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Abstract. The paper considers the problem of reducing greenhouse gas emissions in the process of coal mining during
the coal mine methane utilization in power supply systems. An algorithm to form recommendations for the implemen-
tation of CMM generation is presented. A simulation model for one of the Kuzbass coal mines was developed in the
PowerFactory software application. The simulation model considers the uneven nature of the power consumption of
mining equipment. As a result of modeling, daily power consumption profiles and voltage levels in the coal mine power
supply system were determined before and after the implementation of the proposed measures. Based on the results,
the technical and economic effects was estimated, which consisted in reducing the direct and indirect carbon footprint,
electricity and capacity fees. It has been established that the cost of carbon dioxide emission quotas significantly affects
the investment attractiveness of cogeneration projects. Based on the results, recommendations are given to stimulate
the development of small generation in coal mines.
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Introduction. According to the Russian Coal Industry Development Program to 2035, the com-
petitiveness of Russian coal companies will increase due to the technological development of the coal
industry: modernization and technical re-equipment; implementation by coal companies of high-per-
formance technologies, digital technologies in the processes of coal mining and processing. In ac-
cordance with the Order of the Government of the Russian Federation N 1144-r dated by 11th of May
2022, large investments are aimed at creating a set of technologies that increase the efficiency ofcoal
mining and processing. Serious challenge for the development strategy of the coal industry in Russia
is the need to “decarbonize coal mining” to compensate for the negative effects of greenhouse gas
emissions into the environment. “Greening of national energy consumption” is one of the possible
solutions aimed at reducing the carbon footprint of finished products by increasing the share of
“clean” energy sources in the energy balance of a coal mine.

In accordance with the Strategy of social and economic development of the Russian Federation
with the low level of greenhouse gas emissions until 2050" among the measures aimed at implementing
the strategy, the following are noted: development of distributed generation; creation of additional

* The Order of the Government of the Russian Federation N 3052-r dated 29 October 2022 “On approval of the Strategy of social and economic
development of the Russian Federation with the low level of green-house gas emissions until 2050”.
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sources of power generation; development and implementation of coal mine methane (CMM) utili-
zation technologies. Coal mining enterprises provide 11 % of anthropogenic methane emissions [1].
According to [2] anthropogenic methane accounts for about 18 % of global greenhouse gas emissions
into the atmosphere, and coal mine methane accounts for up to 12 % of global anthropogenic methane
emissions [3]. About 70 % of CMM is emitted by the ventilation systems of coal mines. In Russia,
the underground method of coal mining determines 85 % of emissions from the methane coal industry
[4]. Some researchers note that methane emissions from minerals may be 60-150 % higher than current
estimates [5, 6]. Although these studies do not consider coal mines separately, they show how under-
estimated methane emissions from mining are. The prospects for extracting methane in mines of the
Russian Federation are limited due to its insufficient representation as an internal source of growth in
the profitability of coal production [7].

There is also an economic side to the issue of CMM utilization. The countries of Europe and
Asia are actively discussing the introduction of a carbon border tax, the main task of which is to
attract additional investments to solve the problem of global climate change [8, 9]. The carbon border
tax stimulates investments aimed at improving the energy efficiency of production [10]. The object
of taxation is the volume of greenhouse gas emissions that accompanies production. European pro-
ducers are already incurring costs of a similar nature to the carbon border tax. Since 2005, the Euro-
pean Union Emissions Trading System (EU ETS) has been operating. The average price of futures
per unit of carbon dioxide emission reduction (EU ETS) for 2022 averaged 80-84 euro [11], while in
Russia the possibility of introducing such mechanism is only being discussed [12].

Developing of in-home generating capacities (for the utilization of CMM from the degassing
system of a coal mine) provides energy flexibility at the coal mining enterprise, which, along with
the possibility of using load-regulated consumers and energy storage devices [ 13], makes it possible
to reduce the cost of coal production [14]. The relevance and necessity of integrated implementation of
technologies and principles of distributed generation in the conditions of enterprises of the mineral re-
source complex are substantiated in [15]. It will also allow attracting additional investments: to ensure
the stability of the elements of the degassing system [16]; to develop the blockchain platforms [17];
to participate in the provision of demand management services (with an increase in renewable energy
production) [18, 19] and other energy flexibility services [20, 21].

The development of this area requires the development of the electricity market, considering the
specifics of the energy transition [22]. Thus, it is expedient to consider the introduction of a CMM
utilization system for organizing its own distributed generation at a coal mining enterprise.

