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Abstract 

The annual increase of coal production and its demand lead to the necessity in temporary storage places (ware-

houses) organization to accommodate raw coal materials before the shipment. It is noted that at the open method 

of coal storing the dust emission from loading/unloading operations and from the pile surface effects negatively 

the health of the warehouse workers and adjacent territories. An alternative solution is closed-type warehouses. 

One of the main hazards of such coal storage can be the release of residual methane from coal segregates into  

the air after degassing processes during mining and extraction to the surface, as well as transportation to the place 

of temporary storage. The study carries the analysis of methane content change in coal during the processes of 

extraction, transportation and storage. Physical and chemical bases of mass transfer during the  

interaction between gas-saturated coal mass and air are studied. It is determined that the intensity of methane 

emission depends on: the coal seam natural gas content, parameters of mass transfer between coal, and air  

and the ambient temperature. The dynamics of coal mass gas exchange with atmospheric air is evaluated  

by approximate approach, which is based on two interrelated iterations. The first one considers the formation of 

methane concentration fields in the air space of the bulk volume and the second accounts the methane emission 

from the pile surface to the outside air. It is determined that safety of closed coal warehouses exploitation by gas 

factor can be ensured by means of artificial ventilation providing volumetric methane concentration in the air 

less than 1 %. The flow rate sufficient to achieve this methane concentration was obtained as a result of computer 

modeling of methane concentration fields formation in the air medium at theoretically calculated methane emission 

from the pile surface. 
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Introduction 

The coal industry is one of the key sectors of Russian industry, including mining, production, 

transportation and marketing of coal. The Russian Federation ranks 2nd place in the world in terms 

of coal reserves, most of which are located in Siberia and the Far East [1-3]. Coal production in 2023 

amounted to 438 million t, including 213 million t of coal exported to China, BRICS countries and 

others [4, 5]. 

The growth of coal production and increased commercial interest in its acquisition lead to the 

need for coal’s temporary storages in port terminals and storage areas to be shipped to the consumer 

in future [6-8]. 

Nowadays, the most common method of temporary coal storage is its placement in open area [9-11]. 

However, data analysis shows, this method, firstly, reduces the raw materials quality, and secondly, there 

is an aerotechnogenic load on the environment and workforce due to the dust emissions [12-14]. The 

cause of coal’s piles high dusting is wind flow, the value of which reaches 20 m/s in some regions. Cal-

culation of coal dust emissions into the atmosphere from the open warehouses operations was carried out 
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according to the Industry methodology*. Depend-

ence of atmospheric air dustiness (points at dif-

ferent distances from the piles) on the wind speed 

is presented in Fig.1. 

The obtained analysis indicate that at low 

wind speed (1-5 m/s) removal of coal dust from 

the pile surface and its dispersion occurs 

mainly in the storage area and the adjacent ter-

ritory of the enterprise, exposing the negative 

impact of the workforce. Due to wind flow in-

creasing, dusting from the pile intensifies, but 

at the same time, dispersion and settling of coal 

dust will occur mainly outside the industrial 

territory, inducing aerotechnogenic impact on 

the environment. 

An alternative solution for the environmental problem and prevention of coal quality reduction 

is the exploitation of temporary closed warehouses [15-17]. Following this method, the air velocity 

is determined only by the parameters of natural or forced ventilation. In comparison with the wind 

flow velocity, the air inside closed warehouse moves less faster which contributes to minimal dust 

disruption from the surface of coal pile. Meanwhile, the high residual methane content in coal segre-

gates can lead to the formation of explosive concentrations in the warehouse air environment [18]. In 

order to avoid such cases, the maximum methane content in the closed warehouse air is limited by 

the current regulations (1 % of the volume) [19]. 

The obtained analysis indicate that many Russian coal deposits are characterized by high natural 

gas content. This information is presented in the Table, which contains the values of minimum and 

maximum natural methane content of some Kuzbass coal seams [20-22]. 

 
Methane content of some Kuzbass coal seams 

Coal deposit 
Minimum natural methane 

content, m3/t 

Maximum natural methane 

content, m3/t 

Alardinskoye 0.10 44.7 

Baidayevskoye 0 30.3 

Berezovo-Biryulinskoye 2.0 36.7 

Egozovo-Krasnoyarskoye 0.3 13.5 

Kedrovsko-Krokhalevskoye 0.01 17.6 

Kiselevskoye 0 35 

Leninskoye 0 25 

Olzherasskoye 1 31 

Raspadskoye 1 22 

Sokolovskoye 2 17.1 

Shelkanskoye 1 23.5 

Chertinskoye 0 35 

 
Reduction of gas content (methane content) relative to its initial value takes place in several 

stages: coal extraction to the surface, loading into railcars, transportation by rail, unloading  

                                                      
* Industry methodology for calculating the amount of harmful waste captured and emitted into the atmosphere by 

coal mining enterprises. Perm: MNIIECO TEK, 2003, p. 115. 

