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Abstract: This study aims to improve the understanding of the potential environmental impact of 

the underground coal gasification (UCG) process based on a numerical investigation of the gaseous 

and dissolved chemicals’ transport in the strata surrounding the UCG reactor. A coupled thermal-

hydro-chemical (THC) model in the framework of COMPASS code is employed and further 

developed for this purpose. The model is compared against analytical solutions in the verification 

process and applied against a former UCG trial (Hoe Creek UCG programme) for validation 

purpose. The numerical model is then applied to investigate the potential environmental impact of 

UCG in three different geological materials (sandstone, coal, and shale) in two steps: the potential 

gas propagation during UCG process and the solute transport in UCG decommissioning stage. The 

results indicate that the gas propagation is limited to a near-cavity area in geological strata with 

low permeability and high air entry value such as shale, which is mainly attributed to the dry zone 

generated by the high temperature, while a larger gas plume is observed for materials with poor 

water retention characteristics, such as coal and sandstone. Besides, the gas propagation is retarded 

to some extent due to the reducing effect of high pressure on gas diffusion. The propagation of 

dissolved chemicals via diffusion is limited to near-cavity areas, i.e. 2 m, in three studied materials 

after 10 years. Based on the improved understanding of the various chemicals’ migration in 
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different materials, by selecting the target coal seam surrounded by strata layers with high air entry 

value and low permeability, the gas losses from the reactor during the UCG reactor operation stage 

can be minimized and the potential negative environmental impact of ash leaching and solute 

propagation in UCG decommissioning stage can be avoided. This work also provides further 

insight and suggestions into the importance of investigating the adsorption capacities of different 

geological media to evaluate their performance as a natural cleaning system. 

Keywords: Underground coal gasification (UCG); Environmental impact; Coupled thermal-

hydro-chemical model; High temperature/pressure; Gas/solute propagation 

1. Introduction 

Underground coal gasification (UCG) is the process of converting a coal seam into synthesis gas 

in-situ by injecting sufficient air/oxygen/steam mixture to gasify the coal at a high temperature. 

The purpose of UCG is to access and harvest the energy contained within the solid fuel 

underground, without applying conventional mining methods. Various articles and studies indicate 

that UCG is a technically feasible and economically viable method to utilize the deep coal resource, 

which has attracted an ongoing interest of several nations with abundant coal resources, such as 

China, India, South Africa, Australia, Pakistan, and Poland, etc. to develop and employ this 

technology (Attwood et al., 2003; Shafirovich and Varma, 2009; Bhutto et al., 2013; Khadse, 2015; 

Khan et al., 2015; Wen et al., 2016; Wiatowski et al., 2016; Xin et al., 2017; Perkins, 2018; Xie et 

al., 2020). UCG has the potential to contribute positively to the environmental perspective of the 

unmined deep coal seams owing to no discharge of tailings and reduced emission of sulfur, ash, 

mercury, and tar. However, the gasification reactor can also be a possible source of both gaseous 

and liquid contaminants based on the site observations (Figure 1) ( Humenick and Maitox, 1977; 

Campbell et al., 1978; Dalton and Campbell, 1978; Stuermer et al., 1982; Liu et al., 2007; Kapusta 

https://www.sciencedirect.com/topics/engineering/coal-gasification
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et al., 2013; Imran et al., 2014; Man et al., 2014). Hence, the potential environmental concerns 

related to UCG need to be addressed and understood to allow for its commercialization.  

The environmental concerns have been comprehensively reviewed by Imran et al. (2014), including 

the potential subsidence, the escape of product gases into the air and surface soil, and the change 

of groundwater quality, etc. The surface subsidence occurs in UCG as a result of the coal 

consumption in underground layer formation, similar to the effects caused by conventional mining. 

This was observed in many UCG projects operated at shallow depths and in moderate to thick coal 

seams (Creedy et al., 2001; Derbin et al., 2015; Mao, 2016; Burton et al., 2017). Burton et al. (2017) 

suggested that the reactor pressure should be equal or below the surrounding hydrostatic pressure 

during the gasification process, to minimize the escape of the syngas to the surrounding strata. 

However, in the field test of El Tremedal UCG site, gas losses were observed by Chappell and 

Mostade (1998) when high reactor pressure was applied. Overall, it is common for between 5% 

and 25% of the gas to be lost from the underground gasifier (Campbell, 2016). Imran et al. (2014) 

also concluded that groundwater quality change is generally considered as the most significant 

environmental risk related to UCG operations. A comprehensive site investigation of the 

groundwater quality near Hoe Creek UCG site was conducted by Campbell et al. (1978). The type, 

amount and fate of the UCG produced contaminants were determined, revealing that a significantly 

increased concentration of organic chemicals, particularly phenols, were just outside the reactor 

boundary and the observed inorganic species principally arise from ash leachate. Moreover, it was 

observed that all detectable contaminants decreased significantly in concentration with distance. 

The adsorption of UCG organics by coal, char and ash were studied Humenick er al. (1987) and 

the metal species adsorption by coal and char were examined by Strugała-Wilczek et al. (2020), 

presenting the potential of the UCG solid materials to perform as a natural adsorbent. Kapusta et 
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al. (2013) investigated the wide range of organic and inorganic contaminants for the experimental 

mine “Barbara” in Poland and revealed that the main source of toxic trace elements is the post-

gasification residuals. No chemical hazards were identified on the site surface, proving the 

importance of an appropriate site selection and fair process control in shallow coal seams. The gas 

migration towards the surface was prevented but the UCG-induced thermal effects on the surface 

were observed. Other field investigations and laboratory experimental tests targeting on different 

coals in different regions were also carried out (Dalton and Campbell, 1978; Strugała-Wilczek and 

Stańczyk, 2016; Wiatowski et al., 2016; Sadasivam et al., 2020). In the above-mentioned studies, 

the typical chemicals include organic species, such as phenols, benzene, minor components such 

as PAHs and heterocyclics, and inorganic species, cations (Na+, K+, Mg2+, NH4
+, etc.) and anions 

(SO4
2-, HCO3

-, Cl-, etc.). The organic species are mainly generated during the gasification process 

due to the pyrolysis of the coal seam. Meanwhile, the produced coal ash and char are left in the 

cavity and remain largely isolated from the groundwater. However, the surrounding water starts to 

invade the cavity after the completion of the coal gasification process. As the cavity cools and fills 

with water, the inorganic species from coal ash and residues may be leached out. The types and 

concentrations of these chemical species vary depending on coal and ash compositions, gasifier 

temperatures, and natural water quality. The fate of these chemical species may be affected by 

temperature, adsorption-desorption, precipitation-dissolution, and ion-exchange reactions, etc. 

