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The power production industry is the main greenhouse gas emitter that makes its contribution to global
warming. The greenhouse gas emission takes place in fuel production, transportation, and combustion. A
prospective method for emission mitigation is the transition to organic fuel-burning facilities with small emissions
by capturing carbon dioxide. Power consumption on the carbon dioxide capture remarkably reduces the efficiency
of these facilities, which leads to increasing of fuel consumption and greenhouse gas emission because of the
larger fuel production and transportation. Based on the material balance method, taking into account system
effect of changes in efficiency and amount of fuel consumed, the paper estimated the carbon footprint over a
twenty-year lifecycle for following thermal power plants types: combined cycle and oxy-fuel combustion plants for
both natural gas and coal with internal gasification. It is shown that the transition to oxygen-fuel plants can
reduce the carbon footprint near 90% for natural gas and near 75% for coal. The study also demonstrates the
positive effect of carbon capture and storage system implementation for reducing carbon footprint near 75% for
natural gas and near 70% for coal.

Keywords: carbon footprint, thermal power plant, combined cycle facility, oxy-fuel cycle, organic fuel, coal
gasification

Introduction

ESG (Environmental, Social, Corporate Governance) [1] is a business direction that provides the
business social devotion combined with company contribution into the social development and
environmental improvement. Since 2015 the world economy shows a distinct trend to the ESG management
supported by the ESG investment of up to 30% [2]. The ESG investments since 2014 show a positive
influence upon the investment portfolio profitability. The companies that changed to the ESG management
may expect larger investments [2]. The main vector of the ESG management introduction for fuel and energy
companies is the transition to environment harmless technology and the reduction of harmful emissions and
first of all of greenhouse gas emissions [3]. The main greenhouse gases produced in the power production by
fossil fuel combustion are the hydrocarbon combustion products, carbon dioxide [3], nitrogen monoxide, and
methane as the under-burning product. In power distribution, the main greenhouse gas is the sulfur
hexafluoride [4] that is used as an isolating fluid in transformers and high voltage switches. The total
greenhouse influence upon the climate changes is assessed by the carbon footprint that is the total
greenhouse emission including its global warming potential (GWP) [5] measured in the CO, equivalent tons
(Co2e)'

Some states especially in the EU already have legal movers for the greenhouse emission mitigation that
are introduced in the form of carbon dioxide emission quotas that are a subject of stock trade [6, 7]. By the
2022 beginning, these quotas mean the price is above 100 euro for CO, ton. Moreover, the EU states
introduce a trans-border carbon tax for the products with high carbon footprint including electricity
production, the tax will be in power since 2023. So nowadays for the fuel-energy complex, it is topical to
reduce the carbon footprint of their products by the transition to renewable power sources and modernization
of the existing traditional facilities. A reliable assessment of the new technology practicability requires an
accurate analysis of the carbon dioxide footprint effect including the product life evaluation.

The carbon footprint analysis has to correspond to the international standard «ISO 14067:2018
Greenhouse gases. The carbon footprint of products. Requirements and guidelines for quantification». This
standard fixes topics and requirements to the carbon footprint analysis, cadaster order, and reports on the
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product carbon footprint including the life cycle assessment according to the International Standards for the
product life cycle analysis ISO 14040 and ISO 14044.

The ISO 14067:2018 standard makes a base for a few methods for the carbon footprint analysis and the
issue of reports and cadaster on the greenhouse gas emission as the following:

- EIB Project Carbon Footprint Methodologies [8],

- IPCC manual for the carbon footprint analysis [9],

- PAS 2050 [10],

- GHG Protocol Product Standard [11].

PAS 2050 and GHG Protocol Product Standard are the only methods that involve the record regulations
of all stages of product life. These methods are based on similar principles but have some minor distinctions,
not leading to difference in calculation of total carbon footprint more than 5%. GHG Protocol Product
Standard is the most usual method used by 90% of the S&P Fortune 500 companies, so this method is the
main manual in this investigation.