Fig.1. Dependence of coal dust dispersion  

on the distance to the dust source at different air  
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to the warehouse. The coal mass degassing processes at each stage depend on such parameters  

as petrographic coal composition, ash content, average size of a coal piece, ambient temperature, 

etc. [23-25]. 

Hence, the purpose of the work is to study the influence of residual gas content of coal on closed 

coal warehouse’s safe operating conditions and to choose the ventilation mode for gas regime nor-

malization when required. 

Methods 

Methane in coal seams is in a bound sorbed state. During the coal massif distructure, a part of 

methane, located in seam pores and cracks, escapes into the mine space instantly, and  

the other part of gas – continue to desorb, but at a slower rate. The intensity of gas emissions  

from coal depends on several factors: ambient temperature, mass transfer parameters, initial gas coal 

content, etc. [26-28]. 

After mining and extraction to the surface and during transportation to the customer, coal is 

stored in various shapes of piles, which are bulk volumes containing coal pieces surrounded by air 

space. Piles may include coal mounds before loading into railcars, coal volumes filling in railway, 

and coal mounds formed in temporary storage places (port terminals, storage facilities at thermal 

power plants, chemical and metallurgical plants, etc.) [19, 29, 30]. 

If during the coal transportation from the extraction place to the final destination, degassing  

of initially contained in the coal methane occur only partially, the coal mass have some residual  

gas content. 

The degassing process of coal stored in piles is carried out as follows. In the initial period, imme-

diately after the pile formation, the methane concentration in the air, that filing intergranular voids  

is 0. Over time, the air voids begin to be filled with methane coming from the surface of each  

coal unit, and the methane concentration in the air voids continuously increases, reaching a certain 

asymptotic value. If the a coal pile surface is washed by air, then simultaneously with the increasing 

of methane concentration in the depths of the pile, an outflow of methane from the surface occurs, 

and in the adjacent to the pile surface zones, zones are formed with a reduced concentration  

of methane relative to the areas to which the influence of gas exchange from the surface has not  

yet spread. 

It may appear that firstly the methane flow from the pile surface increases to a certain value, but 

then it decreases monotonously.  

To estimate the dynamics of coal mass gas exchange with atmospheric air at all stages  

of its storage in piles or railcars, an approximate approach based on the use of two interrelated 

iterations determining both the formation of methane concentration fields in the air space of  

the bulk volume and the values of methane emission from the pile surface to the outside air is 

proposed. 

The first iteration is performed under the assumption that methane emission per unit volume  

of the coal mass, where the coal particles surface area is Fvol, occurs under the condition of isolation 

of this volume, in which the coal particles and voids filled with air occupy volumes 1 – m and m, 

respectively, from the outside air surrounding its surface. The methane flow j from the each coal 

particle surface is calculated under the assumption that it can be represented in the form of a ball with 

radius r0, and the methane flow from its surface is determined by the effective diffusion coefficient 

Deff, the value of which was established on the basis of experimental studies (Fig.2) for Kuzbass coals 

ranks gas and fat (bituminous) coal [31]. 

The graph in the Fig.2 shows the increasing of effective diffusion coefficient with ambient tem-

perature raising. 
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The differential equation of methane diffusion 

in each coal particle can be represented in the form: 

coalFo
eff

С
D





 

2

2

C

R




 +

2 С

r R




; (1) 

  0,0С R C ; 

 coal;FoС С R  ; 

 1,С C  ; 

 coal0,Fo
0

С

R





, 

where С – methane concentration in coal parti-

cles, kg/m3; Focoal – Fourier diffusion number for 

coal, m2/s, 
coal 2

0Fo /effD r  ;  – time, s; C0 – initial methane concentration in coal mass, kg/m3;  

R – dimensionless radius, R = r/r0; r0 – average radius of coal particles of bulk coal volume, m;  

C – methane concentration in the air, kg/m3.  

The solution of equation (1), presented in a general form, at C = const, has a complex form, 

which complicates its further use for calculating the methane concentration dynamics in air voids. 

