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ABSTRACT 

I 

ABSTRACT 

Underground coal gasification (UCG) has the potential to increase worldwide coal reserves by 

developing coal resources, currently not economically extractable by conventional mining 

methods. For that purpose, coal is combusted in situ to produce a high-calorific synthesis gas with 

different end-use options, including electricity generation as well as production of fuels and 

chemical feedstock. Apart from the high economic potentials, UCG may induce site‐specific 

environmental impacts, including ground surface subsidence and pollutant migration of UCG by-

products into shallow freshwater aquifers. Sustainable and efficient UCG operation requires a 

thorough understanding of the coupled thermal, hydraulic and mechanical processes, occurring 

in the UCG reactor vicinity. The development and infrastructure costs of UCG trials are very high; 

therefore, numerical simulations of coupled processes in UCG are essential for the assessment of 

potential environmental impacts. Therefore, the aim of the present study is to assess UCG-induced 

permeability changes, potential hydraulic short circuit formation and non-isothermal multiphase 

fluid flow dynamics by means of coupled numerical simulations. Simulation results on 

permeability changes in the UCG reactor vicinity demonstrate that temperature-dependent 

thermo-mechanical parameters have to be considered in near-field assessments, only. Hence, far-

field simulations do not become inaccurate, but benefit from increased computational efficiency 

when thermo-mechanical parameters are maintained constant. Simulations on potential 

hydraulic short circuit formation between single UCG reactors at regional-scale emphasize that 

geologic faults may induce hydraulic connections, and thus compromise efficient UCG operation. 

In this context, the steam jacket surrounding high-temperature UCG reactors plays a vital role in 

avoiding UCG by-products escaping into freshwater aquifers and in minimizing energy 

consumption by formation fluid evaporation. A steam jacket emerges in the close reactor vicinity 

due to phase transition of formation water and is a non-isothermal flow phenomenon. 

Considering this complex multiphase flow behavior, an innovative conceptual modeling approach, 

validated against field data, enables the quantification and prediction of UCG reactor water 

balances. The findings of this doctoral thesis provide an important basis for integration of thermo-

hydro-mechanical simulations in UCG, required for the assessment and mitigation of its potential 

environmental impacts as well as optimization of its efficiency. 



ZUSAMMENFASSUNG 

II 

ZUSAMMENFASSUNG 

Die Untertagevergasung von Kohle (UTV) ermöglicht die Erschließung konventionell nicht 

förderbarer Kohleressourcen und bietet dadurch Potenzial zur Erhöhung der weltweiten 

Kohlereserven. Bei der in-situ Kohleumwandlung entsteht ein hochkalorisches Synthesegas, das 

elektrifiziert oder zur Gewinnung chemischer Rohstoffe und synthetischer Kraftstoffe eingesetzt 

werden kann. Neben den wirtschaftlichen Möglichkeiten, bestehen jedoch auch standort-

spezifische Umweltgefährdungspotentiale durch Subsidenz und Schadstoffmigration von UTV-

Rückständen in nutzbare Grundwasserleiter. Eine nachhaltige und effiziente UTV erfordert ein 

umfangreiches Verständnis der thermisch, hydraulisch und mechanisch gekoppelten Prozesse im 

UTV-Reaktornahbereich. Aufgrund der hohen Investitionskosten von UTV-Pilotanlagen, sind 

numerische Simulationen gekoppelter Prozesse von entscheidender Bedeutung für die Bewertung 

möglicher UTV-Umweltauswirkungen. Im Rahmen dieser Arbeit wird die UTV-induzierte 

Permeabilitätsveränderung, Erzeugung möglicher hydraulischer Kurzschlüsse benachbarter 

Reaktoren und Dynamik nicht-isothermer Multiphasenflüsse mit gekoppelten Simulationen 

analysiert. Die Simulationsergebnisse zeigen, dass eine Implementierung temperaturabhängiger 

thermo-mechanischer Gesteinsparameter nur für Untersuchungen von Permeabilitäts-

änderungen im Reaktornachbereich notwendig ist. Die Ergebnisse erlauben somit eine 

recheneffiziente Realisierung von komplexen thermo-mechanisch gekoppelten Simulations-

studien regionalskaliger Modelle mit konstanten Gesteinsparametern, bei nahezu 

gleichbleibender Ergebnisgenauigkeit, die zur Bewertung von UTV-Umweltgefährdungs-

potenzialen beitragen. Simulationen zur Ausbildung hydraulischer Kurzschlüsse zwischen 

einzelnen UTV-Reaktoren auf regionaler Skala, verdeutlichen die Relevanz von geologischen 

Störungen an einem UTV-Standort, da diese durch Reaktivierung hydraulische Verbindungen 

induzieren und somit einen effizienten und nachhaltigen UTV-Betrieb negativ beeinträchtigen 

können. In diesem Zusammenhang kommt der Ausbildung einer Wasserdampfphase, der 

sogenannte „steam jacket“, im Hochtemperaturnahbereich von UTV-Reaktoren, als potenzielle 

Barriere zur Vermeidung von UTV-Schadstoffaustritten und zur potenziellen Minimierung von 

Energieverlusten eine entscheidende Bedeutung zu. Diese steam jackets entstehen durch 

evaporiertes Formationswasser und sind komplexe nicht-isotherme Multiphasenfluss-

Phänomene. Für ein verbessertes Prozessverständnis dieser Multiphasenflüsse, wurde ein 

neuartiges Modellkonzept entwickelt, welches, validiert gegen Feldversuchsdaten, erstmals 

sowohl eine Quantifizierung als auch Prognose von Wasserflussraten in und aus einem UTV-

Reaktor erlaubt. Die Ergebnisse der vorgelegten Doktorarbeit bilden eine wichtige Grundlage für 

eine erfolgreiche Integration gekoppelter thermo-hydro-mechanischer Simulationen in 

weiterführende Studien. Vor dem Hintergrund hoher UTV-Umweltgefährdungspotentiale, können 

diese zur verbesserten Bewertung und Minderung von UTV-Umweltauswirkungen beitragen, 

sowie die UTV-Effizienz nachhaltig optimieren. 
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1 INTRODUCTION 

The worldwide energy system is facing great change and major challenges in the present century. 

Oil, coal and natural gas have dominated the world’s energy supply since the 20th century and still 

account for more than 80% of primary energy demand (IEA, 2016). Fossil fuels are abundant for 

the moment but limited, becoming ever-scarcer resources in the future and are jointly responsible 

for the global climate change (Edenhofer et al., 2011). The consumption of fossil fuels is the main 

source of anthropogenic greenhouse gas emissions, whereby particularly coal is the most carbon-

intensive of the three main fossil fuels (Edenhofer et al., 2011; Self et al., 2012). The reduction of 

anthropogenic greenhouse gas emissions is of global interest to reach national and international 

climate targets. Therefore, the decarbonization of the energy system is one of a number of energy-

related policy priorities being pursued by governments around the world (IEA, 2016). However, 

there is still a long way to go until then, because renewables are still too intermittent and costly 

(Verbruggen and Yurchenko, 2017), and nuclear has yet to satisfactorily solve its waste disposal 

and proliferation issues (Alexander et al., 2015). Even if all nations abide by Paris Agreement 

pledges (UNFCCC, 2015), only 37% of power generation of the global energy sector is produced 

from renewables, especially wind power and solar power in 2040 (IEA, 2016). Until these issues 

are solved, the near- to mid-term sources of primary energy are likely to be fossil fuels (IEA, 2016). 

In this context, natural gas continues to expand in the next 25 years, while the shares of coal and 

oil fall back; nevertheless, coal is the most abundant wide-spread source for energy and chemicals 

around the world (IEA, 2015; World Energy Council, 2013). As proven oil and gas reserves are 

depleted more rapidly, coal is still expected to play an important role in the following decades, at 

least until more sophisticated economical renewable energy sources are further developed (IEA, 

2016; Shafirovich and Varma, 2009). In this context, underground coal gasification (UCG) is an 

option that allows for utilization of deep-seated coal deposits not economically exploitable by 

conventional coal mining, and has therefore the potential to increase the worldwide coal reserves 

(Couch, 2009). 

1.1 COAL AND ITS CURRENT RELEVANCE FOR THE GLOBAL ENERGY SYSTEM 

The reach of the world`s onshore and offshore hard coal (593 Gtoe = Gigatons of oil equivalent) 

and lignite (112 Gtoe) reserves are significant (about 55% of major fossil fuels), and play a central 

role in the worldwide supply of the energy system (BGR, 2015; Schiffer and Thielemann, 2012). 

These reserves have the potential to provide security of future energy supply long after oil and 

natural gas reserves are exhausted (IEA, 2015; World Energy Council, 2013). Coal is still the second 

most important source of primary energy (about 30%) and is mostly used for power generation - 

over 40% of worldwide electricity is produced from coal (IEA, 2016). In addition, coal is affordable, 

easy to transport, store and use, free of geopolitical tensions and used to produce virtually all non-

recycled iron (IEA, 2015). For this purpose, there are currently numerous coal-fired power stations 

around the world at different stages of construction and planning, which could be completed in 

the next decade (see Figure 1), in spite of the goal set by the international community in the Paris 

agreement (González-Eguino et al., 2017). In the years between 2010 and 2015 around 
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500 coal-fired plants were built globally, especially countries such as China and India greatly 

increased their stock (González-Eguino et al., 2017). 

 

Figure 1: Existing coal power plant capacity in 2015 (green), under construction in 2016 (blue) and planned 

(orange) after González-Eguino et al. (2017) (EU = European Union; ROW = Rest of the World). 

However, the traditional extraction of coal reserves (e.g., open pit mining, longwall mining as well 

as room- and -pillar mining) is problematic not only due to the high amount of carbon dioxide and 

methane releases (Boger et al., 2014; Karacan et al., 2011). It is known that both conventional 

methods (open pit and underground mining) are problematic, since they leave a massive 

environmental footprint due to high potential ground surface subsidence, localized flooding and 

water pollution (Eftekhari et al., 2012; Self et al., 2012). Especially water resources are affected by 

discharging huge amounts of acid mine water (Tiwary, 2001). Moreover, the depth of coal 

exploitation will increase, when shallow coal resources are exhausted, e.g., with coal-mining faces 

in China reaching depth of up to 1500 m (Haifeng et al., 2012) and in Germany up to more than 

1600 m (RAG, 2017; Wolters et al., 2015), which relates to very cost-intensive mining. In addition, 

conventional mining methods are generally not suited to offshore working, while the 

development and infrastructure costs of new onshore mines can render exploitation of reserves 

uneconomic (Sury et al., 2004). Currently, more than 95% of the world’s known coal is technically 

or economically not accessible (BGR, 2015). 