The problem statement. CMM and other associated gases were considered by many researchers
as an energy source. In [23], a methodology for assessing the economic and environmental prospects
of CMM utilization was formulated. The proposed methodology was applied to assess the prospects
of this approach for Australian mines, conclusions were drawn about a significant reduction in me-
thane emissions into the atmosphere and the economic effect of its combustion. The study [24] con-
siders the prospects for CMM generation in India. 18 mines were analyzed and as a result, approxi-
mate payback periods for projects (3.5-6 years) were obtained, except for three unprofitable cases,
which shows the high potential of such projects. The paper [25] analyzes 30 projects in China aimed
at reducing CMM emissions into the atmosphere, 16 of which involve the use of methane as an alter-
native energy resource.

An overview of the possibilities of generation at oil production facilities using natural or associ-
ated gas is given in [26, 27]. The article considers the optimization of a cogeneration system with a
binary cycle — electrical and thermal energy, with the possibility of creating additional capacities with
a small need for heat. Such a system may be promising for coal mines using CMM as a primary
energy carrier. The issues of diversifying the economic activity of coal mining enterprises based on
cogeneration are widely disclosed in [28]. The expediency of creating mine energy complexes using
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methane-air mixture extracted by underground degassing wells Start
has been proved. The work [29] is devoted to the issues of using .

CMM to provide electricity and heat supply to a data pro-

cessing center created on the basis of a coal mine infrastruc- 4

ture. There are also studies [3, 30], aimed at improving the effi- Data acquisition and processing

ciency of using CMM with an efficiency close to 95 % when

using gas piston units operating on a cogeneration or trigenera- v

tion cycle. The publication [31] considers the idea of joint use of Selection of GAM preparation

CMM and biogas. It is shown that in this case the payback period equipment and generating

will be about two years. The utilization of ventilation methane equipment

with a concentration of less than 3.5 % [32, 33] is very promising ¢

(in China, its utilization can produce up to 2610 GW-h/year [34]). Creation of a simulation model
Nevertheless, the issue of introducing CMM utilization in in Power Factory

the conditions of Kuzbass coal mines has not been sufficiently

studied and does not allow us to draw conclusions about the ad- A 4

visability of introducing cogeneration at the stages of construc-
tion and re-equipment of coal mines.

The efficiency of power generation based on CMM and its
inclusion in the power supply system of a coal mine are evalu-
ated using a simulation model developed in the DIgSILENT Report preparation
PowerFactory software application.

Methodology. The feasibility study of introducing distrib-
uted generation on the CMM was carried out according to the al-
gorithm (Fig.1), which includes the following steps: ( End )

* Data acquisition and processing. At this stage, interaction
with the enterprise is carried out, the following data is requested: Fig. 1. Formation of recommendations
equipment parameters; electrical load and generation profiles for the implementation of distributed

. . e . . energy facilities based on simulation
(in the presence of distributed energy facilities); information modeling
about the technological process (if it needs to be considered
when forming recommendations); data on tariffs for electricity (contract on electricity supply);
power supply scheme. The data is processed, the equivalent circuit parameters are calculated,
which are used when creating a model in PowerFactory.

* Selection of gas-air mixture (GAM) preparation equipment and generating equipment. The
composition of the generating equipment is selected based on information about the characteristics
of the methane-air mixture transported by the coal mine degassing system. At CMM low concentra-
tion (less than 3.5 %), it is necessary to consider the installation of equipment for CMM purification
and enrichment using adsorption and membrane technologies.

* Creation of a simulation model in PowerFactory using the received data. To generate a con-
sumption profile for a shearer and a scraper conveyor, we used the results from studies [35, 36].
Finally, the model is verified using actual measurements of load current and voltage levels.

* Feasibility study. Two software modules have been developed: for the electricity cost calcula-
tion and the financial and economic model construction. The feasibility study also considers
the reduction of the carbon footprint in the process of CMM utilization® (Fig.2) and the reduction
of electricity consumption™*.

Feasibility study

Y

* Order of the Ministry of Natural Resources and Environment of the Russian Federation dated June 30, 2015 N 300 “On Approval of Method-
ological Guidelines and Guidelines for Quantifying the Volume of Greenhouse Gas Emissions by Organizations Carrying out Economic and Other
Activities in the Russian Federation” (registered with the Ministry of Justice of the Russian Federation on December 15, 2015 N 40098).