(Campbell et al., 1978; Kapusta et al., 2013). 

As having a fully instrumented UCG trial with comprehensive data extraction is challenging and 

expensive, computational modelling offers an inexpensive way for predicting the complex 

interaction of various processes involved during and beyond the UCG operation. The numerical 

method provides the possibility to estimate the spatial and temporal variations of chemicals in the 
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surrounding region of UCG reactor (Yang and Zhang, 2009; Soukup et al., 2015). Yang and Zhang 

(2009) carried out a numerical simulation of the transport process for the solute in the UCG panel, 

presenting the main solute transport mechanisms. They indicated that the influence range of 

temperature field expanded, the gradient of groundwater pressure decreased, and the migration 

velocity of dissolved chemicals increased as the gasification progressed. Soukup et al. (2015) 

conducted numerical modelling of contaminant migration and found that the key transport 

parameters, such as porosity, pore diameter, and tortuosity, play a major role in the propagation of 

gaseous chemicals compared with physical characteristics-pressure and temperature. In general, 

migration rates of UCG-related chemicals in the liquid phase are significantly slower compared 

with the gaseous phase. However, the comprehensive investigation of both gaseous and dissolved 

chemicals propagation in the strata surrounding the UCG reactor remains scarce. 

The aim of this study is to provide an improved understanding of the potential environmental 

impact of UCG based on a numerical investigation of the gaseous and dissolved chemicals’ 

transport in the surrounding strata. A coupled thermal-hydro-chemical (THC) model in the 

framework of COMPASS code is employed and further developed for UCG application. The model 

is compared against analytical solutions in the verification process for the study purpose. It is then 

applied against a former UCG trial (Hoe Creek UCG programme) for validation purpose based on 

two series of laboratory experiments designed to deal with the release and migration of chemical 

species produced during UCG process. The numerical model is then applied to investigate the 

potential environmental impact of UCG in three geological materials (sandstone, coal and shale) 

in two steps: the potential gas propagation during the UCG process and the solute transport in the 

UCG decommissioning stage. 
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2. Numerical ethod  

2.1 Governing equations for chemical transport 

An understanding of the physical processes involved in multiphase flows in strata surrounding 

the UCG reactor is required to accurately investigate the transport of various chemicals. For this 

work, few assumptions are made herein. Vapour flow mainly participates in the reaction of the coal 

gasification process, which is outside the scope of this work. Thereby, the transport of liquid water, 

heat, and chemicals (gaseous and dissolved) are considered herein. The studied zone is assumed to 

be homogeneous. The multiphase flows are introduced as follows: 

2.2.1 Liquid flow 

The governing equation of liquid flow can be described by: 

𝜕(𝜌𝑙𝜃𝑙)𝜕𝑡 = −∇𝜌𝑙𝑉𝑙 (1) 

Where, l (kg/m3) represents the liquid density; l is the water content; Vl (m/s) is the liquid velocity, 

which is estimated based on Darcy’s law: 

𝑉𝑙 = −𝐾𝑤𝛻(𝜑 + 𝑦)       (2) 

where Kw (m/s) is the hydraulic conductivity; φ (m) is the matric suction head; y (m) is the elevation 

above a nominal datum. 

2.2.2 Heat flow 

The governing equation of heat flow is expressed by: 
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𝜕[𝐻𝑐(𝑇 − 𝑇𝑟)]𝜕𝑡 = −∇[−𝜆𝑇∇𝑇 + (𝐶𝑝𝑙𝜌𝑙𝑉𝑙 + 𝐶𝑝𝑔𝜌𝑔𝑉𝑔)(𝑇 − 𝑇𝑟)] (3) 

Where, Hc and λ are the specific heat capacity (J/(m3∙K)) and the thermal conductivity (W/(m∙K))  

of the studied porous media, respectively; T and T0 are the temperature and the reference 

temperature (K); Cpl and Cpg are the specific heat capacity of liquid and air (J/(kg∙K)), respectively; 

g (kg/m3) represents the gas density; Vg is the gas velocity and can be defined by a generalized 

Darcy’s law: 

𝑉𝑔 = −𝐾𝑔𝛻 𝑃𝑔 𝜌𝑔𝑔⁄        (4) 

Where, Kg (m/s) is the gas conductivity; Pg (Pa) is the gas pressure. In this study, heat transport 

includes conduction and convection, as presented by the first and second terms in the right-hand 

side of equation (3). Latent heat is not considered due to the neglect of vapour flow in this work. 

2.2.3 Multichemical flow  

The gas and solute propagation in different porous media is to be investigated during and after 

the UCG process, respectively. The coal gasification process is generally performed under high 

pressure and temperature. Generally, both gas diffusion and advection contribute to the transport 

of gaseous products from the reaction zone into both the production well and the surrounding strata. 

During the UCG decommissioning stage, the cavity is refilled with water, favouring the 

propagation of dissolved chemicals leached from ash/tar residues in the cavity. In this part, the 

transport of both gaseous and dissolved chemicals involves three main mechanisms: advection, 

diffusion, and adsorption.  

Ideal-gas law is applied in this study for simplification. The governing equation of multicomponent 

chemical flow in gaseous and liquid phases are given by: 
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𝜕(𝑐𝑔𝑖𝑛𝑆𝑔)𝜕𝑡 = ∇[𝐷𝑔𝑖∇𝑐𝑔𝑖 ] − ∇[𝑐𝑔𝑖𝑉𝑔] + 𝑠𝑔𝑖  (5) 

𝜕(𝑐𝑑𝑖 𝑛𝑆𝑙)𝜕𝑡 = ∇[𝐷𝑑𝑖∇𝑐𝑑𝑖 ] − ∇[𝑐𝑑𝑖 𝑉𝑙] + 𝑠𝑑𝑖  
(6) 

Where,  cg
i and cd

i represent the ith gaseous (mol/m3) and dissolved (ppm) chemical concentration, 

respectively; n is the porosity; Sg and Sl are the degree of saturation in gas and liquid phases, 

respectively; Dg
i and Dd

i represent the diffusion coefficient (m2/s) of the ith gaseous and dissolved 

chemical species, respectively; sg
i and sd

i represent the sink/source term in the gaseous and 

dissolved chemical transports. Specifically, the first, second, and third terms in the right-hand side 

of equations (5) and (6) represent the diffusion, advection, and reactive/adsorption terms in 

multichemical flows. When adsorption/desorption is considered as the sink/source term, they can 

be expressed by: 

𝑠𝑗𝑖 = 𝜕𝜌𝑠𝑉𝐸𝜕𝑡  (7) 

Where, j represents the chemicals in gaseous (g) and dissolved (d) phases; ρs is the bulk density of 

porous media; VE is the standard gas/solute volume adsorbed per unit mass of porous media. 