1.2 UNDERGROUND COAL GASIFICATION (UCG) 

The technology of underground coal gasification aims at in situ conversion of coal deposits and 

production of a high-calorific synthesis gas, which is, e.g., applicable for power generation, natural 

gas substitution as well as fuel, hydrogen, fertilizer and chemical feedstock production (Bhutto et 

al., 2013; Blinderman et al., 2008; Burton et al., 2006; Friedmann et al., 2009; Hewing et al., 1978; 

Kempka et al., 2011b; Klimenko, 2009; Nakaten et al., 2013; Prabu and Jayanti, 2011). Nowadays, 
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the target seam is developed by directional drilling to make the coal accessible for in situ 

combustion (Couch, 2009). It facilitates the possibility of exploiting coal seams, currently not 

mineable by conventional methods due to geologically complex settings, high deposit depths, low 

coal seam thickness or quality, in an economical, safe and more environmental-friendly manner 

compared to conventional coal mining (Burton et al., 2006). Furthermore, UCG has a higher 

resource utilization efficiency (Burton et al., 2006; Friedmann et al., 2009). Hence, UCG has the 

potential to increase the global ratio between economically recoverable coal reserves and 

geological coal resources. The World Energy Council states that early studies suggest a potential 

increase of the world’s coal reserves by as much as 600 billion tons, which represents a 70% 

increase by the use of UCG (Couch, 2009; World Energy Council, 2007). UCG also offers a high 

potential for integration with Carbon Capture and Storage (CCS), using the pipe infrastructure 

aboveground as well as the voids created by in situ combustion and the fractured surrounding 

rocks in the subsurface to store CO2 and to realize lower greenhouse gas emissions (Kempka et 

al., 2011a; Ramasamy et al., 2014; Roddy and Younger, 2010; Younger, 2011). The potential of 

economically storing greenhouse gas emissions gives UCG an especially important added value 

compared to other clean coal technologies (Burton et al., 2006). In addition, compared to 

conventional coal mining, UCG has advantages such as lower operating costs and surface 

subsidence, and no mine safety issues (e.g., mine collapse, methane outbursts, asphyxiation; 

Burton et al., 2006). 

1.2.1 PRINCIPLE OF UCG 

The concept of UCG, schematically illustrated in Figure 2, is based on borehole mining, whereby 

the target coal deposits are developed by directional drilling and then converted into a synthesis 

gas by sub-stoichiometric combustion, using gasification agents based on oxygen-enriched air 

and/or steam (Burton et al., 2006; Couch, 2009; Sury et al., 2004). 

 

Figure 2: Schematic view of the in situ underground coal gasification principle based on the CRIP (Controlled 
Retracting Injection Point) method, modified after Kempka et al. (2009). 
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The subsurface preparation of the seam and gasification needs a minimum of two boreholes. The 

wells are linked to form a highly permeable path between injection and production wells to allow 

for injection of an oxidizer, UCG reactor growth, synthesis gas flow and extraction of the synthesis 

gas. The rate of reactor growth is controllable via the rate of air enriched with steam injection 

(Najafi et al., 2015). Earlier, Linked Vertical Wells (LVW) and Steeply Dipping Bed (SDB) were the 

most popular drilling configurations for horizontal and steeply dipping coal seams (> 60°), 

respectively (Khan et al., 2015; Mostade, 2014). The LVW method requires drilling of injection and 

production wells and a linkage between them. The SDB configuration comprises two slanted 

boreholes, whereby the production well is drilled in-seam to a predetermined distance above the 

base of the injection well, which is drilled initially beneath the coal seam until it intersects the coal 

seam (Mostade, 2014). Recently, the Controlled Retracting Injection Point (CRIP), invented in the 

1980s Centralia series of UCG trials in Washington (Oliver et al., 1989), has gained considerable 

attraction due to its enhanced control and improved overall efficiency (Bhutto et al., 2013). The 

simplest CRIP configuration needs one vertical production well and a deviated in-seam horizontal 

injection well (Figure 2). The coal seam is ignited subsequently around the injection point and near 

the production well by the injection of gases or fluids (O2, inflammable gas, steam). After sufficient 

amount of coal has been gasified, the injection point is retracted in the upstream direction (Oliver 

et al., 1989). Therefore, the CRIP method allows for greater volumes of coal to be gasified by the 

creation of multiple UCG reactors along the in-seam length of the injection well of up to 1500 m 

(Mostade, 2014). Surface equipment will be required to store, monitor, control and to provide N2 

to extinguish gasification if required (Staúczyk et al., 2012). 

UCG is a complex, coupled thermo-hydro-chemical-mechanical process. During the gasification 

process, coal is converted into a high-calorific synthesis gas and temperatures in the order of more 

than 1000 °C are generated (Burton et al., 2006). Hence, turning initial solid coal to char and ash, 

creates a cavity (in the following called UCG reactor), and induces water phase transitions from 

liquid to steam (steam jacket) with non-isothermal multiphase flow (Blinderman and Jones, 2002). 

Figure 3 schematically shows the most relevant processes occurring between the gasification 

reactor and its cooler surroundings. Perkins and Love (2010) emphasize that sustainable operation 

of UCG reactors aims to maintain a small, but nonetheless positive flow of formation fluids into 

the reactor to reduce gas losses and the escapes of organics which may have environmental 

impacts on the groundwater resources. In this context, the water balance (water in- and outflow 

into and out of the reactor) can be managed by varying the reactor operating pressure. Due to the 

high temperature, the water flow is subject to multiphase interactions at the reactor boundary, 

including the generation of steam due to the phase change from liquid water to vapor (Pakala, 

2012; Plumb and Klimenko, 2010). 

Furthermore, reactor growth develops thermally and mechanically induced stress changes in the 

coal seam and its surrounding rock layers (Couch, 2009; Vorobiev et al., 2008). Field and laboratory 

tests have shown that as gasification proceeds, an underground reactor is formed radial-

symmetric around the injection well (Daggupati et al., 2010; Mortazavi, 1989). The growth and 

mechanical stability of the reactor are of fundamental importance to the UCG process, since both 

have a major impact on the coal resource recovery and energy efficiency, and therefore economic 

feasibility (Britten and Thorsness, 1989; Sarraf et al., 2011; Yang et al., 2014). 
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Figure 3: Schematic of multiphase flow processes and potential geomechanical impacts in the UCG reactor 
near-field. Faults may act as potential pathways for pollutant migration after Sarhosis et al. (2016). 

Within the reactor overburden, dilation of pre-existing and development of new fractures may 

occur (Figure 3) and result in permeability changes and potential pathways that may allow UCG 

fluids to escape (Younger, 2011). Reactor growth is also related to potential design considerations, 

including mitigating ground subsidence and avoiding groundwater contamination (Luo et al., 

2009). Lateral dimensions between reactors (safety pillar width to avoid hydraulic short circuits 

and minimize subsidence) also influence coal resource recovery and energy efficiency, and the 

overall dimensions affect the hydrogeological as well as surface subsidence responses of the 

overburden (Elahi and Chen, 2016; Mortazavi, 1989; Mostade, 2014; Tian, 2013). However, the 

exact geomechanical response of overburden to the development of a UCG reactor is highly 

complex and strongly influenced by site-specific conditions, e.g., the thickness and strength of 

overlying rock layers, coal seam depth, dip angles and the presence of faults; Sarhosis et al. (2016). 

The coal conversion process is composed of three chemical regions of drying, pyrolysis, as well as 

combustion and gasification of solid char (Thorsness and Rozsa, 1978). The high-calorific synthesis 

gas constituents are mainly a mixture of hydrogen, carbon monoxide, carbon dioxide and methane 

in addition to nitrogen and minor components such as sulfuric acid (Friedmann et al., 2009; 

Kempka et al., 2011b). Apart from its high energetic and economic potential (Budzianowski, 2012; 

Eftekhari et al., 2012; Nakaten et al., 2014a, 2014b, 2014c), environmental hazards exist also in 

the UCG context due to aforementioned complex chemical and physical processes accompanying 

the gasification process. The main potential environmental impacts of UCG are contamination of 

groundwater aquifers and ground subsidence (Blinderman and Jones, 2002; Couch, 2009; DTI, 

2004; Imran et al., 2014; Kapusta and Stańczyk, 2011). Nevertheless, compared to conventional 

methods, UCG offers many advantages, such as increased work safety, no surface disposal of ash 

as well as lower dust pollution, water consumption and methane emissions to the atmosphere 

(Burton et al., 2006; Khadse et al., 2007). 
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1.2.2 HISTORY OF UCG 

The original concept of UCG has a history of over a hundred thirty years. The earliest recorded 

mentioning of gasifying coal in situ belongs to Sir William Siemens, a German-born scientist and 

engineer, who suggested it in his address in 1868 to the British Chemical Society (Siemens, 1868). 

At about the same time, the idea was consolidated independently by the Russian chemist Dmitri 

Mendeleev, who also pointed out the economic benefits over conventional mining (Klimenko, 

2009). At the beginning of the 20th century, many industrial cities were covered by heavy smoke 

— an unpleasant side-effect of the coal-fueled industrial revolution (Klimenko, 2009). At that time, 

the British scientist Sir William Ramsay prepared the first UCG trial at Hett Hill near Durham (UK), 

but due to the outbreak of the First World War and Ramsay’s death in 1916, the experiment 

stopped before it was actually started. In the following 1920s and 1930s, the basic UCG technology 

was developed in the former Union of Soviet Socialist Republics (USSR), whereby extensive 

knowledge on the UCG process was gained (Klimenko, 2009). The program continued at a high 

level for nearly 50 years, including successful commercial production (Burton et al., 2006). 

However, most of the information on USSR field tests was not well documented. As a result, most 

of the field trials conducted by other countries before the 1960s did not benefit from detailed 

data on these developments (Khan et al., 2015). Today only the 100 MW UCG Yerostigaz power 

plant in Angren, Uzbekistan, remains. It is still the world’s only commercial UCG site, in operation 

since 1961. Each day it is continuously producing about one million cubic meters of synthesis gas 

at a coal seam depth of about 110 m, which is co-combusted in a lignite-fired power plant 

(Akbarzadeh and Chalaturnyk, 2014a; Younger, 2011). Numerous UCG pilot operations have taken 

place in the USA. The efforts began with field tests in the early 1960s and were terminated in the 

mid-1980s due to large natural gas discoveries, which rendered UCG uneconomic. According to 

Klimenko (2009), especially due to efforts at the Hanna, Hoe Creek and Rocky Mountain sites, the 

U.S. significantly improved the Soviet technologies during that period. In Europe, the UCG efforts 

started in the 1980s with deep field trials at Thulin, Belgium, at 850 m depth followed by El 

Tremedal, Spain, at 580 m depth, but was not pursued further (Burton et al., 2006). In China, UCG 

efforts began in the 1980s and it is believed that China has the largest UCG program currently 

underway. This is confirmed by the relatively large number of patents in UCG that have been 

obtained by Chinese engineers (Shafirovich and Varma, 2009). Further, UCG is a promising 

technology for India, which has vast coal resources, primarily of low grade (Khadse et al., 2007). 

India looks to utilize its coal reserves, which are the fourth-largest in the world, to reduce 

dependency on oil and gas imports (Shafirovich and Varma, 2009). 