Among the existing thermal power plant (TPP) types, the most environmentally friendly with the
smallest greenhouse emission are the natural gas combines cycle plants (NGCC). These facilities have high
efficiency above 60% and the resulting lower fuel consumption than Steam Turbine (ST) and Gas Turbine
(GT) facilities [12]. The combined cycle power plant’s main fuels are natural gas (in NGCC) or coal with the
internal gasification cycle (in IGCC). In the internal gasification combined cycle coal is transformed into the
syngas that is supplied to a combustor. This technology is a cleaner coal technology because it does not
produce the fine-dispersed dust that is the most harmful product of direct coal combustion.

The Carbon Capture and Storage (CCS) systems are prospective technologies for the mitigation of
carbon dioxide emissions. The CCS introduction promises an 89% reduction in CO, emission. The
accumulated carbon dioxide in the future may be used for an increase in oil production rate in EOR-CO2
technology [13, 14]. An important CCS feature is the possibility to apply this technology both for the newly
constructed TPP and the modernization of the existing ones. The CCS shortage is a remarkable TPP net
efficiency due to the larger internal power consumption. This may reduce the CO, mitigation effect by the
larger emission in fuel mining and transportation. The nitrogen oxides NOx has no greenhouse effect but
their emission is the most environmentally harmful with a negative influence upon the health of people,
animals, and plants. The most effective NOx mitigation technology 1s a selective catalytic recovery (SCR)
[15]. The SCR technology recovers NO, to N2 and water by the ammonia injection, its maximal efficiency
may be 95%, and the net efficiency drop is minor and is below 0.5%

The prospective oxygen-fuel power facilities based on the Allam cycle [16, 17] are the nearest to carbon
neutrality. In the Allam cycle facilities, natural gas burns in pure oxygen. The produced by combustion
carbon dioxide operates as a working fluid, and then is dried and captured. The Allam cycle is closed which
provides small carbon dioxide emissions. Now the carbon dioxide emissions of Allam cycle facilities [18,
19] are evaluated as 1% of the total amount of CO2 produced by combustion. This emission is mostly caused
by leakages first of all from the facility rotating parts, compressors, and turbines. The oxygen-fuel facility
shortage is its smaller net efficiency than the NGCC one due to the additional power consumption in air split
and CCS blocks.

This paper compares existing and prospective gas and coal firing TPP. The facilities are compared on
the total carbon footprint in all stages of the power production operation:

- NGCC and IGCC facilities to evaluate the existing TPP carbon footprint,

- NGCC and IGCC with CCS and the NOx mitigation system to evaluate the CCS technology
efficiency and the prospects for existing TPP modernization,

- Oxygen-fuel Allam cycle facility to evaluate the prospective low emission TPP carbon footprint.

1. Fuel combustion and CO, generation in thermal and electrical power generation

The first TPP type reviewed here is the coal TPP with the coal gasification into syngas (fig.1a) and the
CO2 capture. Gasification block 3 transforms coal into syngas. The air split facility (ASF) 1 produces
oxygen from atmospheric air and compresses it in the oxygen compressor 2. Steam for the gasification
process is taken from the steam turbine 14. Syngas in burned in the combustor 5. Compressor 4 compresses
air and sends a part of it to the gas turbine cooling 6. The gas turbine 6 rotates the electric power generator 7.
The turbine exhaust gas enters the heat recovery boiler and gives its heat to the steam turbine cycle through
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the heat exchanger surfaces. Block 21 captures the exit CO,, the compressor 22 compresses it and sends it to
the carbon dioxide storage.

In the steam turbine cycle, pump 19 sends the condenser 16 exit water to the heater 13. Upstream the
heater the recirculation pump 20 sends a part of heated water to recirculation. The low-pressure feedwater
sequentially passes the low-pressure vaporizer 12, the steam superheater 11, and the steam turbine mixer 14.
In the mixer, steam is mixed with high-pressure steam [20].

The high-pressure feedwater is sent to the economizer 10, the high-pressure vaporizer 9, and the steam
superheater 8 like in the low-pressure circuit. The high-pressure steam produces electricity in enters the
steam turbine 14. The exhaust steam enters the condenser 16.