** Order of the Ministry of Natural Resources and Environment of the Russian Federation dated June 29, 2017 N 330 “On Approval of Guidelines
for Quantifying the Volume of Indirect Energy Emissions of Greenhouse Gases” (registered with the Ministry of Justice of the Russian Federation on
October 20,2017 N 48627).
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CMM
—
Air Prime mover > Generating unit > Power grid
—
High-temp exhaust
N Heat supply system

A 4

Heat recovery unit

of a coal mine

Fig.2. Considered option for CMM utilization [37]

* Report preparation. The report contains information on the issue of the proposed recommenda-
tions effectiveness.

Results and discussion. The considered mine operates around the clock. The power supply sys-
tem of the considered coal mine includes the following power facilities: power transformers (trans-
formers of main step-down substation (2 x 16 MVA), underground mine substations (1250-
3150 kVA); high-voltage and low-voltage cable network; shearer (cutting drive 2 x 825 kW and com-
bine feed 2 x 150 kW); crusher (crusher drive 1 x 400 kW); reloader (reloader drive 1 x 400 kW);
belt conveyor (belt conveyor drive 3 x 500 kW); generalized load (underground mine substations,
auxiliary power, ventilation, heater); reactive power compensation devices placed on the surface.

Estimation of CMM generation. CMM power generation depends on the potential amount of
energy contained in cubic meter of the GAM, which ventilates from the mine. Indicative methane
capture level is about 16.3 m*/min, methane concentration — 44 %.

The calorific value of the GAM can be obtained with the use of D.I.Mendeleev’s formula

LCV, =3 LCV,a;; (1)
i=l
P;=LCVR-0.28-60, (2)
where LCV; — lower heating value of methane, MJ/m®; a; — share of the i-gas in the GAM; P, — useful
heat which is equivalent to electric power generation, kW; R — gas yield, m’

0.28 — percentage of energy contained in methane that can be converted into effective power.
Data on the scope of

1.75 - -3.00 GAM issuance and methane
-2.75 concentrations (Fig.3) used
= w - . ..
L0 -2.50 _ o cstimate electricity genera-
bt Lo _5'3(5) S tion are shown in Fig.3.
CI 7 To transfer GAM con-
2 100- -150 &£ sumption into the mass of the
o . = .
e -125 &% evolved gas, the formula is
G —
S 0.75- -1.00 2 used
2 -0.75 2 _
m=Vps 3
= 0.50- -0.50 ps, 3)
-0.25 where V' — GAM flow rate,
0.25- ' ' ‘ ' ' -0.00 m’/min; p — GAM density,
00:00 03:00 06:00 09:00 12:00 1500 18:00 21:00 ke/m’; s — GAM concentra-
Time, h . o
tion, %.
—-— ] — 0y — 3 Based on the calculated
Fig.3. Daily production of GAM and CMM, daily profile CMM generation profile, it
of CMM generation can be concluded that the
1 — generated power; 2 — mass of CH, emissions; 3 — mass of GAM emissions average cnergy pl‘OduCtion
144

This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2023.2 Journal of Mining Institute. 2023. Vol. 259. P. 141-150 mi&;
© Fedor S. Nepsha, Vlyacheslav A. Voronin, Andrey S. Liven, Anton S. Korneev, 2023 =z

External power grid

1

EPDS-6/GPU *
o Jo
© ©
- - ©
— o — Nel
= [ - @g - 3
= >
6.3kV
: . ot
Gl G2 ; ; ; :&
UPDS-6 N 118 UPDS-6N 118 | UPDS-6N 117
EPSG-6N 23 EPSG-6N 23
Voltage levels, kV Crusher : o ¥ UPDS-6/No 119
. 35 TSN 363 I
I 63 3 - UPDS-6/N 5
I 33
12 TSN 364 )
B 0.69 ) =ee—0) -
I 04 z
Stage loader 8
TSN 367 =
& - 3 =
" TSN 385 Z
: S ¢, G
g ~ &
§ )
g
=
- 2
Cutter Haulage Additional
drive drive drive unit

Fig.4. Simulation model of the power supply system of a coal mine in power system analysis software application
PowerFactory (EPDS — electric power distribution station, UPDS — underground power distribution station,
TS — transformer substation, EPSG — explosion-proof switchgear)

1 —GPU; 2 — coal mine extraction area; 3 — main step-down substation

for CMM will not exceed 2.4-2.6 MW. Based on the nature of the fuel (natural gas) and the operation
mode which implies the loading of generating equipment within 30-80 % in 95 % operating time, a
gas-piston power plant of the block-container type AG-3000S-T400-3RN was chosen. The AG-3000
includes 10 gas piston units (GPUs) with a rated capacity of 315 kW for a rated voltage of 0.4 kV.
The methane-air mixture is supplied through the main pipeline to 10 generator sets. In the simulation
model, a gas-piston power plant is implemented using two GPU models, the parameters of which are
equal to the parameters of five parallel GPUs. Two step-up transformers 6/0.4 kV are used to output
GPUs’ power.