Up to now, feasibility of UCG was investigated at more than 50 pilot sites worldwide (Burton et 

al., 2006; Couch, 2009). Earlier, the field tests were limited to shallow depths, but over time and 

with improvements in drilling technology, the depth of UCG operations has increased markedly as 

can be observed in the European field trials (Burton et al., 2006; Yang et al., 2016). All these 

activities contributed to the development of the basis for the modern UCG technology. However, 

despite of the Yerostigaz site, the UCG process is still not in worldwide commercial operation due 

to remaining technical and environmental concerns (Burton et al., 2006; Couch, 2009; Sarhosis et 

al., 2016; Sury et al., 2004). 
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1.3 MOTIVATION AND OBJECTIVES 

The UCG technique itself is a rather simple concept in theory. However, experience from major 

global field trials in the last decades indicates that an efficient and sustainable operation in 

practice is much more complicated (Imran et al., 2014; Sury et al., 2004; Yang et al., 2016). Each 

UCG site will be unique and site-specific coupled thermo-hydro-chemical-mechanical processes 

occurring in rocks adjacent to a UCG reactor are generally not well known in the field, because of 

the difficulty to quantify all occurring reactions during the UCG process and their effects on UCG 

reactor size and shape (Najafi et al., 2014, 2015; Sirdesai et al., 2015). Especially the temperatures 

above 1000 °C in the close vicinity of the UCG reactor result in complex thermo-mechanical rock 

behavior and multiphase fluid flow. For a sustainable and efficient UCG operation, it is of 

uttermost importance to quantify impacts of UCG-related geomechanical responses, such as 

permeability changes, rock failure as well as fault reactivation (Akbarzadeh and Chalaturnyk, 

2014a; Buscheck et al., 2009; Prabu and Jayanti, 2014). The UCG-related environmental concerns 

such as ground subsidence and groundwater contamination result from the interaction of these 

coupled processes. 

In order to minimize groundwater pollution, the UCG reactor should generally be operated below 

hydrostatic pressure to avoid the outflow of UCG process fluids into adjacent aquifers (Burton et 

al., 2006; Seifi et al., 2014). Similar to longwall mining safety pillars between UCG reactors are 

required. The pillar design significantly impact the evolution of the stress distribution, yielding and 

subsidence within the strata (Corkum and Board, 2016). In UCG the pillars act additionally as a 

barrier to avoid hydraulic short circuits. Any hydraulic connection between UCG reactors renders 

the gasification process uncontrollable in view of pressure and fluid mass balance monitoring and 

maintenance (Burton et al., 2006). Therefore, the pillar width determines the ground surface 

subsidence and coal yield at the same time (Li et al., 2015). 

The knowledge about the coupled thermo-hydro-chemical-mechanical processes is mainly based 

on laboratory experiments (e.g., Hettema et al., 1993; Prabu and Jayanti, 2014; Stańczyk et al., 

2010; Tian, 2013; Tian et al., 2015; Wolf et al., 1992) and UCG field trials (e.g., Bartke et al., 1985a; 

Blinderman and Jones, 2002; Chandelle et al., 1993; Liberatore and Wilson, 1983; Nordin, 1992). 

Due to the high financial efforts associated with UCG field trials, numerical modeling has become 

a vital methodology to study these processes influencing the UCG performance (Khan et al., 2015). 

Developing a useful UCG model requires a sound understanding of physical theory as well as 

knowledge of details to interpret laboratory experimental results in order to successfully predict 

field data and performance of a new site before proceeding with gasification (Khan et al., 2015). 

A detailed knowledge on the geological boundary conditions and design parameters (e.g., coal 

seam depth, thickness, inclination, coal and rock properties, pillar width, water inflow) is rarely 

the case in practice. However, various simulation models have been developed in order to 

improve the understanding of processes in UCG (e.g., Akbarzadeh Kasani, 2016; Buscheck et al., 

2009; Eftekhari et al., 2015; Nitao et al., 2011; Nourozieh et al., 2010; Sarhosis et al., 2013; Sirdesai 

et al., 2015; Yang et al., 2014). The complexity of simultaneously occurring physical and chemical 

processes, such as chemical reactions and their kinetics, transport phenomena, turbulent flow 

patterns in the reactor and water inflow from the surrounding rock mass and thermo-mechanical 

processes related to stress changes, is remarkably high (Adhikary et al., 2016; Nitao et al., 2011; 
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Nourozieh et al., 2010). Therefore, various simplifying physical and chemical assumptions in 

models (e.g., non-regular reactor shape, heat transfer included for solids only), according to the 

problem formulations are necessary to isolate and understand important effects, ensure 

numerical convergence issues and/or achieve faster computational runtimes (Khan et al., 2015). 

Various mechanisms such as chemical reactions, thermo-mechanical rock failure as well as 

sidewall and roof collapse contribute to reactor growth in UCG (Elahi and Chen, 2016; Xi et al., 

2015; Xin et al., 2014). Hence, mechanically- and thermally-induced stress changes cause strains 

in the surroundings as well as shear and tensile rock failure (Yin et al., 2011). Generation of 

fractures and changes in permeability as a result of UCG may also introduce potential migration 

pathways for contaminants from the reactor into overburden aquifers (Kapusta and Stańczyk, 

2011; Liu et al., 2007). How permeability is influenced by high temperatures around a gasification 

reactor has so far only been discussed by Akbarzadeh and Chalaturnyk (2014b). Until now no 

thermo-mechanical simulation studies exist, taking into account temperature-dependent rock 

properties in view of induced stress changes. 

Previous UCG modeling studies applied often 1D or 2D models to account for selected coupled 

processes (Sirdesai et al., 2015). However, these models have only a limited validity in predicting 

the performance of UCG field trial operations due to neglecting 3D effects of stress changes and 

stress redistribution. According to Adhikary et al. (2016), it is known that 2D models generally 

overestimate the magnitude of stresses in pillars and ground surface subsidence. For 

investigations on the effect of the presence of faults in a potential gasification area, this can be 

crucial. In this context, thermo-mechanical effects may introduce fault reactivation of major 

and/or undetected faults, which can result in formation of potential migration pathways for UCG 

fluids and hydraulic short circuits between single UCG reactors. The absence of faults in deep coal 

deposits is highly unlikely. Thus, in conventional coal mining, the extent of faulting in a coal field 

is described by the terms undisturbed, minor disturbed (distance between faults > 150 m), 

medium disturbed (distance between faults 100 - 150 m), strongly disturbed (distance between 

faults 50 - 100 m) and very strongly disturbed (distance between faults < 50 m) (Balley et al., 1989). 

Consequently, 3D numerical models are required for reliable assessment and prediction of 

site-specific thermo-mechanical UCG performance impacts (Khan et al., 2015). This additionally 

requires consideration of different fault orientations with respect to the present stress regime 

and/or different stress ratios; otherwise, safety pillar width may be easily underestimated. 

The steam jacket surrounding a hot UCG reactor results from vaporization of formation fluids. The 

term steam jacket and the concept was first introduced by Blinderman and Jones (2002), and 

further discussed in several publications related to UCG (Burton et al., 2006; DTI, 2004; Imran et 

al., 2014; Moorhouse et al., 2010; Pakala, 2012; Pana, 2009; Saulov et al., 2010; Staúczyk et al., 

2012). The steam jacket can effectively affect flow of water into the reactor and reduce the heat 

consumed for inflowing formation fluid vaporization, which is also required by the endothermic 

steam-char reaction. On the other hand, due to the changed relative permeabilities the steam 

jacket can limit gas and contaminant migration out of the reactor (Blinderman and Jones, 2002; 

Perkins and Love, 2010). Optimal water balances contribute significantly to the calorific value of 

the synthesis gas, since water is a source of hydrogen for the steam-char and methanation 

reactions (Camp and White, 2015). In spite of the significance for a sustainable UCG performance 

and with regard to environmental concerns, neither the formation, dynamics nor the presence of 
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a steam jacket have been addressed in detail so far (Akbarzadeh Kasani, 2016; Buscheck et al., 

2009; Khan et al., 2015). 

Based on the previous discussion, three research objectives are formulated for this thesis in order 

to achieve new insights and a deeper understanding of coupled processes in the near- and far-field 

of UCG reactors: 

The first objective is to investigate how thermo-mechanical rock behavior impacts far-field 

permeability and whether temperature-dependent rock parameters need to be implemented in 

simulations with regard to upscaling from 2D near-field to large-scale 3D UCG models (Chapter 2). 

Based on the previous finding, the second objective is to analyze the effect of the presence of a 

regional-scale fault on potential formation of hydraulic short circuits and to quantify resulting 

ground surface subsidence in a coupled thermo-mechanical 3D model of a hypothetical UCG site 

(Chapter 3). The third objective is to improve the understanding of the hitherto neglected steam 

jacket dynamics in the UCG reactor vicinity to allow for a more detailed assessment of hydraulic 

short circuits in future studies. Coupled thermo-hydraulic simulations are employed to validate 

the modeling approach by means of operational data (Chapter 4). 

Two software packages are used to approach the defined research objectives. In this thesis, FLAC3D 

(Itasca, 2014) was applied for the coupled thermo-mechanical simulations. FLAC3D is a three-

dimensional explicit finite-difference program for advanced geotechnical and geomechanical 

analyses of rock media to calculate stress and deformation as well as heat conduction, using 

several built-in material models. For analyzing the non-isothermal multiphase flow in porous 

media, the numerical reservoir Multiphase Filtration Transport Simulator (MUFITS) was applied 

(Afanasyev, 2015a). 

1.4 ORGANIZATION OF THE THESIS AND AUTHOR CONTRIBUTIONS 

The goal of the present thesis is the quantification of UCG-related impacts and assessment of UCG-

related rock behavior and multiphase flows by coupled thermo-mechanical and thermo-hydraulic 

2D and 3D simulations. The cumulative doctoral thesis consists of three peer-reviewed articles 

published in international scientific journals. Author and co-author contributions to each 

publication are listed below and the publications are presented in detail in Chapters 2 to 4. In 

Chapter 5, all results and findings are discussed, a conclusion is given with respect to the thesis' 

objectives and an outlook for future research is introduced. 

Chapter 2, titled “Thermo-Mechanical Simulations of Rock Behavior in Underground Coal 

Gasification Show Negligible Impact of Temperature-Dependent Parameters on Permeability 

Changes”, was prepared by Christopher Otto and Thomas Kempka and published in Energies, 8, 6, 

5800–5827. The study determines the near-field impact of temperature-dependent sandstone 

and coal properties and resulting permeability changes in the close vicinity of UCG reactors by 

means of a coupled thermo-mechanical 2D modeling approach. My contribution to this study, as 

the first author, was designing and performing the research. I was further responsible for 

analyzing the data and illustrating simulation results as well as the preparation, illustration and 

revision of the manuscript. Thomas Kempka co-designed the research and supported data 

analysis. I and Thomas Kempka wrote the manuscript. It is cited in the following as Otto and 

Kempka (2015a). 
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Chapter 3, titled “Fault Reactivation Can Generate Hydraulic Short Circuits in Underground Coal 

Gasification − New Insights from Regional Scale Thermo Mechanical 3D Modeling”, was prepared 

by Christopher Otto, Thomas Kempka, Krzysztof Kapusta and Krzysztof Stańczyk and published in 

Minerals, 6, 101, 1–23. Within this study, we analyzed the presence of regional-scale faults on the 

required safety pillar width of a hypothetical UCG operation in the Silesian Basin by coupled 

thermo-mechanical 3D simulations. Furthermore, regional-scale geomechanical impacts and 

related permeability changes, hydraulic short circuits and ground subsidence were investigated 

by applying isothermal and non-isothermal simulation scenarios. My contribution to this study, as 

the first author, was designing and performing the research. I was responsible for analyzing the 

data and illustrating the simulation results as well as the preparation and revision of the 

manuscript. Krzysztof Kapusta and Krzysztof Stańczyk provided unpublished geological and coal-

related data for the study area. Thomas Kempka co-designed the research and supported data 

analysis. I and Thomas Kempka wrote the manuscript. It is cited below as Otto et al. (2016). 