The second facility version (fig. 1b) is the IGCC without capturing. This version differs from fig. 1a by
the absence of the elements 21 and 22. After the heat recovery boiler, the exhaust gas with the carbon
dioxide content leaves the atmosphere.

The third version (fig. 1c) describes a coal firing TPP with oxygen fuel combustion. Coal gasification
block 3 is supplied with coal, oxygen, and steam. The produced syngas is cooled in cooler 23 for a more
efficient compression, then compressed in the fuel compressor 24 and sent to the combustor 5. The syngas is
burning in the almost pure oxygen produced in ASU 1. The CO, heated flow goes to the multi-flow
regenerator 25. Downstream the combustor 5 the working fluid enters the carbon dioxide turbine 26. The
turbine 26 exhaust enters the multi-flow heat exchanger 25 where it gives its heat to the CO, flow, the
turbine heat carrier 29 of CO, with O,. The regenerator 25 exhaust enters the cooler-separator 30 where the
working fluid water steam condenses. Then the CO, flow splits into two parts. The main part is compressed
in compressor 28 and the remaining part is compressed in compressor 22 and stored.
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Fig.1. Heat flow charts of coal firing TPP with internal coal gasification

After the multi-stage compressor 28, the CO, flow is split into two equal parts. One part is mixed with
oxygen. After the CO, compressor 29, its exit splits into two parts. The smaller part works as the turbine 26
heat carrier and it is heated in the regenerator 28. The regenerator heats the main CO, flow and the oxygen-
CO, mixture. The oxygen-carbon dioxide compressor 30 compresses the mixture up to the maximal
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temperature acceptable for the regenerator temperature difference. The hot flows that enter combustor 5 from
the regenerator 25 reduce the fuel flow needed for the operating fluid heating up.

The second type of facility reviewed in this paper is the natural gas firing facilities (fig. 2) [19]. The
first type is the NGCC facility with CO, capture (fig. 2a). This facility differs from the IGCC type; it has no
coal gasification elements 1-3. The second type (fig. 2b) is the NGCC without the CO, capture (21, 22).

The third type (fig. 2¢) is the oxy-fuel natural gas firing facility that differs from the coal firing with
coal gasification (fig. 1b) by the absence of coal gasification elements 1 — 3.
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Fig.2. Heat flow charts of natural gas firing TPP

The review of scientific papers and technical reports [21, 22] is devoted to the evaluation of the
combined cycle facilities' total carbon footprint. The most significant is the greenhouse gas emission during
the facility operation. The mean greenhouse emission during equipment manufacturing, construction, and
decommissioning is about 1% of the total emission. The Product Standard [23] method allows not to take
into account the life cycle stages that make below 1% of carbon footprint separately and 5% in total. So, the
system boundaries are assumed as the following:

- manufacturing and construction stages are not considered;

- the operation stage considered, the carbon footprint analysis includes not only fuel combustion but
also fuel mining and shipment;

- the decommissioning and scrap stages are not considered.

2. Initial data

The life cycle carbon footprint analysis input data are given in table 1-3, the considered TPP types are
summarized in table 1. Different TPP types are compared at equal net power values. This allows adequate
comparison and the relation between the facility efficiency and emissions. The distances from coal or natural
gas deposits to TPP are assumed equal to adequately analyze the influence of fuel type upon the TPP carbon
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footprint at the stages of fuel mining and shipment. Also, in the TPP with internal gasification the assumed
fuel is not syngas but coal which is due to the assumed life cycle boundaries.

Table 2 shows the emission data for natural gas and syngas fuels combustion in gas turbine combustors.
The emission analysis must take into account the type of fuel-burning equipment. For example, it is known
that the natural gas combustion in steam turbine facilities produces lower emissions per kilogram of fuel,
than the gas turbine one. Table 3 shows reference initial data for the carbon footprint analysis.