Considering the high-temperature environment generated by the coal gasification process, the 

effect of temperature on the gas and solute propagation is also considered in this study. Gas 

diffusion coefficients decrease with rising pressure and increase with temperature as indicated by 

Pillalamarry et al. (2011), Pone et al. (2009), Wang and Liu (2016). Thereby, to estimate such 

behaviour, the Chapman-Enskog theory was employed to calculate the value of gas diffusion 

coefficient affected by both temperature and pressure (Poling et al., 2001):  
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𝐷𝑔𝑖 = 2.66 × 10−12𝑇3/2𝑃𝑔𝑀𝐴𝐵1/2𝜎𝐴𝐵2 Ω𝐷  (8) 

Where, MAB is the molecular weights; σAB is the characteristic length (Å); ΩD is the diffusion 

collision integral. Equation (8) indicates that temperature and pressure have the opposite effect on 

the syngas diffusion in the porous media. 

Moreover, the value of solute diffusion coefficient affected by temperature is estimated by Stokes-

Einstein equation (0~643.15 K) following the hydrodynamic theory (Bird et al., 1960; Gainer and 

Metzner, 1965; Poling et al., 2001): 

𝐷𝑑𝑖 = 𝑘𝑇6𝜋𝜇𝛾 
(9) 

Where, k is the Boltzmann's constant; r is the radius of the spherical particle; μ represents the water 

viscosity (0~643.15 K), which is estimated by: 

𝜇 = 2.414 × 10−5 × 10247.8/(𝑇−140) (10) 

Equation (9) indicates that the diffusion coefficient of the dissolved chemical presents an increasing 

tendency as the temperature goes up. 

 

2.2 The developed numerical method and code introduction 

In this study, the coupled heat, water, and multi-component chemical transfer in surrounding strata 

is analyzed with consideration of the coal gasification process and decommissioning stage using 

code COMPASS, developed at Cardiff University’s Geoenvironmental Research Centre. The 

COMPASS code is a coupled thermo-hydro-chemical-mechanical (THCM) model with a 
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background of high-performance simulations of three-dimensional multiphase, multicomponent 

reactive transport in geomaterials and high applicability in a various range of geo-environmental 

and geo-energy problems (Thomas, 1985; Thomas et al., 1998, 2009). Thereby, the coupled 

thermal-hydro-chemical (THC) framework of the COMPASS code is adopted and further 

developed herein to study the transport of chemicals in gaseous and aqueous phases involved in 

UCG process. It involves the inclusion of the constitutive relationship that describes the 

temperature or pressure dependent material parameter and key processes. Specifically, the heat 

capacity and thermal conductivity of various rocks are introduced as temperature-dependent 

constitutive relationships (Kosowska-Golachowska et al., 2014; Otto and Kempka, 2015; Tang et 

al., 2015; Zagorščak et al., 2019). Furthermore, geochemical reactions are considered via the 

equilibrium/kinetic adsorption/desorption module in COMPASS (Hosking et al., 2018).  

Besides, the UCG process is assumed to be conducted following the best practice guidelines, which 

is keeping the reactor pressure below hydrostatic (Burton et al., 2017). It is also assumed that the 

disturbed zone by UCG process does not extend sufficiently far that it provides a direct permeable 

connection between the reactor zone and any overlying aquifers. Hence, the 

thermally/mechanically induced strata change along with cavity creation, which means the 

alteration of the strata properties (Jiang et al., 2020), i.e. porosity, permeability, and soil water 

retention characteristics, are not included in this work. 

The highly coupled nature of the COMPASS framework requires a simultaneous solution of the 

governing equations and the non-linearity of the problems considered requires an iterative 

technique to achieve a converged solution. Hence, the finite element method (FEM) via the 

Galerkin weighted residual method is employed to spatially discretize the system of equations, 

whereas the finite difference method (FDM) via an implicit mid-interval backward difference 
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algorithm is applied to achieve temporal discretization. A sequential (time-splitting) approach is 

employed to solve the chemical transport and reaction equations. A pre- and post-processing 

package (GiD) is linked to the code. This allows mesh generation, definitions of initial and 

boundary conditions and material parameters, and processing of the results in a user-friendly 

framework. 

 

3. Model verification 

The THCM model of the COMPASS code has been extensively verified, validated, and applied 

for a range of geo-environmental and geo-energy applications ( Thomas, 1985; Thomas et al., 1998, 

2009; Hosking et al., 2018). For instance, the thermal aspects of the model have been verified 

against analytical solutions and validated against experimental data on heat propagation in a rock 

(Zagorščak et al., 2017). Moreover, the multiphase flow, considering the evolution of the degree 

of saturation as water and high-pressure ideal gas flow in a partially saturated single porosity 

medium has been verified (Hosking et al., 2018). For model application in the area of UCG, few 

verification exercises in terms of multichemical flows are detailed here to acquire the confidence 

of the developed model for the predictive purpose. The model is compared against analytical 

solutions in the verification process. 

3.1 Diffusion and convection of dissolved chemicals 

For the case of one-dimensional transport of a single solute component in a homogenous 

isotropic porous medium, the advection-diffusion equation can be described by: 
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𝜕(𝑐𝑑𝑖 𝑛𝑆𝑙)𝜕𝑡 = 𝐷𝑑𝑖 𝜕2𝑐𝑑𝑖𝜕𝑥2 − 𝑉𝑙 𝜕𝑐𝑑𝑖𝜕𝑥  (11) 

Where, t is time and x is the distance in the flow direction. Ogata and Banks (1961) presented an 

analytical solution to equation (8) considering the following initial and boundary conditions: 

𝐶𝑑(𝑥, 0) = 𝐶𝑖 (12) 

𝐶𝑑(0, 𝑡) = 𝐶0 (13) 

𝜕𝐶𝑑(∞, 𝑡)𝜕𝑡 = 0.0 (14) 

Where, Ci is the initial concentration and C0 represents the concentration at the source or at x = 0.0. 