At the modelling stage, only the normal mode was considered (Fig.4). In this case, the calcula-
tions were performed for each hour based on a real schedule of electrical loads for one of the Kuzbass
coal mines (Fig.5).

Results of the implementation of the CMM utilization system: maximum load of substation trans-
formers is reduced by 9.51 % (from 69.23 to 59.72 %); minimum voltage level at underground power
distribution station N 5 is increased by 0.83 % (from 6.12 to 6.17 kV).

Electrical energy cost calculation. Electrical energy and power costs are calculated for
the 4th price category based on estimated daily demand profiles, considering the medium voltage level

145
This is an open access article under the CC BY 4.0 license



|§|Jr Journal of Mining Institute. 2023. Vol. 259. P. 141-150 DOI: 10.31897/PMI.2023.2

Peak load 16 h and maximum load power being

12 ,/ e 10 MW at least. Tariffs are taken, ac-
MK 9.966 MW cording to PAO “Kuzbassenergos-
\_,\ byt”. Electrical power cost is calcu-
lated, considering peak, and
planned peak load hours, according
to AO “ATS” and AO “SO UPS”,
respectively. A power and energy cost
calculation module is developed,
based on the data mentioned above.

The option to sell the power to the ex-
ternal power grid is not considered be-

P, = 41.33 MW-h

Power, MW

9 Peak generation
.6 MW

7 ' ' ' ' ' ' - cause the power demand of the coal
00:00 03:00 06:00 09:00 12:00 1500 18:00 21:00 _ . :
Time. h mine is always higher than its CMM
' generation.
—_— 1 —2

Carbon footprint estimation.
_ _ _ _ CO; emissions from stationary fuel
Fig.5. The considered coal mine daily load profile.

Power, consumed from the external grid, without CMM generation (1) combustion are calculated us_mg de-
and with CMM generation (2) fault methods, based on different

Pg, Pi— electrical energy, generated and consumed from the external grid sources, sources groups, or organi-
zation in total:
E

CO, year

= X (FC, 0, EF,

year CO, year

0, .) @

where j — fuel type, used in combustion; n — amount of fuel type, used within a period (in this paper
only methane is considered — n = 1); FCjyear — j-fuel consumption over a year, t (thousand m’, tons of
conventional fuel or TJ); EFco,;year— CO2 emissions coefficient of j-fuel combusting over a year,

which is determined by methane concentration, carbon dioxide density and moles of carbon, created
after combustion, t; OF] year — j-fuel oxidation factor (taken equal 1 for gaseous fuels).

Indirect carbon footprint is estimated according to a carbon dioxide emission, which is presented
on the ATS website [38],

E(C02j year) ind = Pconsj E(C02j) plan, (5)

where Pecons; — power, consumed from the external grid over an hour j; E(co, ) plan — planned CO-

emissions coefficient, t/MW-h.
The effect of CMM utilization is calculated by the following expression:

E(C02 year) effect — EC02 yearE(C02 year) util, (6)

where Eco, year — emissions level after applying CMM generation, t; E(co, year) util — €missions level

before applying CMM generation, t.
Quota payment reduction is estimated by the following expression:

ETSyear = CO2PE1500,CH4PETs 1y 5 (7)

where ETSyer — greenhouse gases emission payment; Perscq, — CO2 emissions payment (16 rub./t);
Perscy, — CHa emissions payment (108 rub./t)".

In quota payment reduction calculation, it is necessary to consider that, while CMM utilization,
the GPU creates 2.75 kg of CO» for 1 kg of methane [39].