Table 1. TPP parameters

TPP type Net Net Fuel Distance from Life,
power, efficiency, % deposit, km years
MW

NGCC 100 63.50% [20] Natural gas 3000 20

NGCC with CO, and NO, capture 100 57.10% [20] Natural gas 3000 20

Oxy-fuel facility 100 46.70% [20] Natural gas 3000 20

IGCC 100 53.50% [20] Coal 3000 20

IGCC with CO, and NOy capture 100 46.20% [20] Coal 3000 20

Oxy-fuel facility 100 36.30% [20] Coal 3000 20

Table 2. Harmful emissions produced by fuel combustion and Global Warming Potential (GWP)

Fuel Harmful emission, kg/kg
CO, CH,4 N,O NOy SO,

Natural gas 2.75 4.0E-04 1.39E-04 1.49E-02 7.0E-07
[22,24] [22] [21, 24] [25] [22]

Syngas 2.49 2.67E-04 2.7E-04 1.53E-03 2.14E-03
[26] [26] [26] [27] [27]

GWP (ARO6) [9] 1 82.5 273 0 0

Table 3. Reference input data for the carbon footprint analysis

Parameter Value

CO, leakage in an oxy-fuel facility, % 1.0 [18]

TPP annual operation, hr/year 6000 [28]

Coal conversion with gasification, % 95 [29]

Natural gas calorific value, MJ/kg 49 [30]

Coal calorific value, MJ/kg 27 [31]

CO; capture efficiency in a NGCC and IGCC, % 89 [20]

SCR NO, precipitation efficiency, % 95 [15]

Natural gas transportation leakages, % 0.036 [32]

Gas-main pipeline power efficiency, kg gas/ (mln. kg - km) 21.83 [32]

Greenhouse gas emission in coal transportation, kg CO,./(ton-km) 0.04 [33]

Greenhouse gas emission in coal mining, kg CO,./kg coal 0.3 [34]

3. Methodology

In this research, complex physical-chemical methods were used to estimate carbon footprint by methods

according to GHG standard methodology [11], including stages of fuel mining, fuel transporting and power
plant operation. In the operation stage considered fuel combustion only as a main process leading to
greenhouse gas emissions during plant operating. To estimate carbon footprint of lifecycle stages material balance



Energy 39

physical methods were used. To estimate specific emissions during fuel mining, fuel transporting and combustion were
used following data:

1. Empirical and analysis estimated data for fuel mining and transporting according literary [18, 30-34];

2. Combination of empirical physical-chemical data and stoichiometric chemical analysis for
combustion according to sources [20-30].

Calculations were provided by using MS Excel 2021. To validate model obtained were used initial data
and results described in [21, 22].

Different natural gas and coal firing TPP with internal gasification produce the carbon footprint that
may be calculated as the following:

Esum = Ec + E¢ + Ep, (1)

where Eg,, — total greenhouse gas emission following mining, shipment, and combustion during the power
production facility operation, ton CO,,;

E. — total greenhouse gas emission following the combustion during the power production facility
operation, ton COy;

E. — total greenhouse gas emission following the fuel transporting during the power production facility
operation, ton COy;

E., — total greenhouse gas emission caused by the fuel mining during the power production facility
operation, ton CO,..

For gas and coal firing TPP with internal gasification E. is calculated as the following:

=M'T'Z?=1egi'GWPi'(1_ac) 2)

E
¢ 1000

where M — annual fuel consumption in TPP, kg-year; T — thermal power plant operation life, years;

e, — specific harmful emission related to the burned fuel, kg/kg; GWP; — potential global warming
caused by the emissions, kg CO2e/kg; ac — emission precipitation rate, %.

For gas fuel the annual consumption M is calculated by the following equation:

N-7:3.6:10°
~ onmem 3)
where N — thermal power plant net power,

For coal firing TPP with internal gasification it is necessary to take into account the gasification process
efficiency so the coal annual consumption M MW; 1 — estimated TPP annual operation, hr; n — net
efficiency, %; Qg — Fuel heating value klJ/kg.is calculated by the following equation:

_ N-T3.6:10°
 nmgQu (4)

where 1, — coal gasification conversion rate, %.