The analytical solution was given as follows: 

𝐶𝑑(𝑥, 𝑡) = 𝐶𝑖 + 𝐶0 − 𝐶𝑖2 [𝑒𝑟𝑓𝑐 { 𝑥 − 𝑉𝑙𝑡2(𝐷𝑡)0.5} + 𝑒𝑥𝑝 (𝑉𝑙𝑥𝐷 ) ∙ 𝑒𝑟𝑓𝑐 { 𝑥 + 𝑉𝑙𝑡2(𝐷𝑡)0.5}] (15) 

In this exercise, a 10.0 m by 0.2 m saturated sandstone sample with a porosity of 0.25 was used to 

investigate such behaviour. The sample domain is discretized into 50 equally sized quadrilateral 

elements. The simulation is carried out for 1000 hours. The average linear liquid velocity Vl is set 

as 1.0×10-6 m/s. The diffusion coefficient D (m2/s) is set as 1.0×10-7 m2/s. The initial chemical 

concentration is assumed as zero. At the left boundary, i.e. x = 0, solute boundary condition is 

prescribed for a constant source concentration of 10.0 mg/L. At the right boundary, i.e. x = 10.0 m, 

no chemical flux is applied.  

The concentration profiles for advective-diffusive flow in the saturated sandstone sample have been 

obtained using the analytical solution and numerical model, as shown in Figure 2. A good 
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agreement between the analytical and numerical modelling results can be observed in the solute 

concentration profile after 1000 hours (Figure 2a) and the solute concentration evolutions at point 

(0.5, 0.1) (Figure 2b). It indicates that the diffusion and advection transport mechanisms have been 

correctly implemented in the transport module of COMPASS. The minor difference between the 

analytical and numerical concentration results is mainly attributed to the right boundary condition: 

zero-flux was applied at the right boundary (x = 10.0 m) for simulation and the far-field boundary 

(x = ∞) for analytical calculation. 

 

3.2 Reactive transport 

The gas flow considering diffusion, advection, and adsorption in porous media is described by 

equation (5). When the adsorption process is descibed by the Langmuir isotherm model, the 

adsorbed gas volume can be given as: 

𝑉𝐸 = 𝑉𝐿 𝑃𝑃 + 𝑃𝐿 (16) 

Where, VL is the Langmuir’s volume (mol/kg), P and PL are the gas pressure and Langmuir’s 

pressure (Pa). The theoretical derivation conducted by Wu et al. (2014) provids the approximate 

analytical solution: 

𝑃2(𝑟,  𝑡) = 𝑃𝑖2 − 𝜇𝑄𝑚2𝜋𝑘ℎ𝛽 
𝐸𝑖 (− 𝑟24𝐴𝑡) (17) 

Where, P is the transient pressure (Pa). Other details about the analytical solution derivation are 

not repeated herein, which can be found in Wu et al. (1998, 2014).  



 

14 

 

A 1D radial uniform region is used to study the transient gas (CO2) flow with and without 

considering adsorption in a porous media with a porosity of 0.25. The initial gas pressure of 1.0×105 

Pa is assumed to be uniform throughout the overall region. A constant gas mass injection rate of 

1.0×105 kg/s is imposed at the well boundary. Langmuir model is applied herein to describe the 

equilibrium adsorption process. The Langmuir volume (mol/kg) and pressure (Pa) are 0.49 and 

2.83×106, respectively. 

The gas concentration profiles after 1 day obtained using the analytical solution and numerical 

model are presented in Figure 3. An excellent agreement between the analytical and COMPASS 

result can be observed in both cases: with and without adsorption. Moreover, the results indicate 

that the gas propagation in the case considering adsorption is slower compared to the results 

without adsorption, reflecting the retardation influence of the adsorption. 

 

4. Model validation against UCG related small-scale experiments (Hoe-creek I site) 

The COMPASS code is applied against available literature data on former UCG trials for the 

validation purpose. Hoe Creek UCG programme conducted by the Lawrence Livermore National 

Laboratory (LLNL), which was widely reported in literature (Campbell et al., 1978; Dalton and 

Campbell, 1978) was used herein. Two series of laboratory experiments were designed by Dalton 

and Campbell (1978) to deal with the release and migration of dissolved chemicals produced during 

UCG process. The first test was a leaching test for coal ash samples, providing a quantitative 

evaluation of released chemicals from coal ash left underground. The second one was designed to 

investigate the transport of phenolic materials and saline solution through the coal stratum 

surrounding the UCG cavity, revealing the strong adsorption of phenol by the coal. The integrated 
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experimental set up is presented in Figure 4. The experimental results are used herein for the model 

validation in terms of ash leaching and solute transport in strata adjacent to the UCG reactor. 

4.1 Ash leaching test 

A 0.02 m × 0.1 m leaching column was filled with approximately 50 cm3 of water and 

approximately 10 g of heat-treated ash sample to investigate the leaching process (Dalton and 

Campbell, 1978). Ca2+ is studied herein as the principal species identified in the leachate. Based 

on the back analysis, the average water flux in the leaching column is assumed to be 3.0×10-7 m/s, 

slightly lower than the applied water volumetric flow rates (10 cm3/hr) through the 1000 ºC heated 

ash sample. The initial Ca2+ concentration is calculated based on the maximum leachate mass, as 

9.88 mg/L. Based on Dalton and Campbell (1978), the porosity of the material is taken as 0.1 and 

Ca2+ diffusion coefficient as 5.5×10-10 m2/s. The simulation is carried out for 85 hours, which 

corresponds to the duration of collecting the maximum leachate mass. The porous medium is 

considered as saturated during the studied period. 

Based on the variations of residual Ca2+ concentration in the studied domain calculated by 

COMPASS code, the leachate mass evolution of Ca2+ is estimated. Figure 5 presents a good 

agreement between the measured and calculated result of Ca2+ leachate mass, indicating that the 

leaching process of the heat-treated ash sample has been properly simulated with the parameters 

considered. 

4.2 Chemical transport experiments  

In the chemical transport experiments, a plexiglass column (1.52 m × 0.1 m) was packed with 

coal particles approximately 0.007 m in diameter, backfilled with water using a vacuum and flushed 

with NaBr and phenol solution, respectively (Dalton and Campbell, 1978). Solute samples were 
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drawn from each port using a disposable syringe, to measure the solute concentrations at different 

fixed points along the length of the coal column during the experiment. Following Dalton and 

Campbell (1978), fixed concentrations of 102.9 and 600 mg/L are applied on one side of the domain 

providing a constant source of chemicals for the NaBr and phenol experiments, respectively. The 

simulations are carried out for 350 and 700 hours in the cases of NaBr and phenol, respectively. 