Chapter 4, titled “Prediction of Steam Jacket Dynamics and Water Balances in Underground Coal 

Gasification”, was prepared by Christopher Otto and Thomas Kempka and published in Energies, 

10, 739, 1-17. Within this study, we investigated steam jacket formation and dynamics as well 

water balances in the close UCG reactor vicinity by applying a new and validated coupled thermo-

hydraulic modeling approach in 2D and 3D simulations. My contribution to this study, as the first 

author, was designing and performing the research. I was further responsible for analyzing the 

data and illustrating the simulation results as well as the preparation and revision of the 

manuscript. Thomas Kempka co-designed the research and supported data analysis. I wrote the 

manuscript in close collaboration with Thomas Kempka. It is cited below as Otto and Kempka 

(2017). 

In addition, a study extending the findings of the manuscript presented in Chapter 2, has been 

published within the time of the preparation of this doctoral thesis. This study is not part of this 

thesis, but listed in Appendix A in favor of completeness. “Thermo-mechanical Simulations 

Confirm: Temperature-dependent Mudrock Properties are Nice to have in Far-field Environmental 

Assessments of Underground Coal Gasification.” was prepared by Christopher Otto and Thomas 

Kempka and published in Energy Procedia, 76, 582–591. My contribution to this study, as the first 

author, was designing and performing the research. I was further responsible for analyzing the 

data and illustrating simulation results as well as the preparation, illustration and revision of the 

manuscript. Thomas Kempka co-designed the research and supported data analysis. I and Thomas 

Kempka wrote the manuscript. It is cited in the following as Otto and Kempka (2015b). 
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2 THERMO-MECHANICAL SIMULATIONS OF ROCK BEHAVIOR 

IN UNDERGROUND COAL GASIFICATION SHOW NEGLIGIBLE 

IMPACT OF TEMPERATURE-DEPENDENT PARAMETERS ON 

PERMEABILITY CHANGES 

ABSTRACT 

A coupled thermo-mechanical model has been developed to assess permeability changes in the 

vicinity of an underground coal gasification (UCG) reactor resulting from excavation and thermo-

mechanical effects. Thereto, we consider a stepwise UCG reactor excavation based on a pre-

defined coal consumption rate and dynamic thermal boundary conditions. Simulation results 

demonstrate that thermo-mechanical rock behavior is mainly driven by the thermal expansion 

coefficient, thermal conductivity, tensile strength and elastic modulus of the surrounding rock. A 

comparison between temperature-dependent and temperature-independent parameters applied 

in the simulations indicates notable variations in the distribution of total displacements in the UCG 

reactor vicinity related to thermal stress, but only negligible differences in permeability changes. 

Hence, temperature-dependent thermo-mechanical parameters have to be considered in the 

assessment of near-field UCG impacts only, while far-field models can achieve a higher 

computational efficiency by using temperature-independent thermo-mechanical parameters. 

Considering the findings of the present study in the large-scale assessment of potential 

environmental impacts of underground coal gasification, representative coupled simulations 

based on complex 3D large-scale models become computationally feasible. 
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2.1 INTRODUCTION 

Underground coal gasification (UCG) has the potential to increase the worldwide coal reserves by 

utilization of coal deposits that are currently not mineable by conventional methods. The original 

idea of UCG is not new, but rather has a long history. A detailed description of the early ideas and 

their evolution is given by Klimenko (2009). Nowadays, a target coal seam is developed by 

directional drilling to make the coal accessible for in situ coal combustion (Blinderman et al., 2008). 

The resulting high-calorific synthesis gas can be applied for fuel production, electricity generation 

or chemical feedstock production (Bhutto et al., 2013; Blinderman et al., 2008; Burton et al., 2006; 

Friedmann et al., 2009; Hewing et al., 1978; Kempka et al., 2011b; Klimenko, 2009; Nakaten et al., 

2013; Prabu and Jayanti, 2011). Apart from its high energetic and economic potential 

(Budzianowski, 2012; Eftekhari et al., 2012; Nakaten et al., 2014a, 2014b, 2014c), UCG may cause 

environmental impacts such as ground subsidence and groundwater pollution (Burton et al., 2006; 

Couch, 2009; Durucan et al., 2014; Hewing et al., 1978; Sury et al., 2004). In order to completely 

avoid or significantly mitigate these potential environmental concerns, the UCG reactor is 

generally operated below hydrostatic pressure to hinder the outflow of UCG process fluids into 

adjacent aquifers (Burton et al., 2006; Seifi et al., 2011, 2014). Changes in permeability and 

generation of fractures in the overburden as a result of the in situ combustion process may 

introduce potential migration pathways for UCG contaminants like organic (phenols, benzene, 

PAHs and heterocyclics) and inorganic pollutants (ammonia, sulphates, cyanides, and heavy 

metals) (Humenick, 1978; Kapusta and Stańczyk, 2011; Liu et al., 2007; Walters and Niemczyk, 

1984). As groundwater pollution is recognized to be the most relevant environmental risk related 

to UCG (Klimenko, 2009), extensive investigations on the formation, release, and migration of 

contaminants have to be conducted at the laboratory and field scale (Kapusta et al., 2013). 

Major contributions to the environmental impact mitigation can be achieved by improving the 

understanding of coupled thermo-mechanical processes in the rocks surrounding the UCG reactor. 

However, these are difficult to investigate for deep UCG operations in the field, so that the current 

knowledge on these processes is mainly based on laboratory experiments (Stańczyk et al., 2010, 

2011) and UCG field trials at shallow depths, e.g., Angren (110 m) in Uzbekistan, Chinchilla (140 m) 

in Australia, Hanna (80 m) and Hoe Creek (30–40 m) in the USA (Burton et al., 2006; Couch, 2009). 

During UCG, temperatures of more than 1500 °C can be reached in the UCG reactor and its close 

vicinity, and thus the temperature-dependent coal and rock behavior in the reactor vicinity is 

expected to be of the uttermost importance for assessment of UCG- related permeability changes 

in the rocks surrounding the UCG reactor. Next to mechanical stress changes due to excavation 

effects resulting from the reactor growth, thermal stresses also induce permeability changes. 

Permeability in consideration of the difference between hydrostatic and UCG reactor pressure, 

controls fluid in- and outflow into and out of the reactor, respectively (Blinderman and Anderson, 

2004). This affects the drying of coal, pyrolysis gas flow from the coal into the reactor, oxidant and 

synthesis gas flow from the reactor, gasification efficiency as well as convective heat transfer into 

surrounding rocks (Buscheck et al., 2009; Su et al., 2013; Wolf and Bruining, 2007). 

Coupled numerical models can be applied to assess the mechanical integrity of the UCG reactor 

and its surrounding rocks. Wolf and Bruining (2007) found in their study on the interaction 

between underground coal fires and the respective roof rocks that the combustion process and 
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permeability behavior, influenced by the thermo-mechanical behavior of the overburden rock, are 

the essential processes to be considered. Although, the study focused on shallow coal fires, similar 

behavior is expected in underground coal gasification of deeper seated coal seams. A 3D model 

for combined reactive heat and mass transport comprising thermo-mechanical failure behavior 

has been developed by Biezen (1996). With his approach, an understanding of the development 

of an underground coal gasification reactor is obtained taking into account thermo-mechanical 

failure properties of coal and rocks, as well as thermo-mechanically induced spalling of both, roof 

rock and coal. Simulation results show that a high permeability zone between the injector and 

producer develops, which leads to the formation of a single channel at the bottom of the coal 

seam. However, permeability changes in the overburden are not considered by this model. 

Hettema et al. (1998) studied the effect and influence of thermal spalling on differently heated 

Felser sandstones under the presence of water in thermal shock experiments. The pore pressure 

increases in the reactor vicinity, whereby the opening of the pores and micro-cracks can lead to a 

significant increase in permeability (Bernabe, 1987). However, Hettema et al. (1998) concluded 

that even for sedimentary rocks, which have the potential to spall by steam pressure alone, 

spalling probably occurs by a combination of steam pressure and a fracturing mechanism 

associated with high compressive thermal stress.  

Several early studies on UCG demonstrated that roof rock behavior has an important effect on 

reactor stability and ground subsidence (Mortazavi, 1989; Thompson et al., 1977; Tian, 2013). 

Thermo-mechanical coupled models implemented by Tian (2013) and Najafi et al. (2014) aimed at 

the investigation of UCG induced ground subsidence based on the Controlled Retracting and 

Injection Point (CRIP) UCG configuration. Numerical studies performed by Tian (2013) therefore 

focused on the temperature impact and implementation of thermo-mechanical Hoek-Brown 

(TMHB) and Mohr-Coulomb models, whereas Najafi et al. (2014) analyzed the stress distribution 

in the vicinity of UCG panels to estimate the required protection pillar width for commercial scale 

UCG operation. Their simulation results show increasing ground subsidence with the increase of 

the reactor size as well as the stress increased at the front of the face and pillar edge due the 

induced thermal stresses. Thermo-mechanical simulation results of rocks surrounding an UCG 

reactor elaborated by Yang et al. (2014) show the temperature distribution and stress increase 

(around 10%) as well as vertical displacements (0.073 m) above the coal seam after three days of 

gasification. Sarraf et al. (2011) present a 2D model for the growth of a UCG reactor based on the 

CRIP technology, which incorporates the combined effects of fluid flow through porous media, 

mass transfer of species, heat transfer and reaction kinetics. The resulting cavity shape and growth 

rate are in good agreement with experimental data from post-burn experiments, but thermo-

mechanical rock behavior and permeability changes in surrounding rocks have not been taken into 

account in that study. The implementation of a comprehensive UCG simulation tool, which is able 

to numerically couple underground gasification thermodynamics with hydro-mechanical and 

reactive transport processes to predict reactor growth, synthesis gas composition and rate, and 

UCG process interaction with the host environment, accounting for site characteristics, oxidant 

composition and injection rate is computationally extremely challenging and was recently 

reported to be in development (Nitao et al., 2011). 

Furthermore, most existing mechanical modeling studies focused on ground subsidence or stress 

changes by applying only coarsely refined structured numerical grids, resulting in a limited validity 

considering thermo-mechanical processes in the close reactor vicinity (Najafi et al., 2014; Tan et 
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al., 2008; Yang et al., 2014). Most of the present experimental studies on thermo-mechanical 

properties of rocks at high temperatures mainly considered crystalline rocks such as granites and 

marbles. Due to limited data availability on thermo-mechanical properties of sedimentary rocks, 

previous thermo-mechanical modeling studies generally did not incorporate the influence of 

thermo-mechanical parameters (Najafi et al., 2014; Wolf and Bruining, 2007) or used those of 

igneous rocks instead, e.g., Min (1983) and Sarhosis et al. (2013). 

