbine; 12—19 — waste-heat boiler on combustion products; 2022 — compartments of steam
turbine; 23 — condenser; 24 — circulation pump of process water supply system; 25 — condensate pump; 26 — circulation
pump of high pressure loop of boiler on combustion products; 27 — feed water pump; 28 — circulation pump of low pressure
loop of boiler on combustion products; 29 — circulation pump of high-pressure loop of boiler on gasification products; 30

— circulation pump of low-pressure loop of boiler on gasification products; 31-33 — ash and sulphur removal; 34-37 —
drum separators.
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The mathematical model of IGCC includes 1026 set parameters, 963 calculated parameters,
and, for 17 parameters it was necessary to set the initial approximation. A detailed description
this plant scheme and models of its elements are given in [11].

The initial techno-economic information

In the optimization calculations it was accepted: the number of plant operation hours each
year — 7000 hours; construction period — 4 years; operation period — 30 years; internal rate of
return on investment — 0.15; coal price —100 $/tce, shares of annual costs on semi-fixed
operating costs — 0.04; depreciation charges — 0.03.

During optimization, the carbon tax value varied from 0 $/t to 140 $/t in increments of 20.
For each power plant, 8 calculations were performed.

4. RESULTS

The results of the optimization calculations are presented in Table 1 for STP, and in Table 2
for IGCC. The results contain the optimal values of the economic and energy indicators and
some thermodynamic cycle parameters, depending on the carbon tax value.

TABLE 1. MAIN RESULTS OF THE OPTIMIZATION CALCULATIONS OF STEAM TURBINE UNIT

Parameters Carbon TAX, $/t
0 20 40 60 80 100 120 140
Cost of electricity, $MWh 99.6 117.2 134.0 150.6 167.6 184.1 201.2 217.4

Specific plant investment in

the installed capacity, /KW 1908 1912 1919 1926 1951 1969 1987 2003

Net efficiency, % 42.87 432 43.61 44.01 44.47 44.69 4481 4491
Specific CO, emissions,
kg/MWh 867.3 858.8 851.1 842.9 835.2 831.1 829.2 828.4
Live steam pressure, MPa 19.21 19.79 20.14 20.66 21.42 21.79 22.25 2243
Live steam temperature, °C 618.5 622 630.1 632.7 636.5 635.2 633.7 632.8
Reheat steam pressure, MPa 4.24 4.35 4.42 4.55 4.66 4.75 5.03 5.18
Reheat steam pressure, °C 5422 5452 555.8 569.6 585.6 589.4 592.4 596.9
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Fig. 3. Cost of electricity versus carbon tax.
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Fig. 6. The specific CO, emission versus carbon tax.
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Fig. 3—6 show the change in the most important indicators of the two power plants under
study, depending on carbon tax value.

TABLE 2. MAIN RESULTS OF THE OPTIMIZATION CALCULATIONS OF INTEGRATED GASIFICATION

COMBINED CYCLE PLANT
Parameters Carbon TAX, $/t
0 20 40 60 80 100 120 140
Cost of electricity,
$/MWh 86.2 99.5 112.7 126.1 139.3 152.1 164.7 177.0
Specific plant
investment to the =, 2015 2027 2037 2050 2064 2077 2094
installed capacity,
$/kW
et efficiency, % . . . . . X .
Net efficiency, % 53.83 54.61 55.22 55.71 56.11 56.47 56.73 57
&S&If‘“ capacity, 4347 4410 4456 4499 4532  456.0 4582 460.5
Specific CO, 682.7 673.0 665.6 659.7 654.9 650.9 647.8 644.1
emissions, kg/MWh
Live steam 152 15.2 15.2 15.2 15.2 15.2 152 15.2
pressure, MPa
Live steam 522 525 530 531 535 535 536 538
temperature, °C
Reheat steam 1.13 1.22 1.29 1.35 1.43 1.49 1.52 1.59
pressure, MPa
Reheat steam 487 489 490 490 491 491 492 493

pressure, °C

5. DISCUSSION

As can be seen from the presented results of optimization research, with an increase in the
carbon tax, the optimal net energy efficiency values for both plants increase, which leads to
reduction CO, emissions per unit of electricity output. At the same time, the specific
investment in both plants is increasing. For STP the transition of carbon tax value from 0 $/t
to 70 $/t gives a much greater effect the growth of net energy efficiency (1.37 %) than the
transition from 70 $/t to 140 $/t (0.67 %). Moreover, the first value of the increase in net
energy efficiency is provided due to a much smaller increase specific investments (32 $/kW)
than the second value of the increase (63 $/kW).

Similar phenomena are observed for IGCC.

In the considered range of carbon tax value, specific CO, emissions are reduced for STP
from 867.3 kg/MWh to 828.4 kg/MWh and for IGCC from 682.7 kg/MWh to 644.1 kg/MWh.
The dependence of the cost of electricity on the carbon tax for both plants is close to linear,
and for STP there is a greater increase than for the IGCC.
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6.

CONCLUSION

— Mathematical models of two promising coal power plants have been developed: a

steam turbine power plant with coal dust burning in a steam boiler and integrated
gasification combined cycle plant;

— Optimization studies of two promising coal plants were carried out according to the

criterion of the minimum cost of electricity for a given rate of return on investment;

— Researches have shown that with an increase in carbon tax, the optimum value of net

energy efficiency increases; the specific CO, emissions for both plants are reduced. At
the same time, the costs of electricity are almost linearly rising;

— For both plants, the same change of the carbon tax value, with a small initial value,

gives a significantly greater increase of energy efficiency than with a larger initial
value. Moreover, the first increase in energy efficiency is provided due to a much
smaller increase in specific investment than the second increase in energy efficiency;

— Throughout the studied range of carbon tax values IGCC gives a lower cost of

electricity than STP, which is associated with a higher energy efficiency of IGCC. This
suggests that justified efforts to create serial samples of these power plants.
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