Table 1 details the main parameters used for the validation exercises. 

The concentration profiles calculated using COMPASS code agree very well with the measured 

results, for both NaBr (Figure 6a) and phenol (Figure 6b). Especially, the results indicate that coal 

has stronger adsorption of phenol than NaBr, retarding the propagation of phenol significantly 

within the studied coal layer. Those results suggest that the reactive transport of inorganic and 

organic chemicals generated during the UCG process can be simulated properly by the COMPASS 

code. 

 

5. Model application and analysis  

A comprehensive investigation of transport phenomena of the UCG related products would aid 

in determining the risk of possible threats to the environment. During the gasification process, the 

reactor pressure is generally kept below the surrounding hydrostatic pressure to minimize the loss 

of gaseous and liquid chemicals. However, if an outward pressure gradient and a pathway for flow 

(e.g. crack) appear for a short period, syngas losses can appear. Contrary to gaseous chemicals, 

dissolved chemicals are released into the surroundings of the georeactor especially after the 

termination of the UCG process (Dalton and Campbell, 1978; Liu et al., 2007). At the completion 

of gasification, groundwater begins to invade the gasifier. As the cavity cools and fills with water, 
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the residual ash is leached, leading to changes in pH and the concentration of many dissolved 

species. 

COMPASS code is applied herein to gain an enhanced understanding of the coupled processes in 

the UCG reactor vicinity by performing numerical analysis to investigate gas and solute 

propagations in different strata during and after the UCG process. A simplified 1D domain with 30 

m in length is studied with considering three different rock materials (sandstone, coal, and shale) 

as the porous media surrounding the UCG reactor. The detailed material parameters are listed in 

Table 2 (Liu and Smirnov, 2008; Ferrari et al., 2014; Parajuli et al., 2017). In particular, the soil-

water retention characteristics and hydraulic conductivity variations of these three porous media 

are plotted in Figures 7a and 7b. Moreover, their thermal conductivities and heat capacities are 

considered as temperature-dependent following the work by Kosowska-Golachowska et al. (2014), 

Tang et al. (2015), and Zagorscak et al. (2019). The simulations are carried out for 10 days during 

the gasification process and 10 years in the decommissioning stage to investigate the gas and solute 

transport, respectively.  

 

5.1 Syngas transport during the UCG reactor operating stage 

The studied zone is assumed at a partially saturated initial condition with a degree of water 

saturation of 0.89 and an initial temperature of 305.15 K. The studied syngas includes CO2, CH4, 

H2, CO, and H2S, with different gas diffusion coefficients of 1.15×10-5, 2.33×10-5, 1.48×10-4, 

2.1×10-5, and 1.28×10-5 m2/s at 303.15 K. The initial gas concentration of each studied gas is 

assumed to be 0.1 mol/m3, while the initial porewater pressure is set as 4.8 MPa (Chappell and 

Mostade, 1998). The gas boundary conditions at the cavity are described by the fixed gas 

concentrations of syngas, composing of CO2, N2, H2, CH4, CO, C2H6 and H2S with assumed molar 



 

18 

 

ratios based on in situ trial presented in Chappell and Mostade (1998) (Table 3) with a total gas 

concentration of 500.68 mol/m3. It is assumed that the water pressure at the far-field boundary is 

kept as constant, allowing water flow outwards freely. The details of the initial and boundary 

conditions applied for the study of gas propagation are presented in Table 4. Specifically, the 

temperature at the boundary is assumed to increase linearly from 303.15 to 1273.15 K within the 

initial 1.3 days and then kept constant at 1273.15 K until the end of the studied period (Liu et al., 

2019). The highest total gas pressure at the cavity boundary approaches to 5.3 MPa, based on the 

observation by Chappell and Mostade (1998). Considering the critical temperature (647.09 K) of 

water and the temperature limitation (<643.15 K) in the estimation of water viscosity, the degree 

of saturation in the studied zone is assumed to be equal to its residual capacity when the temperature 

is higher than 643.15 K, representing a dry porous medium with no mobile liquid water. To 

investigate the impact of adsorption on solute propagation in the strata surrounding the UCG 

reactor, the transport of phenol and NH4
+ species in the coal layer is studied based on the Langmuir 

model with the sorption parameters measured by Jabłońska (2012) and Tu et al. (2019). 

Based on the methodology introduced above, the degree of saturation and heat propagation in three 

different materials after 10 days are plotted in Figures 8a and 8b, respectively. The gas and heat 

propagation alter the degree of saturation of the UCG surrounding strata. The dry front moves to 

around 22.7 m, 19.8 m and 1.0 m in sandstone, coal, and shale, respectively. Soil-water retention 

characteristics are the main drivers for such behavior observed in the three materials. Furthermore, 

it can be observed that the high temperature regions, i.e. higher than 500 K, in sandstone, coal, and 

shale are all limited up to 1 m. A small difference between the temperature profiles in different 

materials is mainly governed by their variations in thermal conductivities and heat capacities which 

are introduced as temperature-dependent in the model (Zagorščak et al., 2019).  
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As shown in Figure 9, the propagation distance of gases in three porous media (sandstone, coal, 

and shale) presents the same tendency: H2 > CO2 > CH4 > CO > H2S. Specifically, the movement 

of  H2 is much faster than other gases due to the predominant effect of gas diffusion in gas transport 

(Zagorščak et al., 2019), which is closely related to the gas diffusion coefficient. The diffusion 

coefficient of H2 (1.48×10−4 m2/s) is approximately 10 times higher compared to other gases. 