* Order of the Ministry of Natural Resources and Environment of the Russian Federation dated June 29,2017 N 330 “On Approval of Guidelines
for Quantifying the Volume of Indirect Energy Emissions of Greenhouse Gases” (registered with the Ministry of Justice of the Russian Federation on
October 20,2017 N 48627).
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Economic profit estimation. In terms of income, the economic model considers the following:
electrical energy payment reduction, emissions payment reduction, and heating cost reduction
due to generation of GPU thermal power (estimated, based on coal buying cost, which combustion
power is equal to heating power of the GPU). Heat outcome over a year is 12971.7 Gcal. In terms
of expenses, the economic model considers the following: capital investments for buying GPUs
and operational costs, which include regular maintenance, oil replacement, and major overhaul.
In total, capital investments, incomes, and operating expenses are 165750; 52489; 13282 thou-
sand rub.

A result of the net present value (NPV) calculation is a payback period of five years, con-
sidering the discount rate as 7.5 % (taken, based on the author’s forecast of refinancing rate
at the end of the 2022). A detailed list of technical and economic indicators is shown in the
Table 1 and 2, respectively. For the calculation of electrical power cost the following tariffs
are taken: power capacity — 804110.8 rub./MW -month; services for energy transmission —
794057.7 rub./MW -month.

Table 1

Technical indicators comparison over a year

Technical indicators Without (.:MM With CMM Total effect
generation generation
Total grid electrical power consumption, MW-h 93921.04 78834.26 15086.78
Ayerage electrical power, purchased from external 11.4 93 16
grid, MW
Ayerage electrical power, transmitted from external 116 10.0 16
grid, MW
GPU heat generation, Geal 0.0 12971.2 12971.2
Direct COz emissions in atmosphere Eco,, t 16270 36827.9 20557
Direct CH4 emissions in atmosphere Ecny, t 7475.28 0 —7475.28
Indirect COz emissions in atmosphere Eco,, t 84.9 71.3 -13.6
Table 2

Economic indicators comparison over a year

Economic indicators, thousand rub. Wg:f;;gxM \gﬁzgﬁhﬁ? Total effect
Electrical energy cost 135521.1 113926.1 21595.0
Electrical power cost 220170.7 189341.2 30829.5
Indirect carbon footprint payment, by tariff:

RU 0.0 0.0 0.0

EU 148770.9 124873.5 23897.5
Direct carbon footprint payment, by tariff:

RU 954.0 589.2 364.8

EU 286200.0 176760.0 109440.0
Operational costs 0 —-13282.0 —-13282.0
Total economic effect, by tariff:

RU 365645.2 303856.5 39207.3

EU 790661.8 604899.3 172480.5

On Fig.6 NPV dynamic is shown for the different values of CO> emissions tariffs. Data shows
that CO; emission tariff affects a project’s investment attractiveness greatly: the current tarift gives
a payback period of 5.2 years; in the case of emissions trading mechanism integrating (analogically
to EU countries) payback period could be lowered to 1.2 years.

147
This is an open access article under the CC BY 4.0 license



T Journal of Mining Institute. 2023. Vol. 259. P. 141-150 DOI: 10.31897/PMI.2023.2
& © Fedor S. Nepsha, Vlyacheslav A. Voronin, Andrey S. Liven, Anton S. Korneev, 2023

- 20 Conclusions. The global
trend of decarbonization of pro-
duction and the inevitability of

800 4 = the energy transition pose a

threat to the sustainability of the

coal mining industry. In this re-
gard, it is required to study vari-
ous options for reducing the car-
bon footprint of finished
200 products. One of the options is

1 year 2.3 years
\ the construction of facilities for

0 X 0 the CMM utilization.
%Years To evaluate the effect of

0 1 2 3 4 5 6 7 8 9 10 GPU introduction, a simulation
Time, year model was developed that takes
into account the hourly change in
consumption and generation pro-
Fig.6. NPV change profile for different CO. emission tariffs files, depending on the concen-
Tariffs: 1 — 16; 2 — 1440; 3 — 4800 rub./t CO2 tration and volume of methane

inflow from a coal mine.

The simulation results showed that the introduction of CMM generation reduces the payment for
electricity, while minimizing the amount of carbon dioxide emissions. With the implementation of
the mechanisms of the “green economy” when calculating the fee for CO> emissions, the investment
attractiveness of such projects can increase by four times. However, to achieve such a state, serious
work is required to form a national market for “quotas for emissions” of greenhouse gases into the
atmosphere.

Global trends in the transition to carbon-free and low-carbon energy encourage enterprises to
use distributed generation. In this case, the choice of the optimal strategy for the energy development
of a coal mining enterprise is especially important.

The developed simulation model allows for further research of the coal mine power supply
system in terms of assessing measures for the introduction of distributed generation on CMM.
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