Therefore, the asymptotic representation of the general solution at actual values of the Fourier diffu-

sion number for the considered conditions was used to determine coal( ,Fo )С R : 

 10 11 6

coal

2

(10 -10  )  1.5-4 10
Fo 0.1-0.2.

0.05

  
   (2) 

Then the diffusion flow for these Fourier number with high accuracy can be represented as: 

 coalFoj   0 0
coal

1
/ 1 .

Fo
effD r C C

 
   

 
 (3) 

In case Cτ varies according to an arbitrary law, the methane flow is established on the Duhamel's 

theorem: 

 coalFoj  = –  
coalFo coal

0coal 0
0

1
1 Fo ξ.

Fo

effD
C C d

r


 
         

  (4) 

Methane concentration changes in per unit volume of bulk airspace: 

 
   

coal

coal

volcoal

Fo
1 Fo .

Fo

dC
m m F j

d
   (5) 

Initial conditions   coal

coal

Fo 0
Fo | 0.C


  

The solution of equation (5), using the Laplace transform, with respect to the methane concen-

tration in the air space can be represented in the form: 

   coal

0Fo ,C С f Z   (6) 

where f(Z) – tabulated function, 

Fig 2. Graph of the change in effective diffusion  

coefficient from ambient temperature.  
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     2 coal coal1 exp Fo erfc Fo ;f Z k k   

 coalerfc Fok  = 1–

coalFo
2

0

2
exp( ξ ) ξ;

k

d


  

coalFo
2

0

2
exp( ξ ) ξ

k

d


  – probability integral at  0
vol  1

r
k F m

m
  ; Fvol – total surface of coal particles 

in unit of coal mass bulk volume, m2/m3; m – the relative volume occupied by air per unit bulk volume 

of coal mass, unit fraction. 

Initial methane concentration in coal mass is related to gas content (methane content) by the 

following:  

0 met coal met ,ρ ρС X  (7) 

where met – methane density, kg/m3; ρcoal – coal density, m3/t; Xmet – initial methane concentra-

tion, m3/t. 

One way to calculate the average methane concentration in the bulk volume airspace  coalFoC  

over the storage or transportation time coalFo  is to integrate expression (6) with subsequent averaging 

over time coalFo . However, in this case, the expression  coalFoC  turns out to be rather cumbersome, 

that is not effective for further estimates. 

Another way to calculate  coalFoC  is to use the balance equation, based on total methane flow 

calculation, that enters to the bulk volume airspace from the coal particles during the time coalFo . This 

is possible under the condition of the average methane concentration constancy for this time and with 

the subsequent calculation of the increment of the average methane concentration in the air space 

relative to the initial value equal to zero. The dependence can be presented as: 

 

0.5
coal

coal

0 

coal

0.5
coal

coal

Fo
2 Fo

  Fo   .

Fo
1 0,5 2 Fo

С k

C

k



  
  

   
  
   

   

 (8) 

Calculations of  coalFoC  for various diffu-

sion coefficients are shown in Fig.3. 

According to calculations, the average me-

thane concentration sharply increases after 1 day 

of storage. This raising of concentration is espe-

cially noticeable for high ambient temperatures, 

as the value of the effective diffusion coefficient 

increases with increasing temperature [32, 33]. 

For example, at residual methane content after 

transportation of 10 m3/t and duration of coal stor-

age in the warehouse for 15 days, the methane 

concentration in the warehouse volume will ten-

tatively be 8 kg/m3 in summer and 7 kg/m3 in win-

ter period. 

The second iteration allows to establish the 

methane emissions from the surface of the bulk 

Fig.3. Graph of methane concentration changes  

in the airspace of the bulk volume  

over time 
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8 

7 

6 

5 

4 

3 

2 

1 

0 
15 12 9 6 3 

M
et

h
an

e 
co

n
ce

n
tr

at
io

n
  

in
 t

h
e 

w
ar

eh
o

u
se

 v
o

lu
m

e,
 k

g
/m

3
 

Coal storage time in warehouse, days 

1 

4 

2 

5 

3 

6 

Fig.3. Graph of methane concentration changes  

in the airspace of the bulk volume  

over time 

1 – residual methane content after transportation  

15 m3/t (–20 С); 2 – 15 m3/t (0 С); 3 – 15 m3/t (+10 С); 

4 – 10 m3/t (–20 С); 5 – 10 m3/t (0 С); 6 – 10 m3/t (+10 С) 



 

 

Journal of Mining Institute. 2025. Vol. 272. P. 72-82 

© Semen G. Gendler, Anastasiya Yu. Stepantsova, Mikhail M. Popov, 2024 

 

77 

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

  

volume into the air surrounded this surface at each time instant τ. To determine methane emissions 

from the bulk volume surface, it is necessary to choose its geometric shape. For the bulk volume of 

the railcars, it is proposed to use the semi-constrained space model, and for the bulk volume in the 

form of a pile, placed in a closed warehouse, the geometric model of an unconstrained cylinder with 

an equivalent radius Rsurf.  