Besides, the concentration gradients of H2 and CO2 are the highest amongst the gases in the domain, 

due to their high concentrations in the syngas, which directly contributes to differences in 

propagation distances.  In general, the propagation distance of gases in sandstone is larger than that 

in coal and shale. Sandstone has higher porosity and permeability than coal and shale, allowing the 

gases to propagate to a further distance. Such behavior is consistent with the one observed in the 

El Tremedal UCG trial, which reported that gas losses from the cavity into the permeable sand 

layer above the target coal seam were high and caused reductions in the efficiency of the process 

(Chappel and Mostade, 1998). Due to the high air entry value of shale and its low permeability, it 

is difficult for syngas produced by coal gasification to transport in the shale layer surrounding the 

UCG reactor. The observed gas propagation is limited to 1.0~2.0 m in shale after 10 days, which 

is mainly attributed to the dry zone generated by the high temperature. In conclusion, the gas 

propagation in surrounding strata is dominated by the properties of various materials e.g. water 

retention curves, porosity, and permeability, and the produced gas component, e.g. gas diffusion 

coefficients and concentrations in the cavity. In terms of the strata with high air entry value and 

low permeability, e.g. shale, the reactor can be operated at pressures near hydrostatic to maximize 

the methane generation which is favorable under high pressures. As in such case the heat losses as 

a consequence of reduced gas transport and the evaporation of groundwater would be minimal, the 

gasifier efficiency would be elevated. However, the equilibrium between the hydrostatic pressure 
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in higher permeable rock type, e.g. sandstone, surrounding the UCG reactor and the production 

pressure within the reactor should be maintained to minimize any gas loss from the reactor.  

Figures 10a and 10b show that the propagation of CO2, CH4, H2, and CO and H2S in coal with 

considering the temperature and pressure effects on the gas diffusion coefficient after 10 days, 

respectively. It can be observed that the transport of each gas species is retarded to some extent 

when those effects are considered. Based on the Chapman-Enskog theory, higher temperature can 

improve the gas diffusion coefficient value. However, the value of gas diffusion coefficient drops 

quickly as the gas pressure increases. Temperature and pressure have the opposite effect on the 

syngas diffusion in the surrounding strata. This change in gas diffusion coefficient with pressure 

and temperature is more significant for gases with high initial value of diffusion coefficient (e.g. 

H2), while the temperature and pressure changes have only minor impact on gases with low initial 

value of diffusion coefficient (e.g. CO2, CH4). Therefore, the results indicate that such effect should 

be included in the estimation of the gas diffusion coefficient when assessing the transport of syngas 

rich in H2, allowing a more accurate evaluation of the potential syngas transport in the surrounding 

strata. On the opposite, the impact of pressure and temperature on diffusive flow of gas produced 

at high pressures, which is rich in CO2 and CH4 (Zagorscak et al., 2020), and especially in strata 

with high permeability where advection is the dominant transport process, is less evident. 

The impact of adsorption on gas propagation in the strata surrounding the UCG reactor has been 

investigated in our previous work (Zagorščak et al., 2019). The transport of CO2 and CH4 species 

in the coal layer surrounding the UCG reactor was studied in depth based on the extended Langmuir 

model, presenting the significant retardation effect of adsorption. High temperature favors the 

existence of gas in a free state rather than being absorbed by coal and the gas sorption capacity 

decreases as the temperature goes up (Chen et al., 2011; Krooss et al., 2002; Zhu et al., 2011). 
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However, the research on gas adsorption under high temperature above 353.15 K is still scarce. 

Considering the temperature propagation in the studied zone during the UCG reactor operation 

stage in a longer term, the temperature effect on the adsorption process requires to be included in 

the future study of gas transport. Besides, cavity formation may induce rock porosity and 

permeability changes close to the cavity, which might additionally affect the gas transport/losses 

in the surrounding strata. In conclusion, the evaluation of the potential syngas migration in coal 

can help in identifying the proper width of the safety pillars between the UCG reactors, avoiding 

the potential gas escape from one cavity to another, and minimizing the negative environmental 

impact of UCG. 

 

5.2 Reactive transport of dissolved chemicals during the UCG reactor decommissioning stage 

Based on the site investigation of Hoe Creek UCG project (Campbell et al., 1978), the typical 

dissolved species observed in UCG surrounding strata include phenol, CN-, Ca2+, NH4
+, SO4

2-, etc. 

The diffusion coefficients of phenol, CN-, Ca2+, NH4
+, SO4

2- are 9.79×10-10, 1.53×10-9, 2.63×10-9, 

1.95×10-9 and 1.89×10-9 m2/s, respectively. The initial solute concentration is assumed as the 

baseline (0.1 ppm) and the degree of saturation is assumed as 0.9. Fixed concentrations of various 

dissolved chemicals, with equal values as initial, are assumed at the far-field boundary (x = 30 m). 

The propagations of the dissolved chemicals are studied in three different scenarios: pure diffusion 

was considered in case 1, and diffusion and advection with two different hydraulic 

gradients/groundwater flow rates were considered in cases 2 and 3. Table 4 detailed the information 

of the initial and boundary conditions applied to the domain and the studied three scenarios. 

Moreover, some residual heat left in the cavity may affect the propagation of dissolved chemicals 

via diffusion as well. Therefore, in the case considering temperature effect, a constant temperature 
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of 643.15 K is applied at the cavity boundary during the whole studied period to reflect the worst 

scenario of high temperature in the cavity which may potentially persist for several years after the 

gasification process. 

The propagation of dissolved chemicals in three different cases after 10 years are presented in 

Figures 11a, 11b, and 11c for three different materials: sandstone, coal, and shale. In sandstone, 

the dissolved chemicals move to around 2.1 m in case 1, 6.8 m in case 2, and 12.0 m in case 3, 

respectively. The dissolved chemicals in coal propagate to about 1.3 m in case 1, 4.2 m in case 2, 

and 7.5 m in case 3, respectively. The propagation of dissolved chemicals in shale is limited to 1.5 

~2.5 m in three cases. Generally, in three different materials, the dissolved chemicals move faster 

in case 3 than the other two cases due to the predominant effect of advection in solute transport. 

However, in case 1, it can be observed that the propagation of dissolved chemicals is limited to 

around 2 m in three porous media with considering pure diffusion in solute transport. In cases 2 

and 3, the solutes propagate to a further distance in sandstone compared to that in coal and shale 

under the same hydraulic gradient. This is mainly attributed to the differences in permeabilities of 

the three porous media (sandstone > coal > shale). Especially, it is noticed that the propagation of 

the dissolved chemicals is limited to 2.5 m in three cases of shale after 10 years, presenting the 

good performance of shale as a potential natural buffer. In conclusion, the potential movement of 

the dissolved chemicals is significantly affected by the groundwater flow rate and the strata type 

in the zone surrounding the UCG cavity. In other words, it is of great importance to consider the 

hydrogeological and geological conditions carefully in the potential UCG site selection and to 

avoid the potential negative environmental impact.  