In the present study, a coupled thermo-mechanical model has been developed to assess 

permeability changes in the UCG reactor overburden based on a volumetric strain to permeability 

relationship after Chin et al. (2000). Simulations carried out for this study are not focusing on the 

investigation of rock spalling at the reactor boundary, reactor roof collapse and ground surface 

subsidence. The finite-difference thermo-hydro-mechanical simulator FLAC3D (Itasca, 2014) was 

employed to analyze thermo-mechanical stress changes, displacements and volumetric strain 

increments around a UCG reactor using a specifically refined unstructured grid. 

2.2 METHODOLOGY 

2.2.1 MODEL GRID GEOMETRY, BOUNDARY CONDITIONS AND APPLIED SIMULATOR 

The chosen model size and grid discretization of the implemented numerical model were adapted 

to calculation time, whilst model boundary conditions were placed at a distance far enough away 

to minimize their impact on the computational results. The implementation of the 2D UCG reactor 

model presented here is derived from Hanna trial data, numerical simulation results of UCG 

thermodynamics carried out by Luo et al. (2009) and literature data after Tian et al. (2011, 2012, 

2013, 2014, 2015). The implemented numerical model uses the UCG reactor symmetry present 

along its vertical axis assuming that a half-radial symmetric reactor develops along the UCG panel. 

Hence, the present approach neglects the 3D tear-drop shape of the UCG reactor as reported by, 

e.g., Burton et al. (2006), but maintains its major geometric features (Figure 4). The two-

dimensional geometry of the Hanna coal seam of 4 m thickness is uniformly expanded towards 

the model boundaries with the reactor bottom located at a depth of 250 m below ground surface. 

Model size was set to 40 m × 110 m and discretized by about 3000 elements with sizes of 0.16 m 

to 5 m in horizontal and vertical directions. Application of an unstructured mesh allowed us for a 

sufficient grid refinement to maintain numerical accuracy in the UCG reactor vicinity for the four 

considered geometrical reactor growth steps. Therefore, the implemented model grid enables a 

specific stepwise UCG reactor excavation based on a pre-defined low coal consumption rate 

(0.654 t per day and meter reactor length), and thereby prevents overestimations of mechanical 

excavation effects, which would introduce unrealistic grid point velocities into the numerical 

model, and consequently overestimate strains and mechanical failure. In numerical modeling of 

mechanical processes, specific mechanical excavation methods may lead to different stress paths, 

which have an important impact on failure modes around excavation boundaries. However, the 

behavior of rock mass can be only reasonably revealed, if the stress path is captured in a realistic 

manner (Zhao et al., 2010). Based on sensitivity studies using time-dependent forces derived from 

elements at the outer reactor boundaries, the four step excavation showed comparable grid point 

velocities during excavation as in a finer step excavation. 
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A stress boundary condition with a vertical stress of 4.1 MPa has been assigned at the top model 

boundary, representing the weight of overburden. Fixed boundary conditions were applied 

normal to the lateral boundaries and model bottom. Hence, displacements perpendicular to the 

model bottom and lateral boundaries were not allowed at the respective model boundaries, while 

the model top was allowed to freely displace in any direction. Based on grid size sensitivity 

analyses, the final unstructured grid was generated using the open source GMSH software 

package (Geuzaine and Remacle, 2009) and own grid conversion tools to transfer the resulting 

grid into the finite-difference software package FLAC3D. 

 
Figure 4: Geometry of the thermo-mechanical coupled 2D UCG model based on simplified geological data of 

the Hanna UCG trial. The model comprises two sandstone layers (colored in light brown) and one coal seam 

(colored in dark brown) with four geometric reactor growth steps considered in the simulations (light brown, 

green, red and turquois). 

2.2.2 NUMERICAL MODEL PARAMETERIZATION AS WELL AS ROCK AND COAL 

PROPERTIES 

Literature reviews and experimental studies carried out by Tian et al. (2011, 2012, 2013, 2014, 

2015) summarize the extensive laboratory research on rock specimens exposed to high 

temperatures undertaken in the last decades to investigate the temperature influence on thermo-

mechanical on physical, thermal and mechanical rock properties. These research efforts indicate 

that mechanical rock properties are generally highly dependent on temperature, and that the 

characteristics of temperature dependency vary with rock types, rock initial features such as 

micro-cracks and structure as well as with the experienced temperature gradient (heating rate) 
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(Tian et al., 2011, 2012, 2013, 2014, 2015). In addition to the previously mentioned review on 

international literature, Tian et al. (2011, 2012, 2013, 2014, 2015) provide new experimental study 

results on temperature-dependent thermo-mechanical rock properties, especially addressing the 

thermo-mechanical parameters of sedimentary rocks at temperatures of up to 1000 °C. 

Temperature-dependent thermal properties (linear thermal expansion coefficient, specific heat 

capacity, thermal conductivity) are not yet published for claystones (Tian et al., 2014). Since this 

modeling study focused on the temperature-dependent permeability development in the UCG 

reactor vicinity, all simulations have been implemented with thermal parameters derived for 

sandstone from published laboratory testing studies (see Figure 5 and Figure 6) (Badzioch et al., 

1964; Clauser and Huenges, 1995; Hajpál and Török, 1998; Min, 1983; Shoemaker et al., 1977; 

Singer and Tye, 1979; Somerton, 1992; Tian, 2013; Yin et al., 2011). The normalized trends of 

thermo-mechanical coal properties after high temperature treatment are based on derived from 

a review carried out by Min (1983). All data applied in the thermo-mechanical model are compiled 

in Table 1, whereby typical initial values of density (𝜌) and Poisson’s ratio (𝜈) were assumed based 

on literature data (Gercek, 2007; Somerton, 1973) and maintained constant for all lithological 

units. As a generally accepted law on temperature influence on the Poisson’s ratio (e.g., Gercek, 

2007) has not been published so far, the Poisson’s ratio is assumed to be independent of 

temperature in our simulations.  

Density of sedimentary rocks decreases with increasing temperature due to volumetric expansion 

and/or the release of volatile matter, but the magnitude in decrease is relatively small compared 

to that of virgin rocks (Tian et al., 2011, 2012, 2013, 2014, 2015). The density is maintained 

constant for all geological units, whereas the linear thermal expansion coefficient (𝛼) was chosen 

to be temperature-dependent as discussed below in more detail. 

 

 
Figure 5: Trend of normalized thermo-mechanical properties of sandstones as a function of temperature. 
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Figure 6: Trend of thermo-mechanical coal properties as a function of temperature. Red dashed lines delimit 

temperature regions representing the temperature zones exhibiting specific thermo-mechanical coal 

behavior. 

Table 1: Initial thermo-mechanical rock properties applied for numerical model parameterization. 

Input Parameter Unit Sandstone Coal 

Mechanical parameters 

Elastic modulus (𝐸) f(T) GPa 4 2 

Tensile strength (𝜎𝑡) f(T) MPa 5 0.27 

Friction angle (𝜑) (constant for rock) ° 32 20 

Cohesion (𝑐) (constant for rock) MPa 5 0.1 

Poisson ratio (𝜈) (constant) - 0.35 0.44 

Density (𝜌) (constant) kg/m3 2200 1300 

Thermal parameters 

Linear thermal expansion coefficient (α) f(T) K−1 1.6 × 10−5 5.0 × 10−6 

Specific heat capacity (𝐶𝑃) f(T) J/kg K 1363 2000 

Thermal conductivity (𝜆) f(T) W/m/K 2.30 0.23 

 

2.2.3.1 SANDSTONE PROPERTIES AS FUNCTION OF TEMPERATURE 

As summarized by Tian et al. (2011, 2012, 2013, 2014, 2015), significant experimental research on 

mechanical and thermal rock properties during and after high temperature treatment has been 

carried out in the scope of underground coal gasification research, whereby the results indicate 

that temperature-dependent parameters have to be considered in numerical simulations on high 

temperature rock mechanical processes (e.g., Bauer and Johnson, 1979; Clauser and Huenges, 

1995; Hajpál and Török, 1998; Hettema et al., 1992; Somerton, 1992; Yin et al., 2011). Thus, 

temperature dependent thermo-mechanical properties of sandstone assigned to the models 

considered here include the elastic modulus (𝐸), tensile strength (𝜎𝑡), linear thermal expansion 

coefficient (α), specific heat capacity (𝐶𝑃) and thermal conductivity (𝜆, Figure 5). The normalized 
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values shown in Figure 5 are the respective ratios of these values at the tested temperature to 

those determined at initial conditions (Table 1) as a function of temperature. Experimental results 

have indicated that the nature of changes of rock strength properties with increasing temperature 

is not consistent for sedimentary rocks, but it is generally accepted that elastic modulus and 

strength of rocks decrease with increasing temperature (Tian et al., 2011, 2012, 2013, 2014, 2015). 

It is obvious that thermal property behavior of sedimentary rocks is related to its mineral 

composition. Somerton (1992) reported that less dense feldspars and clays are known to have 

lower thermal conductivities compared to quartz. Although, differences in mineral compositions 

have some effect on the magnitude of thermal effects, experimental results of linear thermal 

expansion coefficient tests on sandstone samples show that the quartz content has a dominant 

effect on its expansion (Somerton, 1992). The linear thermal expansion coefficient of sandstone 

increases in a continuous linearly manner with temperature and notably above 500 °C until the 

α–β quartz phase inversion at approximately 575 °C is reached, and then remains constant. Hajpál 

and Török (1998) observed that the specific heat capacity of sandstones increases with increasing 

temperature and reaches its maximum in the range of 550 °C to 700 °C, and decreases thereafter. 

In accordance with other studies on sedimentary rocks, Clauser and Huenges (1995) reported a 

generally decreasing trend in thermal conductivity with increasing temperature for sandstone. For 

sedimentary rocks in general, they showed that further factors influencing thermal conductivity 

are porosity and the origin of the particular sediment. 

2.2.3.2 COAL PROPERTIES AS FUNCTION OF TEMPERATURE 

Initial parameterization of coal (Table 1) considered data from the review of experimental testing 

data on temperature-dependent thermo-mechanical properties for bituminous coals carried out 

by Min (1983). From the thermal trends of the coal’s elastic modulus (𝐸) and tensile strength (𝜎𝑡), 

its cohesion (𝑐) and friction angle (𝜑) were assumed and applied for model parameterization (Min, 

1983). The implemented temperature-dependent thermal coal properties comprise the linear 

thermal expansion coefficient (𝛼), specific heat capacity (𝐶𝑃) and thermal conductivity (𝜆) (Figure 

6, Badzioch et al., 1964; Min, 1983; Shoemaker et al., 1977; Singer and Tye, 1979). Coal undergoes 

a number of pyrolysis reactions during heating (Min, 1983). A significant decrease of the elastic 

modulus, tensile strength, cohesion and friction angle occurs at temperatures above 200 °C due 

to the release of volatile matter. Further notable property changes occur in the drying and 

pyrolysis temperature regions close to the coal liquefaction temperature at 300 to 350 °C, where 

softening and highly viscoelastic behavior occur (Barr-Howell et al., 1985; Shoemaker et al., 1977). 