The components E; and E,; in equation (1) are calculated by different equations for different fuels. Gas
transportation in main pipelines is usually provided by gas turbine pumping facilities working on the natural
gas fuel, so for the transportation stage, the pump driving carbon footprint is taken into account. Also, an
important emission factor is the natural gas leakage through seals and control accessories. Usually, these
leakages are as small as below 0.05% but methane has high GWP so this factor also should be involved.
Besides this, the greenhouse gas emission in production also should include transportation gas consumption.
So the natural gas transportation carbon footprint is calculated by the equations:

Et - ECt + Elt ) (5)

where E. — total greenhouse gas emission caused by the fuel transporting, by fuel combustion in gas
pumping stations during the power production facility operation, ton CO,;

Ey; — total greenhouse gas emission caused by the fuel transporting, by fuel leakages during the power
production facility operation, ton COj..
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E _Mt'T'Z?=1egi'GWPi'(1_ac) (6)
ct 1000 ’

where M; — amount of the natural gas consumed in the gas pumping facilities, kg/year.
M-w-l (7)

M, = ,
Y7 (@ -mny) 1000000

where ® — natural gas specific consumption in gas pumping plants, kg/(mln.kg-km);
| — distance from the fuel mining place to the TPP location, km;
M — natural gas leakages in pipelines, %.

(M+Mt) 'GWPCH4'T (8)
Eyp=m — :
(1—mn;)-1000
The oxy-fuel power facilities operate a closed cycle with pure oxygen oxidation, so the parameter a,
for NOy, SO,, CHy4, and N,O is assumed as 100% because the emission of these gases is minor and nearly
zero. For CO, this parameter a, is assumed 99% for the leakages in the moving device seals of 1% (table 4).
The natural gas production carbon footprint is calculated with the equation:
g o (MM Ty )
m (1-17)-1000°’

where y,, — greenhouse gas specific emission caused by the natural gas mining, kg CO,./kg.
For coal fuel, E; and E,, are calculated with statistical mean data on greenhouse emission in coal mining
and transportation. The following equation is used for the coal mining carbon footprint:

g oo M- Tt (10)
m= 1000

where W, — greenhouse emission in coal mining, kg CO,e/kg.

The coefficient u,, reflects emission of the methane content in coal layers, the greenhouse gas emission
by the coal mining machine engines, and the energy consumption by coalfield. The coal transportation
carbon footprint is calculated by the following equation:

: _ M-T-o,-1 (11)
£t~ 1000000 ’

where o, — greenhouse emission in coal transportation, kg CO,. /(ton-km).
Here g, describes the greenhouse emission by the technology transport that moves coal in operation, for
electric transport this coefficient corresponds to the mean emission in electricity production and distribution.

4. Results and discussion

Table 4 summarizes analysis results for the carbon footprint of natural gas firing TPP. Comparison
analysis shows that among the considered types the oxy-fuel facility has the smallest greenhouse emission.
Its carbon footprint is 49% smaller than the NGCC with CO, capture and storage system. This difference is
due to the oxy-fuel facility closed cycle and the minimal CO, operation leakages. It is worth mentioning that
the introduction of the CO, capture in NGCC reduces the carbon footprint by 4.6 times in spite of its smaller
efficiency. This shows the high CCS potential for the existing TPP modernization.

Table 5 shows the contents of the greenhouse gas and harmful agent emissions. The emission analysis
shows that 97.48% of NGCC without CCS emission with consideration of GWP is CO,. The introduction of
the CCS reduces the CO, contribution down to 80.99%. This shows that the CH; and N,O emission
mitigation may be the trend for the carbon footprint reduction in TPP after the TPP modernization with CCS
systems.
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Table 6 shows results of the carbon footprint calculation for the syngas firing TPP. It is worth
mentioning that the internal gasification TPP overcome the natural gas firing TPP for 2 — 5 times in different
TPP types. This is mostly due to the smaller coal energy capacity and the lower TPP efficiency.

Comparison of the coal firing facilities with internal gasification carbon footprint shows that the oxy-
fuel facility has the smallest greenhouse emissions among the considered TPP types. The oxy-fuel facility's
carbon footprint is 28% smaller than that of the IGCC with CO, capture and storage. This is due to the closed
cycle of the oxy-fuel facility and minimal CO, operational leakage. It is worth mentioning that
implementation of the CO, capture and storage in an IGCC may 6 times reduce its carbon footprint in spite
of the lower efficiency. This shows the high potential of the CCS technology for the TPP with internal
gasification.