The solute propagation in coal considering the temperature effect is also presented and compared 

with the case without considering temperature effect, as shown in Figure 12. For instance, phenol 
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propagation approaches 4.6 m in the case considering high temperature, further than 1.1 m when 

the high temperature effect is not considered, respectively. A similar phenomenon can also be 

identified for other dissolved chemicals. The results indicate that high temperature improves the 

solute propagation in the coal. An understanding of the cooling regime and the persistence of the 

residual heat in the cavity after UCG process would be helpful to reliably estimate the solute 

propagation in the surrounding strata. Nevertheless, as residual temperature can only persist for 

several years in the gasification cavity and the cavity will eventually become in thermal equilibrium 

with the surrounding environment, the impact of temperature on the transport of dissolved 

chemicals for the timeframes that need to be considered (>1000 years) in ensuring that the 

unacceptable risks to the environment will not arise,is believed to be limited. 

To investigate the impact of adsorption on solute propagation in the strata surrounding the UCG 

reactor, the transport of phenol and NH4
+ species in the coal layer is studied based on the Langmuir 

model with the sorption parameters measured by Jabłońska (2012) and Tu et al. (2019), as shown 

in Table 5. Figures 13a and 13b indicate that the propagation of phenol and NH4
+ in the case 

considering adsorption is much slower compared to the results without adsorption, reflecting the 

significant retardation effect of the adsorption. It also suggests that more experimental work on the 

sorption properties of other chemicals by different rocks surrounding the UCG reactor is still 

required in the further investigation of UCG environmental impact.  

Furthermore, some residual heat left in the cavity in the UCG decommissioning stage may also 

influence the adsorption process of dissolved chemicals by the strata layers. It would be beneficial 

to have an understanding of the non-isothermal adsorption of dissolved chemicals by different 

UCG surrounding strata materials. In conclusion, in the UCG decommissioning stage, the 

groundwater flow regime and the duration of UCG cavity cooling stage need to be estimated to 
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evaluate the long-term impact of UCG operation. Due to the paucity of the research on this aspect, 

more experimental work on adsorption of the UCG produced risky chemical species by different 

rocks (under different temperatures) is necessary to allow for reliable assessment of both reactive 

gas and solute transport in UCG surrounding strata and can be further helpful in site selection to 

avoid the negative environmental impact.  

 

6. Conclusions 

The present study aims to address the multiphase flows in the surrounding strata of UCG reactor 

and to improve the understanding of the potential environmental impact of UCG. For that purpose, 

a coupled thermal-hydro-chemical (THC) model is employed and developed to investigate the 

potential gas propagation during the UCG process and solute transport in the UCG 

decommissioning stage. Based on the verification, validation, and application of the introduced 

numerical model, the following conclusions can be drawn: 

(1) The gas propagation in strata surrounding the UCG reactor is dominated by rock properties 

and the produced gas components. In terms of the strata with high air entry value and low 

permeability, e.g. shale, the gas propagation is limited to the area adjacent to the UCG 

reactor during the studied period. Besides, the gas propagation is retarded to some extent 

due to the opposite effect of high pressure on gas diffusion. Based on the improved 

understanding of the potential syngas migration in coal, the gas escape from one cavity to 

another can be avoided by choosing the proper width of the safety pillars between the UCG 

reactors. Moreover, by selecting the target coal seam surrounded by strata layers with high 

air entry value and low permeability, the reactor can be operated at pressures near 
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hydrostatic to maximize the methane generation which is favorable under high pressures, 

and the gas losses from the reactor can be minimized.  

(2) In the strata surrounding the UCG reactor, the propagation of chemicals in aqueous phase 

with consideration of pure diffusion is limited to 1.0~2.0 m after 10 years. Thereby, the 

potential negative environmental impact of ash leaching and solute propagation in UCG 

decommissioning stage can be avoided/minimized by selecting the surrounding strata layers 

with low permeability. 

(3) The concentrations of gaseous and dissolved chemicals decrease significantly as a result of 

adsorption on the coal, i.e., CO2 and CH4, phenol and NH4
+ can be significantly absorbed by 

coal. Thereby, the coal seam and strata serve potentially, to some extent, as a natural 

cleaning system to deal with the chemicals released during and after UCG process. This 

work also provides further insight into the significance of investigating the adsorption 

capacities of different rock types to maximize its performance to retard the potential 

propagation of various chemical species.  

(4) The feasibility of the developed numerical model to study the transport of potential 

chemicals in both gaseous and aqueous phases during UCG reactor operating process and 

commissioning stage is well presented. The presented model can be applied in other UCG 

projects for the preliminary evaluation of their potential environmental impact without 

considering the disturbed zone along with cavity formation. It will also serve as basis for 

further investigation to consider the possible thermally/mechanically induced changes in 

surrounding strata, i.e. porosities, permeabilities, soil water retention properties, and 

saturation state, during the UCG process. 
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Table captions 

Table 1: Parameters used for COMPASS model validation exercises against laboratory data. 

Table 2: Material parameters used for the application of COMPASS model to study gaseous 
transport in strata surrounding the UCG reactor  (Liu and Smirnov, 2008; Ferrari et al., 2014; 
Parajuli et al., 2017). 

Table 3. Average gas concentrations observed in El Tremedal (Spain) UCG trial (Chappell and 
Mostade, 1998). 

Table 4. Schematic of the initial and boundary conditions applied for the gas transport during UCG 
process and solute transport in UCG decommissioning stage. 

Table 5. Adsorption parameters of phenol and NH4
+ by coal. 

 

 

Figure captions 

Figure 1. A schematic of phenomena in the UCG cavity and surrounding strata.  

Figure 2. The comparison between the analytical and numerical (COMPASS model) results in 
terms of (a) solute concentration profiles after 1000 hours and (b) solute concentration 
breakthrough curve at the point (0.5, 0.1). 

Figure 3. Comparison of gas concentration profiles with and without considering adsorption by 
using the numerical and analytical solutions in a radially infinite system after 1 day. 

Figure 4. Schematic diagram of the experimental setup used to simulate ash leaching and solute 
flow through a coal seam (after Dalton and Campbell, 1978). 

Figure 5. Comparison of measured and calculated leachate mass evolution of Ca2+ during the 
leachate process  

Figure 6. (a) NaBr and (b) phenol breakthrough curves calculated and observed at various distances 
along a 1.52 m packed coal column. 

Figure 7. (a) Soil-water retention characteristics and (b) hydraulic conductivity variations of the 
porous media (sandstone, coal, and shale). 

Figure 8. (a) Degree of saturation and (b) heat propagation in different materials (sandstone, coal 
and shale) after 10 days. 