In the present study, it is assumed that coal exposed to temperatures above 400 °C is either 

gasified or collapsed into a reactor forming a rubble pile. These transitions are not explicitly 

implemented, however, the loss in strength is considered through the implemented temperature-

dependent mechanical properties. Thereto, all three mechanical properties (elastic modulus, 

cohesion and friction angle) are assumed to significantly decrease tending towards zero. Model 

elements experiencing temperatures above 400 °C do not have any strength assigned. 
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2.2.3 COUPLING OF VOLUMETRIC STRAIN INCREMENTS TO POROSITY AND 

PERMEABILITY CHANGES 

Conditions in the UCG reactor and its combustion zone are strongly influenced by the influx of 

water, which is controlled by the host rock permeability and the gradient between hydrostatic 

and UCG reactor pressure (Buscheck et al., 2009). Hence, UCG operation, i.e., especially UCG 

reactor temperature, is determined by a complex interaction between hydro-mechanical effects 

and related permeability changes as well as coal properties and oxidant composition. In order to 

determine permeability changes, various approaches to this problem have been developed, but 

the impracticability of describing discrete fracture systems in detail has limited the specificity of 

analyses (Neuzil, 2012). Studies on the relation between principal stresses and discrete fracture 

permeability have been mainly motivated by interest in effects of tectonics and engineered 

excavations (e.g., Brown and Bruhn, 1998; Zhang et al., 2007). Thermally-induced mechanical and 

permeability changes around excavations are often addressed in the context of nuclear waste 

disposal (Min et al., 2005). In addition to the excavation damage zone, that is created in the 

excavation near-field exposing a high potential for changing rock permeability, also thermal stress 

effects generated in the near-field have been an issue of great concern (e.g., Hudson et al., 2008; 

Min et al., 2005; Min, 1983; Rutqvist et al., 2009; Tsang et al., 2005). Changes in permeability of 

simulated fractured rock masses were calculated with a set of stress-dependent empirical 

equations that account for both, normal and shear dilation (Min et al., 2004). The results show 

that permeability changes are small, i.e., a factor of two and generally decreasing around a nuclear 

waste repository, and thermally induced dilation was not observed (Min et al., 2005). However, 

the evolution of stresses and permeability changes around excavation zones is analyzed for 

different rock types (crystalline rock, rock salt, and indurated and plastic clays), at different times 

scale and much lower temperatures (Min et al., 2004, 2005). 

Wolf and Bruining (2007) expected that the combustion process, the heat transfer and 

permeability behavior influenced by the thermo-mechanical behavior of the overburden rock are 

essential elements to be considered. For an initial uniform permeability field in the study 

presented by Wolf and Bruining (2007), the reactive free convection model was used to obtain a 

temperature distribution, which was then used in a compaction model to derive an updated 

permeability distribution. In the present study, deformation is associated with volume changes 

affecting rock and coal permeability, so that the rock compaction behavior in the UCG reactor 

vicinity was simulated by using an isotropic elastoplastic constitutive model using applying the 

material properties shown in Table 1. For modeling thermal and mechanical stress-induced 

permeability changes, the permeability is related to volumetric strain using the stress-induced 

relationship developed by Chin et al. (2000): 

𝜙 = 1 − (1 − 𝜙0)𝑒−Δε𝜈  (1) 

𝐾 = 𝐾0 (
𝜙

𝜙0
)

𝑛

 (2) 

where 𝜙 is the porosity at a given volumetric strain ε𝜈; 𝜙0 the initial porosity; 𝐾 the permeability 

at a given ε𝜈 ; 𝐾0  the initial permeability; and 𝑛  a power-law exponent (porosity sensitivity 

exponent) with a value range of 2 to 25 depending on stress and lithology (David et al., 1994; Yale, 

1984). David et al. (1994) found a linear correlation of the logarithmic permeability and bulk 
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porosity for all tested sandstones. Therefore, permeability scales in form of a power-law with 

porosity (Equation 2). Experimental results from David et al. (1994) show that a rather large 

permeability loss corresponds to a moderate porosity reduction, which results in high values for 

the porosity sensitivity exponent (𝑛). The effect of this exponent will be further discussed in the 

Results and Discussion section. Relating permeability to porosity and volumetric strain enables 

straightforward permeability change calculations in our coupled thermo-mechanical model. Our 

assumptions comprise a homogeneous and isotropic rock considering thermo-mechanical 

properties independent of pore pressure. Consequently, the applied model allows us to assess the 

damage zone in the reactor vicinity, which is associated with a strong permeability increase. In the 

developed model, calculated permeability changes are not reversible, what can be explained by 

the permanent increase in fracture aperture due to shear and tensile dilation in the rock. 

Furthermore, the thermo-mechanical simulations carried out for this study focus on an extreme 

case of spatial temperature distribution by neglecting fluid flow into and out of the reactor as well 

as the steam jacket present in the hanging wall. 

2.2.4 SCENARIO ANALYSIS 

Two different simulation scenarios were applied to carry out a sensitivity analysis for a coupled 

thermo-mechanical simulation of one day and 50 days length, respectively. Simulations were 

essentially carried out in two steps: the first step represents the initial setup of the numerical grid, 

material properties, boundary conditions, and initialization of the in situ stress as previously 

discussed. This initial model was then run to achieve a mechanical equilibrium (defined by the 

maximum unbalanced force present in the model), and used from there as initial state model for 

all simulations discussed in the following. Secondly, the UCG reactor was excavated in one step 

for the sensitivity analysis, whereas for the 50 day simulation, the reactor sizes were generated in 

a stepwise manner depending on the given coal consumption rate (0.654 t per day and meter 

reactor length). A constant temperature of 1000 °C was applied at the reactor boundary for each 

excavation step and the model was calculated to mechanical equilibrium for each thermal time 

step. The temperature-dependent rock and coal properties have been implemented in a tabular 

format in the numerical model for each element and time step. Thereto, FISH (Itasca macro 

programming language) functions were implemented and called for these properties at each 

iterative step in the coupled numerical analysis. In all cases, the coupled simulations were run 

separately for each excavation step until the achievement of a mechanical equilibrium before 

proceeding with the next excavation step. 

2.3 RESULTS AND DISCUSSION 

2.3.1 TEMPERATURE DEPENDENCY OF THERMO-MECHANICAL ROCK PROPERTIES 

Mechanical processes in the UCG reactor vicinity are strongly influenced by mechanical and 

thermal properties, which are in turn controlled by the temperature distribution in the 

surrounding coal and its adjoining rock, provided that properties are considered to be 

temperature-dependent. Changes in the reactor temperature result in different mechanical 

behavior, whereby each parameter has a different development and a varying influence on total 

displacements in time (Figure 5 and Figure 6). For the sensitivity analysis, all four radial reactor 

zones were excavated at once and a temperature of 1000 °C was applied for one day at the reactor 
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walls. Except for the parameter to be investigated within the sensitivity analysis, all other model 

input parameters were maintained constant at initial conditions in time. The results of total 

displacements are plotted along three profiles (Figure 7) for comparison of the simulations using 

temperature-independent and temperature-dependent properties (Figure 8). 

 

Figure 7: Position of the total displacement profiles in the 2D model. 

The proposed methodology enabled us to identify the most relevant thermo-mechanical 

parameters in the simulation and to highlight, which of those have to be taken into account in 

thermo-mechanical environmental impact assessments of UCG operations. Parameters inducing 

the highest displacement variations were identified and quantified. Displacement profiles plotted 

in Figure 7 exhibit significant differences between simulations considering temperature-

independent and dependent rock parameters. In general, the displacement magnitudes of 

temperature-dependent simulations are higher in regions of notable temperature changes. 
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                                                         (a)                                                                              (b) 

 

 
                                                            (c) 

 
Figure 8: Profiles of total displacements (a–c) after one day of simulation show that the thermo-mechanical 
rock behavior is mainly influenced by the linear thermal expansion coefficient (α), tensile strength (στ) and 
elastic modulus (𝑬). 



2.3 RESULTS AND DISCUSSION 

23 

At the upper and lower reactor to sandstone boundary, the experienced high temperatures have 

the highest impacts on total displacements, especially due to the influence of the sandstone’s 

linear thermal expansion coefficient. Maximum total displacements at the reactor bottom of 

about 6 cm are achieved, which is about 2 cm higher compared to the temperature-independent 

parameter based simulation (Profiles A-A´ and B-B´ in Figure 8). Due to only minor temperature-

dependent variations in elastic modulus and tensile strength, the stability of the sandstone layer 

is not affected even at high temperature conditions. Hence, none of the other investigated 

parameters is found to be sensitive to displacements in the sandstone layer. The simulated total 

displacements in the coal seam at 246 m to 250 m depth (Figure 8, Profiles B-B´ and C-C´) illustrate 

that tensile strength and elastic modulus are the parameters most sensitive to consideration of 

their temperature-dependency. Significant changes in total displacements at the reactor hanging 

wall can be observed (about 22 cm in total), where the relative difference compared to the 

simulations with temperature-independent properties is up to 10 cm. Considering the 

development of the nominal values in Figure 6, it becomes obvious that the simulated 

displacements are related to a significant decrease in strength at temperatures above 200 °C. 

The sensitivity analysis shows that maximum total displacements resulting from the consideration 

of temperature-dependent parameters are generally higher compared to those without 

temperature-dependent parameters. This is further influenced by the dynamic development of 

the spatial temperature distribution in the reactor vicinity, and thus the related changes in 

thermo-mechanical material properties affecting rock strength as well as the in situ stress regime. 

Furthermore, the sensitivity analysis shows that thermo-mechanical behavior of the given rocks is 

mainly influenced by the linear thermal expansion coefficient, tensile strength and elastic 

modulus. Nevertheless, for the 50 day simulation, specific heat capacity and thermal conductivity 

were maintained as temperature-dependent to account for a maximum realistic spatial 

temperature distribution in the reactor vicinity. 

2.3.2 DISTRIBUTION OF TEMPERATURE WITH TEMPERATURE-DEPENDENT 

AND -INDEPENDENT MATERIAL PROPERTIES 

Heat transport in the present simulations is driven by heat conduction only. Since heat 

conductivity and heat capacity are determined by low values in both lithological layers (Table 1), 

their change with increasing temperature is in the range of one order of magnitude, and thus 

induces a significant temperature increase (≥ 200 °C) in the close reactor vicinity only. Figure 9 

shows the distribution of the temperature in the reactor vicinity after 50 days simulation with 

temperature-dependent and temperature-independent properties. For both simulations, the 

maximum of the high temperature (≥ 200 °C) distance to the reactor boundary is in the range of 

the coal seam thickness and even larger (0.85 m), if temperature-dependent parameters are not 

considered. 
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(a) (b) 

Figure 9: Temperature distribution in the reactor vicinity after 50 days of simulation with (a) temperature 

dependent and (b) temperature-independent material properties. 

A comparison of the distribution of the thermal conductivity for temperature-dependent and 

temperature-independent parameters is shown in Figure 10. Due to the decrease in thermal 

conductivity with increasing temperature for sandstone, the magnitudes are reduced to about the 

half (1.2 W/m/K) of the initial value in reactor vicinity due to high temperature impact. The 

temperature of 1000 °C at the reactor boundary is applied at each reactor growth step, at 

especially results in the formation of a broader temperature field at the reactor bottom in the 

temperature-independent simulation (increase by 0.85 m at temperatures ≥ 200 °C). The 

influence of the exposure of the reactor underburden to high temperatures is significantly longer 

compared with that experienced by the reactor overburden in that case. 