In this case, it is assumed that the methane flow from the surface of the bulk volume for the  

time τ is determined by the resulting effective diffusion coefficient 
res

effD  calculated according to the 

methodology similar to this work [34]. This methodology is based on the assumption that the coal 

mass can be considered as two binary mixtures, one of which consists of coal particles surrounded by 

voids containing air Deff 1, and the other, on the contrary, of voids with air, which are surrounded by 

coal particles Deff 2 The effective diffusion coefficient is calculated using the formulas: 

air

coal

air

1 coal air

3
coal coal

1

1 ;

1 1

eff

eff

eff eff

eff

eff

D

D
D D v

D
v

D

  
   

     
       

 (9) 

coal

air

coal

2 air coal

3
air air

1

1 ,

1 1

eff

eff

eff eff

eff

eff

D

D
D D v

D
v

D

  
   

     
       

 (10) 

where 
coal

effD  – effective diffusion coefficient of methane in coal according to the graph in Fig.2, m2/s; 

air

effD  – effective diffusion coefficient of methane in the air, 
air

effD  = 2 · 10–5 m2/s [35-37]; vcoal – relative 

volume of coal particles, vcoal = 1 – m; vair – relative air space volume corresponding to the porosity 

of the bulk volume, vair = m. 

Based on formulas (9) and (10) the resulting effective diffusion coefficient of methane is:  

res

1 20.2 0. .8eff eff effD D D   (11) 

The methane emissions (methane flow) from the railcar’s surface and from the pile surface are: 

 
res

coal

train air  Fo   ;
πτ

effD
J C C  

  
 (12) 

 

res

pile 0.5

s
i e

urf
p l

1
0.5

Fо

effD
J

R

 
   
 
 

 coal

τ air  Fo   ,C C 
  

 (13) 

where pileFо  – Fourier diffusion number for coal pile; Cair – methane concentration in the air, kg/m3. 

The total methane amount entering the air from the railcar bulk volume of coal is based on de-

pendence (12). Furthermore, the total methane amount entering the air surrounding the open coal 
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surface is determined firstly, and then – the 

residual gas content (methane content) of 

coal mass for the transportation time τtransp 

by next formula: 

rail

train surf
transp 0

met rail

  ,
J F

Х Х
Р

 


 (14) 

where rail

surfF  – railcar open surface area, m2; 

Рrail – railcar load capacity, t. 

Based on the results, the residual  

methane content of coal mass, loaded into 

the stockpile, can be from 14 to 7 m3/t  

depending on the ambient temperature and 

transportation time. 

According to the formula (9), a de-

pendence graph of methane flow from the 

open coal pile surface during its storage 

time was plotted (Fig.4). The initial methane concentration in the coal pile C0 was calculated with the 

residual methane content calculated by formula (14). 

The methane concentration’s change in the closed warehouse, assuming a plane-parallel charac-

ter of air movement along the pile surface, is determined by the following expression: 

 pile

pilt el 1
J РL

С С е


  , (15) 

where Сtl – threshold level value, Сtl = 1 %; Р – pile lateral side perimeter, m2; L – pile length, m; 

Based on formulas (13) and (15) the air flow rate vary from 5 to 27 m3/s in winter (average 

ambient temperature –20 C) and from 11 to 45 m3/s in summer (average ambient temperature 

+20 C) for different residual coal methane content before loading into the stockpile. The maximum 

air flow rate corresponds to the maximum value of methane flow. 

Mathematical modelling of methane flow aerodynamics in the volume of a closed warehouse. 

The mathematical modelling of the gas transfer was carried out, taking into account the air flow  

aerodynamics where methane enters from the pile surface. It was accomplished to verify the validity 

of using a plane-parallel scheme of air movement in the coal warehouse and to establish the distribu-

tion of methane concentrations along the length of the warehouse, The Flow Vision software package 

was used for this purpose. The real geometry of the warehouse and the coal pile (height 23 m, width 

on the base 65 m and length 600 m) were taken as initial data. In addition, the mathematical model 

considered the influence of the loading and unloading equipment inside the warehouse (portal  

reclaimer) on the airflow aerodynamics. 