Table 4. Structure of natural gas firing TPP footprint

TPP type Carbon footprint, ton CO,,

Fuel mining Fuel transporting Combustion Total
NGCC 2921 297 180 3915132 4215234
NGCC with CO, and
NOy capture 3248 330490 576 490 910228
Oxy-fuel facility 4138 404 089 51 896 460 123

Table 5. Harmful emission contents by natural gas firing TPP

TPP type Emission produced in combustion during the operation life, ton

CO, CH,4 N,O NO, SO, Total, ton CO,,
NGCC 3 816 567 555 193 20635 1 3915132
NGCC with CO, and NO, capture 466 878 617 215 1 147 1 576 490
Oxy-fuel facility 51 896 ~0 ~0 ~0 ~0 51 896

Table 6. Structure of carbon footprint for the TPP with internal gasification.

TPP carbon footprint for 20 years operation, ton CO, .

TPP type . . .
Fuel mining Fuel transporting Combustion Total
IGCC 964 655 381 545 7733119 9079 318
IGCC with CO, and
NOy capture 1117078 441 832 1280175 2 839 085
Oxy-fuel facility 1421 736 562 331 109 753 2 093 820

Table 7 presents the greenhouse gas emission structure. In the basic IGCC version, CO, makes 96.3% of
the carbon footprint with GWP but the CCS technology introduction reduces the CO, contribution down to
74.1%. This shows that the CH,; and N,O emission mitigation may be a further direction of the facilities'
modernization after the CCS system introduction.

Table 7. Contents of harmful emissions from syngas combustion

Emissions from fuel combustion for the operation life, ton

TPP type CO, CH, N,O NO, SO, Total combustion,
ton CO, .
IGCC 7446 766 799 807 4577 6414 7733119
IGCC with CO, and NO, capture 948 576 925 935 265 7428 1280 175

Oxy-fuel facility 109 753 ~0 ~0 ~0 ~0 109 753
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Conclusions

Comparison of the natural gas and TPP with internal gasification shows that the gas firing TPP has
smaller greenhouse gas emissions; the basic IGCC facility produces a 114% higher carbon footprint than the
NGCC ones. These differences are due to the low energy capacity of coal, low efficiency of syngas firing
facilities, and the high emission of greenhouse gases during coal mining, first of all of CH4. The structure of
the TPP carbon footprint has a large part of coal mining. So, the greenhouse emission by mining has to be
included in public reports of coal firing companies.

The oxy-fuel facilities have the smallest carbon footprint of gas firing facilities its total greenhouse
emission is 49% smaller than in the NGCC with CO, capture which shows the oxy-fuel facility's high
effectiveness for greenhouse emission mitigation. The NGCC with a CCS system has a 4.6 times smaller
carbon footprint than the basic NGCC facility. This shows the high potential of the CCS system for the
modernization of the existing power production facilities.

An analysis of TPP with internal coal gasification shows that the oxy-fuel facility has the smallest
greenhouse gas emission of the considered gas firing TPP. Its difference with the CCS equipped IGCC is
about 28% which demonstrates the smaller effect of the transition to the oxy-fuel facilities in coal fuel than
in gas one. The CCS-equipped IGCC has a 6 times smaller carbon footprint than the basic facility which
shows a remarkably larger positive effect of CCS introduction than the power production with gas.

The described effects allow the following recommendations:

- application of the oxy-fuel facilities makes minimal carbon footprint, the oxy-fuel introduction in gas
firing facilities has higher priority than in the TPP with internal gasification ones;

- modernization of existing TPP by the CCS introduction has high priorities for both coal and gas
firing power production, in the second case, positive influence upon the carbon footprint may be higher.
Comparison analysis shows that among the considered types the oxy-fuel facility has the smallest
greenhouse emission. Its carbon footprint is 49% smaller than the NGCC with CO, capture and storage
system. This difference is due to the oxy-fuel facility closed cycle and the minimal CO, operation leakages.
It is worth mentioning that the introduction of the CO, capture in NGCC reduces the carbon footprint by 4.6
times in spite of its smaller efficiency. This shows the high CCS potential for the existing TPP
modernization.