The increase in thermal conductivity of coal by about one order of magnitude in regions with 

temperatures above 900 °C is observed close to the reactor boundary only. Hence, the effect of 

considering temperature-dependent parameters is very limited for the resulting temperature 

distribution. 
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(a) (b)  

Figure 10: Distribution of the thermal property thermal conductivity (W/m/K) after 50 days of simulation with 

(a) temperature-dependent and (b) temperature-independent properties (initial values). The grey solid line 

represents the 200 °C isotherm. 

2.3.3 DISTRIBUTION OF TOTAL DISPLACEMENTS IN THE UCG REACTOR VICINITY 

A stepwise reactor zone excavation can minimize the overestimation of mechanical excavation 

effects (high grid point velocities at the simulation start), and was therefore applied in the 

displacement analysis considering temperature-dependent and -independent rock and coal 

parameters. Total displacements after 50 days of simulations show notably higher displacement 

magnitudes for the stepwise reactor excavation with temperature-dependent compared with 

temperature-independent material properties. Due to the high temperature present at the 

reactor boundary, temperature-dependent tensile strength and elastic modulus of coal drop 

significantly. The coal strength tends towards zero inducing high displacement magnitudes above 

0.25 m (Figure 11). The observed vertical distribution of total displacements using temperature-

dependent properties is twice as high with more than 0.05 m in the hanging wall. Here, the spatial 

distributions of the total displacements mainly differ for the coal seam in the lateral extent. Major 

property changes of coal due to increasing temperature result in a loss of strength, and thus a 

different displacement pattern. Simulations using temperature-independent parameters show a 

larger zone of total displacements in the foot wall compared to the temperature-dependent ones. 

The mechanical properties of sandstone exhibit significantly lower changes with temperature 

compared to coal and are mainly influenced by the thermal expansion coefficient. Although the 
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trend of this property is increasing with temperature, our sensitivity analysis reveals rather minor 

changes (2–4 mm) in total displacements. 

 

(a) (b) 

Figure 11: Distribution of total displacements of surrounding rocks in the UCG reactor vicinity after stepwise 

reactor zone excavation with (a) temperature-dependent properties and (b) temperature-independent 

material properties after 50 days of simulation. 

2.3.4 PRINCIPAL STRESS DISTRIBUTION IN THE UCG REACTOR VICINITY 

During the UCG process, the experienced high temperatures generate a high thermal gradient of 

limited spatial extent for temperature-dependent as well as -independent properties, and thus 

induce thermal stresses in the surrounding rock masses. Rock strength and behavior under high 

temperatures differ notably from those at initial conditions. Therefore, the assigned thermo-

mechanical parameters in the model are essential to analyses of stress distribution in the reactor 

vicinity. The present simulations were carried out neglecting pore pressure, and thus pore fluid 

heat capacity and thermal conductivity were not taken into account. Figure 12 shows the vertical 

profiles of the minimum (σ3) and maximum (σ1) principal stresses along the horizontal reactor 

center from the model top to its bottom (190–300 m below ground level), after reaching the state 

of equilibrium (before excavation) and after 50 days of simulation (following the excavation). The 

initial principal stresses increase linearly with depth and show a significant peak in the coal seam 

region due to the coal’s higher Poisson’s ratio. The maximum principal stress after the excavation 

is in the order of 20 to 22 MPa for temperature-dependent and independent parameters. A 

significant stress increase in the sandstone surrounding the reactor develops due to the 

excavation process and temperature effects. 
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(a) (b) 

Figure 12: Profile of maximum (σ1 = σv) and minimum (σ3 = σH) principal stresses at the left model boundary 
plotted against depth (a) before excavation (initial stress state) and (b) after 50 days of simulation with 
temperature-dependent and -independent parameters. 

The rock plasticity behavior is shown and discussed in detail below; however, local stress field 

changes occur, if rock strength (Table 1) is exceeded. Figure 13 shows the distribution of the 

minimum and maximum principal stresses in the reactor vicinity. An arching effect evolving due 

to a temperature-induced reduction in coal strength in the close reactor vicinity shifts the main 

load-bearing section of the coal seam to about 10 m lateral distance from the reactor boundary, 

where a minimum principal stress of 8 MPa (compressive regime) is observed (Figure 13). The 

same lateral stress-pattern is found for temperature-dependent and -independent properties. For 

the temperature-dependent simulation, in response to changes in the stress field of the growing 

reactor zone and increase in spatial temperature distribution, minimum principal stresses are in 

the order of −4 MPa (tensile regime) above the cavity. Although stress differences are in the order 

of maximum 2 MPa in the affected region above the reactor, pure tensile failure is observed in 

the simulations for temperature-dependent simulations only (Figure 14a). Due to the lower 

temperature distribution below the reactor, the temperature-induced stress increase is 

overestimated for the simulation using temperature-independent parameters. 

Apart from the differences in principal stresses above and below of the reactor vicinity, stress 

changes are negligible in simulations using temperature-dependent and -independent 

parameters. However, stress distribution is strongly dependent on the reactor growth and design, 

and therefore may induce higher impacts with temperature-dependent parameters for UCG 

channel or even parallel multi-channel design. 
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(a) (b) 

 

(c) (d) 

Figure 13: Minimum (σ3 = σH) principal stress (in MPa) with (a) temperature-dependent and (b) -independent 

properties and maximum (σ1 = σv) principal stress (in MPa) with (c) temperature-dependent and 

(d) -independent properties after 50 days of simulation. The grey solid line represents the 200 °C isotherm. 
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(a) (b) 

Figure 14: Distribution of shear and tensile rock failure experienced by rocks surrounding the UCG reactor 

after stepwise reactor zone excavation with (a) temperature-dependent and (b) -independent properties 

after 50 days of simulation. The grey solid line represents the 200 °C isotherm. 

2.3.5 PLASTICITY BEHAVIOR OF ROCKS SURROUNDING THE UCG REACTOR 

In the numerical computation, the Mohr-Coulomb failure criterion is applied, which can be 

expressed as: 

τ = σ𝑛 ∙ 𝑡𝑎𝑛(𝜑) + 𝑐 (3) 

where τ is the rock shear strength; σ𝑛 the effective normal stress; and 𝑐 and 𝜑 the cohesion and 

internal friction angle, respectively. If failure in the rock matrix occurs, the stress state for that 

element is recalculated and the updated stress state then applied for further failure assessment. 

Shear and tensile failure (green) dominate at the reactor boundary after 50 days of simulation, 

followed by a region of pure tensile failure (blue) (Figure 14a). Tensile failure mainly occurs in the 

hanging wall above the reactor, and is dominant in the simulation using temperature-dependent 

parameters. This region is strongly influenced by the increase in temperature, and thus reduced 

rock strength and associated changes in stresses as plotted in Figure 12 and Figure 13. Coal mainly 

experiences shear failure (red) exhibiting about three times the length of the coal seam thickness 

in the simulations with and without temperature-dependent parameters (Figure 14). The region 

of shear failure is determined by stress changes induced by excavation effects. If coal is heated, it 

becomes softer and plasticity increases allowing for higher displacements and volumetric strain 

increments. However, the temperature distribution increase is limited to the close reactor vicinity 

(about 2 m in maximum for simulations using temperature-dependent parameters) due to the 

lower thermal conductivity of coal compared with sandstone at temperatures below 600 °C. 
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2.3.6 PERMEABILITY DISTRIBUTION IN ROCKS SURROUNDING THE UCG REACTOR 

VICINITY 

The distribution of temperature and stresses in the UCG reactor vicinity is of utmost interest for 

the mechanical rock behavior and stability as well as the development of spatial permeability 

distribution in time. The latter may affect the potential flow of gasification educts and products 

as well as of fluids present in the reactor vicinity potentially determining the gasification process 

efficiency. Figure 15 shows the resulting volumetric strain increment distribution around the 

reactor after 50 days of simulation and the corresponding high temperature field (≥ 200 °C) 

distribution for simulations using temperature-dependent and temperature-independent 

material parameters. 

 

(a) (b) 

Figure 15: Distribution of positive volumetric strain increments with (a) temperature-dependent and 

(b) -independent properties in UCG reactor vicinity. The grey solid line represents the 200 °C isotherm. 

The magnitude of spatial changes in volumetric strain increments correlate with those of 

temperature increase (≥ 200 °C) for both simulation runs. However, this is discussed later in this 

manuscript. Elements exhibiting more than 2% volumetric strain increment are highlighted in red 

in Figure 15. The magnitude and distribution of volumetric strain increments cannot be directly 

compared to the total displacements presented in Figure 11, which are accumulated displacements 

at each gridpoint of the model; volumetric strain increments are the sum of the elastic and plastic 

components of strain of each element. Furthermore, the implemented model considers the 

different porosity data assigned to the coal and sandstone units, used in the calculation of 

permeability changes. 
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For the assessment of permeability changes, normalized permeabilities with an initially uniform 

distribution in the model were applied, while average rock-specific porosity values were derived 

from literature and assigned to the respective units (Table 2) (Somerton, 1992). Based on the 

calculated volumetric strain increments, the new permeability distribution is derived using 

Equation 2. Depending on the porosity and grain size of sandstones tested by David et al. (1994) 

and Yale (Yale, 1984), these exponents are ranging from 2 to 25 for sandstones. In the present 

model, data were assigned to represent sandstones with porosities below 10%. To understand 

and investigate the effect of the porosity sensitivity of permeability, we compare the results for 

three different permeability sensitivity exponents (namely 𝑛 = 2, 13 and 25) within the given range 

(Figure 16). 

 

(a) (b) (c) 

Figure 16: Porosity and permeability is expressed as function of volumetric strain increment following Chin et 

al. (2000) with porosity sensitivity exponents of (a) n = 2; (b) n = 13; and (c) n = 25. The grey solid line 

represents the 200 °C isotherm. 

For an improved illustration of permeability changes, the values are limited to one order of 

magnitude permeability increase (red elements). For the smallest exponent value, a limited radius 

around the reactor is affected (< 0.5 m) only, concentrated at the reactor top and bottom. In 

contrast, the effect of the exponent is notably higher for the exponents 𝑛  = 13 and 25. The 

permeability increase of more than one order of magnitude is evenly distributed around the 

reactor and up to about 1.5 m in the sandstone lithology. In that radius, fluid flow may be 

significantly affected by the local permeability increase, while relevant permeability changes in 

the coal seam exhibit only 50% of that radius. 
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Table 2: Initial averaged data applied for permeability change analysis (from Somerton, 1992 and Min, 1983). 

Initial Values Coal Sandstone 

𝜙0 0.02 0.06 

Normalized 𝐾0 1 1 

𝑛 13 

The positive volumetric strain increment is strongly temperature-induced in the surrounding 

sandstones as shown in Figure 15, what is confirmed by the calculated permeability changes in 

the simulations using temperature-dependent and -independent parameters. Figure 17 illustrates 

that the comparison of permeability changes resulting from simulations using temperature-

dependent and temperature-independent parameters exhibit only minor lateral differences 

(0.65 m) of about one order of magnitude in the reactor near-field. Particularly at the top of the 

reactor, these differences are negligibly small (0.17 m). Therefore, using temperature-dependent 

parameters affects the magnitude of the local total displacements and volumetric strain increments 

in the reactor near-field, but almost not their spatial distribution; hence, also not the resulting 

permeability distribution. Nevertheless, neglecting the temperature-dependent development of 

parameters may result in an overestimation of permeability changes in the close reactor vicinity. 