Calculations is carried out for the residual methane content before loading to the stockpile, equal 

to 15 m3/t and at ambient temperature +20 C. For these conditions, the average methane flow from 

the coal pile surface is 6-10–6 kg/(m2∙s). 

The warehouse ventilation is carried out according to the fresh air supply scheme through open-

ings located on the lateral side at the end of warehouse, and exhaust of polluted air through a centre 

pipe (Fig.5). 
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Fig.4. Dependence of methane flow from the open coal pile surface  

on its storage time 
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Fig.4. Dependence of methane flow from the open coal pile surface  

on its storage time 
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Due to the symmetry of the closed ware-

house with respect to vertical planes passing per-

pendicular (in the central section of the ware-

house) and parallel (along the length of the 

warehouse perpendicular to its base) to the hori-

zontal axis, the calculation area was divided into 

4 equal parts (Fig.5). All calculations were per-

formed for one of these parts. 

Gas admixture transfer process modelling 

was carried out for 16 h until the methane concen-

tration stabilized. To establish the regularities of 

methane concentration distribution over the ware-

house volume, the points 0-10 were chosen, lo-

cated every 30 m from the air exhaust pipe to-

wards the air supply openings (Fig.6). 

Resulting from the turbulent nature of air mass flow and the influence of loading and unloading 

equipment on the trajectory of their movement, the methane concentrations distribution over the  

volume of the closed warehouse will look as follows. The methane concentration takes the maximum 

value of 0.00547-0.99 % by volume (red colour) near the air exhaust pipe (Fig.6). This is explained 

by the post-penetration accumulation of methane during the rotational movement of air mass over the 

coal surface, emitting methane. 

The methane concentration changes with time at different space points of a closed warehouse is 

presented in Fig.7. According to this figure, the growth of methane concentration up to 0.99 % occurs 

before it reaches quasi-stationary values within ~45000 s, which corresponds to 12.5 h of coal storage 

in the warehouse. 

Thus, according the influence of complex flow aerodynamics, the air flow rate providing dilution 

of methane concentration up to threshold values by calculations is 48 m3/s. Satisfactory coincidence 

Fig.5. Scheme of a closed coal warehouse 

1 – air exhaust pipe; 2 – airflow; 3 – open for air supply;  

4 – coal pile; 5 – portal reclaimer 
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Fig.5. Scheme of a closed coal warehouse 

1 – air exhaust pipe; 2 – airflow; 3 – open for air supply;  

4 – coal pile; 5 – portal reclaimer 

Fig.6. Methane mass fractions and location of measurement points 
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Fig.6. Methane mass fractions and location of measurement points 
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of the analytical calculations with the results  

of mathematical modelling (the discrepancy does 

not exceed 6 %), confirms the validity of the  

assumptions used in the mathematical model de-

velopment. 

Conclusion 

Coal placement in closed warehouses is an ac-

tual method of mineral temporary storage with the 

possibility to limit the climatic conditions impact 

on it, as well as to reduce the aerotechnogenic im-

pact on the environment. 

The high natural gas content of some coal 

seams can lead to explosive situations during  

mining, transport and temporary storage of raw 

materials due to the limited gas volume (mine, rail-

cars, warehouse). In this regard, the ensuring safe operation problems of closed warehouses will be 

related to the released methane gas. 

The information about the residual methane content of coal is important to prevent explosive 

situations at each stage: 

• after coal mining, its extraction to the surface and temporary storage before loading into 

railcars; 

• during transportation before coal placement in closed warehouses; 

• during direct coal storage. 

Despite reduction of residual gas coal content after each stage of handling and transportation, it 

can reaches values at which the operation of closed coal storage becomes unsafe, due to the possibility 

of exceeding the maximum permissible value of methane concentration in the air, taken as 1 %  

by volume. 

The safety of closed coal warehouse operation in terms of methane factor will depend not only 

on residual methane content, but also on the ambient temperature, which directly affects the rate of 

methane release from coal particles: then higher the temperature, the more intense the methane release 

process is. 

The reduction of methane content in summer (average ambient temperature +20 C) is higher 

than in winter (average ambient temperature –20 C) by almost 2 times. Thus, the accumulation of 

methane concentration in the closed warehouse volume in summer period will be faster, which re-

quires more intensive ventilation for this period. 

The analytical calculations results of the required air flow rate do not take into account the com-

plex aero-dynamics of the air flow in contrast to mathematical modelling. Satisfactory coincidence 

of the obtained data confirms the validity of the assumptions used in the development of the mathe-

matical model. 
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