Acknowledgments (or Funding)
This study conducted by Moscow Power Engineering Institute was financially supported by the Ministry of Science
and Higher Education of the Russian Federation (project No. FSWF-2020-0020).

REFERENCES

1 Nakajima T., et al. ESG Investment in the Global Economy. Springer, Singapore, 2021, 107 p.

2 Cesarone F., Martino M.L., Carleo A. Does ESG Impact Really Enhance Portfolio
Profitability? Sustainability, 2022, Vol. 14, No. 4, pp. 1-28.

3 Peters G. P., et al. Carbon dioxide emissions continue to grow amidst slowly emerging climate policies. Nat.
Clim. Chang., 2020, Vol. 10, No. 1, pp. 3-6.

4 Yu X.Y., et al. Evaluation of nitrous oxide as a substitute for sulfur hexafluoride to reduce global warming
impacts of ANSI/HPS N13.1 gaseous uniformity testing. Atmospheric Environment, 2018, Vol. 176, pp. 40—46.

5 Rosa L. P., Schaeffer R. Global warming potentials. Energy Policy, 1995, Vol. 23, No. 2, pp. 149-158.

6 Friedlingstein P., O'Sullivan M., Jones M.W., Andrew R.M., Hauck J., Olsen A., Zaehle S. Global carbon
budget 2020. Earth Syst. Sci. Data, 2020, Vol. 12, No. 4, pp. 3269-3340.

7 Nemtinova Yu.V., Nemtinov V. A. Managing Greenhouse Gas Emissions Quotas on the Way to
Decarbonizing the Economy. Ekol. prom. Ross., 2022, Vol. 26, No. 1, pp. 19-23.

8 FEIB Project Carbon Footprint Methodologies. European Investment Bank, Luxembourg 2020. Available at:
https://www.eib.org/attachments/publications/eib_project carbon_footprint_methodologies 2022 en.pdf

9 Masson-Delmotte V. et al. /IPCC, 2021: Climate Change 2021: The Physical Science Basis. Cambridge
University Press, Cambridge, Great Britain, 2021, 112 p.

10 Guide to PAS 2050: how to assess the carbon footprint of goods and services. BSI, London, 2008, 101 p.

11 Greenhouse gas protocol: product life cycle accounting and reporting standard. World Resources Institute,
Washington, DC, 2011, 116 p.

12 Zhang T. Methods of Improving the Efficiency of Thermal Power Plants. J. Phys.: Conf. Ser., 2020, Vol. 1449,
No. 1, p. 012001.



Energy 43

13 Raza A., Gholami R., Rezaee R., Rasouli V. and Rabiei M. Significant aspects of carbon capture and storage —
A review. Petroleum, 2019, Vol. 5, No. 4, pp. 335-340.

14 Jia W., McPherson B., Dai Z., Irons T. and Xiao T. Evaluation of pressure management strategies and impact
of simplifications for a post-EOR CO2 storage project. Geomech. Geophys. Geo-energ. Geo-resour., 2017, Vol. 3, No.
3, pp. 281-292.

15 Schorr M. M. and Chalfin J. Gas Turbine NOx Emissions Approaching Zero: Is it Worth the Price? General
Electric Company, Schenectady, USA, 1999, 12 p.

16 Rodriguez Hervés G. and Petrakopoulou F. Exergoeconomic Analysis of the Allam Cycle. Energy Fuels, 2019,
Vol. 33, No. 8, pp. 7561-7568. . https://doi.org/10.1021/acs.energyfuels.9b01348

17 Rogalev, A., Komarov, I., Kindra, V., Zlyvko, O. Entrepreneurial assessment of sustainable development
technologies for power energy sector. Enterpreneurship and Sustainability Issues. 2018, Vol. 6(1), pp. 429 — 445.
http://doi.org/10.9770/jes1.2018.6.1(26)

18 Rogalev A., Rogalev N., Kindra V., Komarov 1., and Zlyvko O. Research and Development of the Oxy-Fuel
Combustion Power Cycles with CO, Recirculation. Energies, 2021, Vol.14, No.10, p.2927. doi: 10.3390/en14102927

19 Rogalev A., Grigoriev E., Kindra V. and Rogalev N. Thermodynamic optimization and equipment
development for a high efficient fossil fuel power plant with zero emissions. Journal of Cleaner Production, 2019, Vol.
236, p. 117592.