Figure 9. Gas propagation in different materials after 10 days: (a) sandstone, (b) coal, and (c) shale. 
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Figure 10. The syngas propagation with and without considering temperature and pressure effects 
on gas transport in coal during UCG process after 10 days: (a) CO2, CH4 and H2, (b) CO and H2S. 

Figure 11. The solutes propagation with and without considering ground water flow in different 
materials after 10 years: (a) sandstone, (b) coal, and (c) shale. 

Figure 12. The propagation of (a) phenol, CN-, NH4
+ and (b) Ca2+ and SO4

2- with and without 
considering temperature effect in coal after 10 years.  

Figure 13. The propagation of (a) phenol and (b) NH4
+ with and without considering adsorption in 

coal after 10 years under the effect of ground flow (case3). 
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Table 1: Parameters used for COMPASS model validation exercises against laboratory data. 

Material parameters Porosity, n (-) Diffusion 
coefficient, D (m2/s) 

Liquid velocity, 
Vl (m/s) 

Retardation 
factor, B 

NaBr experiment 0.3 5×10-9 1.25×10-6 1.39 

Phenol experiment 0.3 1.94×10-7 3.2×10-6 20.8 

 

 

 

Table 2: Material parameters used for the application of COMPASS model to study gaseous 
transport in strata surrounding the UCG reactor  (Liu and Smirnov, 2008; Ferrari et al., 2014; 
Parajuli et al., 2017). 

Parameter Porosity 
(-) 

Density 
(kg/m3) 

Permeability 
(m2) 

Van Genuchten (VG) model 
parameters 

α (m-1) n Sr Ss 

Sandstone 0.34 2650 1×10-15 1.003 2.798 0.2 0.9 

Coal 0.06 1376 1×10-16 1.89 4.8 0.2 0.9 

Shale 0.09 2316 1×10-17 7.5×10-5 1.85 0.05 0.9 

 

 

 

 

Table 3. Average gas concentrations observed in El Tremedal (Spain) UCG trial (Chappell and 
Mostade, 1998). 

 

 

 

Gasification experiment 
Average process gas concentration, vol. % 

CO2 CH4 H2 CO H2S 

Sub-bituminous coal seam 42.1 13.8 24.9 10.8 8.4 
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Table 4. Schematic of the initial and boundary conditions applied for the gas transport during 
UCG process and solute transport in UCG decommissioning stage. 

Stage Injection boundary 
conditions 

Initial 
conditions 

Far-field boundary 
conditions 

 (mol/m3 for gas, ppm for solute) 

During UCG 
reactor operating 

stage 

C01 = 210.79 (CO2) 

C02 = 69.09 (CH4) 

C03 = 124.6 (H2) 

C04 = 54.07 (CO) 

C05 = 42.06 (H2S) 

T0 = 303.15 K (<1.3 days) 

T0 = 303.15 to 1273.15 K 
(1.3 to 10 days)  

Ci= 0.1 

U0 = 4.8 MPa 

T0 = 303.15 K 

Ci= 0.1 

Ubc = 4.8 MPa 

Tbc = 303.15 K 

UCG 

decommissioning 

stage 

C01 = 450.0 (phenol) 

C02 = 290.0 (CN-) 

C03 = 110.0 (Ca2+) 

C04 = 93.0 (NH4
+) 

C05 = 260.0 (SO4
2-) 

T0 = 303.15 K 

Ci= 0.1 

T0 = 303.15 K 

Ci= 0.1 

Tbc = 303.15 K 

Case1 

(Pure diffusion) 

Ubc = 4.8 MPa U0 = 4.8 MPa Ubc = 4.8 MPa 

Case 2 

(Pure diffusion + 

advection) 

Ubc = 4.92 MPa U0 = 4.8 MPa Ubc = 4.8 MPa 

Case 3 

(Pure diffusion + 

advection) 

Ubc = 5.04 MPa U0 = 4.8 MPa Ubc = 4.8 MPa 
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Table 5. Adsorption parameters of phenol and NH4
+ by coal. 

 Saturation capacity (mg/g) Langmuir adsorption constant (L/mg) 

Phenol  11.3 0.0127 

NH4
+ 2.91 0.0108 

 

 

 

Figure 7. A schematic of phenomena in the UCG cavity and surrounding strata.  

 

 

(a) 

 

(b) 

 

Figure 8. The comparison between the analytical and numerical (COMPASS model) results in 
terms of (a) solute concentration profiles after 1000 hours and (b) solute concentration 
breakthrough curve at the point (0.5, 0.1). 
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Figure 9. Comparison of gas concentration profiles with and without considering adsorption by 
using the numerical and analytical solutions in a radially infinite system after 1 day. 

 

 

 

Figure 10. Schematic diagram of the experimental setup used to simulate ash leaching and solute 
flow through a coal seam (after Dalton and Campbell, 1978). 
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Figure 11. Comparison of measured and calculated leachate mass evolution of Ca2+ during the 
leachate process. 

 

 

(a)

 

(b)    

 

Figure 12. (a) NaBr and (b) phenol breakthrough curves calculated and observed at various 
distances along a 1.52 m packed coal column. 
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(a) 

 

(b) 

 

Figure 7. (a) Soil-water retention characteristics and (b) hydraulic conductivity variations of the 
porous media (sandstone, coal, and shale). 

 

(a) 

 

(b) 

 

Figure 8. (a) Degree of saturation and (b) heat propagation in different materials (sandstone, coal, 
and shale) after 10 days. 
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(a) (b) (c) 

Figure 9. Gas propagation in different materials after 10 days: (a) sandstone, (b) coal, and (c) shale. 

(a) (b) 

Figure 10. The syngas propagation with and without considering temperature and pressure effects 
on gas transport in coal during UCG process after 10 days: (a) CO2, CH4 and H2, and (b) CO and 
H2S. 

 

 

 

(a) 

 

(b) 

 

(c) 

 

Figure 131. The solutes propagation with and without considering ground water flow in different 
materials after 10 years: (a) sandstone, (b) coal, and (c) shale. 
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(a) (b)  

Figure 12. The propagation of (a) phenol, CN-, NH4
+ and (b) Ca2+ and SO4

2- with and without 
considering temperature effect in coal after 10 years. 

 

 

 

(a) (b)  

Figure 13. The propagation of (a) phenol and (b) NH4
+ with and without considering adsorption in 

coal after 10 years under the effect of ground flow (case3). 
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