20 Kindra V. O., Milukov I. A., Shevchenko I. V., Shabalova S. I. and Kovalev D. S. Thermodynamic analysis of
cycle arrangements of the coal-fired thermal power plants with carbon capture. Archives of Thermodynamics, 2021,
Vol.42, No. 4, pp. 103—121. doi:10.24425/ather.2021.139653

21 Spath P. L., Mann M. K. Life Cycle Assessment of a Natural Gas Combined Cycle Power Generation System.
NREL, Denver, USA, 2000. Available at: Life Cycle Assessment of a Natural Gas Combined Cycle Power Generation
System (nrel.gov)

22 James III R. E. Skone T. J., Life Cycle Analysis: Natural Gas Combined Cycle (NGCC) Power Plant. NETL,
Pittsburghm, USA, 2012, 148 p.

23 Product Life Cycle Accounting and Reporting Standard. World Resource Institute, Washington DC, USA,
2013. Available at: https://ghgprotocol.org/sites/default/files/standards/Product-Life-Cycle-Accounting-Reporting-
Standard 041613.pdf

24 Ferat Toscano C., et al. Life Cycle Assessment of a Combined-Cycle Gas Turbine with a Focus on the
Chemicals Used in Water Conditioning. Sustainability, 2019, Vol. 11, No. 10, p. 2912. doi:10.3390/sul11102912

25 Jung S., et al. Development of Low Emission Gas Turbine Combustors. Proceedings of ASME Turbo Expo
2015: Turbine Technical Conference and Exposition, 2015, Vol. 4, p. 01.

26 Steen M. Greenhouse gas emissions from fossil fuel fired power generation systems. European Commission,
Brussels, 2001, 61 p.

27 Whitty K.J., Zhang H. R. and Eddings E. G. Emissions from Syngas Combustion. Combustion Science and
Technology, 2008, Vol. 180, No. 6, pp. 1117-1136. doi: 10.1080/00102200801963326

28 Tripathi A.K. Falling capacity utilization of thermal power plants in India: Projection of future scenarios.
International Journal of Energy Production and Management, 2020, Vol. 6, No. 1, pp. 94-104.

29 Harris D.J., Roberts D.G. Coal gasification and conversion. The Coal Handbook: Towards Cleaner
Production. Woodhead Publishing, Philadelphia, USA, 2013, 576 p.

30 Liang F.-Y., Ryvak M., Sayeed S., Zhao N. The role of natural gas as a primary fuel in the near future,
including comparisons of acquisition, transmission and waste handling costs of as with competitive alternatives.
Chemistry Central Journal, 2012, Vol. 6, No. 1, pp. 4. doi:10.1186/1752-153X-6-S1-S4

31 Richards A. P., Haycock D., Frandsen J. and Fletcher T. H. A review of coal heating value correlations with
application to coal char, tar, and other fuels. Fuel, 2021, Vol. 283, pp. 118942. doi: 10.1016/j.fuel.2020.118942

32 Xie Y., Ma X., Ning H., Yuan Z. and Xie T. Energy efficiency evaluation of a natural gas pipeline based on an
analytic hierarchy process. Advances in Mechanical Engineering, 2017, Vol. 9, No. 7, pp. 1-12.

33 Yin L., Liao Y., Zhou L., Wang Z. and Ma X. Life cycle assessment of coal-fired power plants and sensitivity
analysis of CO2 emissions from power generation side. IOP Conf. Ser. Mater. Sci. Eng., 2017, Vol. 199, pp. 012055.
doi:10.1177/1687814017711394

34 Miller B. G. Clean Coal Engineering Technology. EMS Energy Institute, State College, USA, 2017, 244 p.

Article accepted for publication 04.06.2022