 

(a) (b) 

Figure 17: Permeability changes (−) show negligible differences for (a) temperature-dependent and (b) 

temperature-independent parameters. The difference in regions of high permeability increase is only 

marginal, extending to 0.17 m above and 0.65 m below the reactor. 
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While various mechanisms have been investigated to explain the processes causing permeability 

changes in rocks experiencing variations in normal and shear stresses, the effect of mechanical 

stress on permeability in the context of a geotechnical excavation has been found to be confined 

mainly to the near-field of deposition holes, tunnels or boreholes (Min et al., 2013; Zoback, 2007). 

Permeability changes calculated under consideration of the given thermo-mechanical material 

properties are mainly mechanically-induced in the simulations carried out in the present study. 

2.4 SUMMARY AND CONCLUSIONS 

In the present study, we investigated the coupled thermo-mechanical impact of temperature-

dependent parameters on permeability changes in the vicinity of a hypothetical underground coal 

gasification reactor by comparing simulation results based on thermo-mechanical parameters 

determined in recently published data from high-temperature experimental results. For that 

purpose, a 2D thermo-mechanical numerical model was implemented comprising three geological 

units as, e.g., given in the former Hanna UCG field trial in the USA. An elastoplastic constitutive 

law was assigned to the coal and sandstone units in the model. The spatial development of the 

UCG reactor with time was realized by a stepwise excavation in order not to overestimate the 

mechanical excavation effects, which would result in unreasonably high grid point velocities. At 

each excavation step, a constant temperature of 1000 °C was applied at the reactor boundaries 

to represent the heat generated by the gasification process in the coupled thermo-mechanical 

simulations. A parameter sensitivity analysis identified the parameters most sensitive to 

temperature. Then, a simulation time of 50 days was applied to compute the average time-

dependent heat impact experienced by a 1 m long section of a typical CRIP-based UCG reactor. 

Our simulation results demonstrate that the temperature-dependent thermo-mechanical 

properties elastic modulus, tensile strength and linear thermal expansion coefficient have a 

notable direct influence on stress changes and deformation, while thermal conductivity mainly 

influences the spatial temperature distribution around the UCG reactor, and thus only indirectly 

affects stress changes and deformation. Especially the temperature distribution in cavity vicinity 

is determined by the thermal conductivity and may result in overestimating the size of areas with 

high permeability changes unless temperature-dependent properties are considered. Therefore, 

it is obvious that the thermo-mechanical rock behavior is mainly influenced by the parameters 

thermal expansion coefficient, tensile strength and elastic modulus. 

In the close reactor vicinity, the high temperatures induce positive volumetric strains. However, 

permeability changes calculated based on volumetric strain show only negligible differences 

between simulations using temperature-dependent and temperature-independent parameters. 

Hence, near-field models employed for the assessment of reactor growth induced by the 

thermodynamic gasification processes require temperature-dependent parameters for 

simulations, while far-field models can benefit from neglecting temperature dependence, which 

in turn increases the computational efficiency significantly by not adapting the thermo-

mechanical parameters of each model element after each calculation step. 

Shear and tensile failure occur at multiple locations in the reactor near-field in the thermo-

mechanical model due to stepwise excavation effects applied to simulate the reactor growth and 

thermally induced stresses. The region of shear failure in lateral direction is about three times the 
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length of the coal seam thickness in the present case and mainly stress-induced and independent 

of temperature, since an arching effect develops with time. At the reactor top, a field of pure 

tensile failure is observed in the sandstone for the temperature-dependent simulation results. 

High temperatures at the reactor boundary induce a decrease in rock strength and determine 

stress changes; thus, generate tensile failure mainly in the temperature-dependent simulations. 

The present study considers sandstones as over- and underburden of the target coal seam. Other 

rock types usually present in geological coal deposits, such as claystones, siltstones and shales, 

were not specifically addressed due to the limited availability of experimental data on 

temperature-dependent thermal properties (linear thermal expansion, specific heat capacity and 

thermal conductivity). 

3D modeling will be applied in the next step to enable the assessment of complex site-scale 

geological models with regard to environmental UCG impacts. The model presented here will be 

thereto extended by a thermo-hydro-mechanical coupling to include fluid flow out of and into the 

UCG reactor. Detailed knowledge on site geology as well as permeability of potentially existing 

discontinuities is generally not available. Therefore, coupled numerical models allow for the 

assessment of potential permeability changes and mechanical integrity of UCG reactors, what is 

of uttermost importance for a safe and environmental-friendly UCG operation. 
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3 FAULT REACTIVATION CAN GENERATE HYDRAULIC SHORT 

CIRCUITS IN UNDERGROUND COAL GASIFICATION — 

NEW INSIGHTS FROM REGIONAL-SCALE 

THERMO-MECHANICAL 3D MODELING 

ABSTRACT 

Underground coal gasification (UCG) has the potential to increase worldwide coal reserves by 

utilization of coal deposits not mineable by conventional methods. This involves combusting coal 

in situ to produce a synthesis gas, applicable for electricity generation and chemical feedstock 

production. Three-dimensional (3D) thermo-mechanical models already significantly contribute 

to UCG design by process optimization and mitigation of the environmental footprint. We 

developed the first 3D UCG model based on real structural geological data to investigate the 

impacts of using isothermal and non-isothermal simulations, two different pillar widths and four 

varying regional stress regimes on the spatial changes in temperature and permeability, ground 

surface subsidence and fault reactivation. Our simulation results demonstrate that non-

isothermal processes have to be considered in these assessments due to thermally-induced 

stresses. Furthermore, we demonstrate that permeability increase is limited to the close reactor 

vicinity, although the presence of previously undetected faults can introduce formation of 

hydraulic short circuits between single UCG channels over large distances. This requires particular 

consideration of potentially present sub-seismic faults in the exploration and site selection stages, 

since the required pillar widths may be easily underestimated in presence of faults with different 

orientations with respect to the regional stress regime. 
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3.1 INTRODUCTION 

Underground coal gasification aims at in situ conversion of coal deposits, currently not mineable 

by conventional methods and production of a high-calorific synthesis gas, applicable for power 

generation, natural gas substitution and chemical feedstock production. In UCG, target coal 

deposits are developed by directional drilling and then converted into a synthesis gas by sub-

stoichiometric combustion, using gasification agents based on oxygen-enriched air and steam. 

Synthesis gas constituents are mainly hydrogen, carbon monoxide, carbon dioxide and methane 

in addition to nitrogen and minor components such as sulfuric acid (Bhutto et al., 2013; 

Blinderman et al., 2008; Burton et al., 2006; Friedmann et al., 2009; Kempka et al., 2011b; 

Klebingat et al., 2016; Nakaten et al., 2013; Yang et al., 2016). 

Apart from the high economic potentials, UCG may effect site-specific environmental impacts, 

including fault reactivation, induced seismicity and ground surface subsidence. Furthermore, 

potentially induced changes in overburden hydraulic conductivity may result in pollution of 

shallow aquifers (Sirdesai et al., 2015; Sury et al., 2004). Especially thermo-mechanical effects 

and/or fault reactivation may introduce potential migration pathways for hazardous 

environmental contaminants, mainly composed of organic and inorganic pollutants (Couch, 2009; 

Friedmann et al., 2009; Sury et al., 2004). Site-specific coupled thermo-mechanical processes 

occurring in rocks adjacent to a deep UCG reactor are generally not well known in the field, 

because of the difficulty to quantify all occurring chemical reactions during the UCG process and 

their effects on UCG reactor size and shape (Najafi et al., 2015). Current knowledge on these 

processes is mainly based on laboratory experiments (Hettema et al., 1998; Kapusta and Stańczyk, 

2011; Stańczyk et al., 2011; Tian, 2013; Tian et al., 2011, 2012, 2013, 2014, 2015; Wolf and 

Bruining, 2007) and a few successful UCG field trials. Since the 1930s, more than 50 pilot-scale 

UCG operations have been carried out worldwide. These developments have been concentrated 

in the former Union of Soviet Socialist Republics (USSR), Europe, U.S., South Africa, Australia and 

China and were predominantly undertaken at shallow depths, e.g., at Angren (110 m) in 

Uzbekistan, Chinchilla (140 m) in Australia, and Hanna (80 m) and Hoe Creek (30–40 m) in the U.S. 

(Burton et al., 2006; Durucan et al., 2014; Najafi et al., 2015; Sajjad and Rasul, 2014; Yang et al., 

2016). 

Developing an UCG model to quantify the process performance and to obtain reliable predictions 

for a new UCG development before proceeding to the gasification stage requires a sound 

understanding of its physical theory as well as knowledge on how to integrate field test and 

laboratory data in the analysis (Khan et al., 2015). Khan et al. (2015) concluded that each potential 

UCG site will be unique, so that design parameters (i.e., coal seam depth, thickness, inclination, 

coal properties, moisture content, water influx, etc.) have to be addressed before initiating the 

site operation and performance parameters are taken into account. Due to the high financial 

effort associated with UCG field trials, mathematical and numerical modeling has become an 

important methodology to study the coupled processes influencing UCG performance. However, 

the complexity of simultaneously occurring physical and chemical processes, such as chemical 

reactions and their kinetics, transport phenomena (i.e., heat and mass), turbulent flow patterns 

in the reactor, water influx from the surrounding rock mass and thermo-mechanical processes 

related to geological boundary conditions and stress regimes is remarkably high (Khan et al., 2015; 
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Nitao et al., 2011; Nourozieh et al., 2010). Almost all previous UCG studies applied one-

dimensional (1D) or two-dimensional (2D) models to account for selected coupled processes 

(Sirdesai et al., 2015), which only have a limited validity in predicting the performance of UCG field 

trial operation, especially when considering the generally high heterogeneity and complexity of 

geological systems. For instance, it is known that 2D models may overestimate the magnitude of 

ground surface subsidence and stresses in pillars (Adhikary et al., 2016). Consequently, three-

dimensional (3D) numerical 3D models, representing known geological features in high details are 

required for reliable predictions of site-specific UCG performance. 

Nowadays, it is possible to develop and apply 3D models of varying complexity due to the 

significantly lower demand in computational time with the availability and advancement of 

innovative modeling and coupling techniques as well as parallel computations. In order to 

enhance the features of a 3D model and to apply the model for the assessment and prediction of 

UCG performance considering thermo-mechanical impacts, it is imperative to incorporate coal 

seam properties and geology of the target site into the model. Hereby, our previous findings (Otto 

and Kempka, 2015a, 2015b) emphasize that model simplifications with regard to the 

consideration of thermo-mechanical parameters in far-field numerical models can significantly 

reduce the computational time, while preserving the validity of the numerical results. 

Taking into account these findings, coupled simulations based on complex 3D regional-scale 

models were employed in the present study to assess the potential formation of hydraulic short 

circuits between single UCG channels. For that purpose, a coupled thermo-mechanical 3D model 

has been developed to allow investigating the regional-scale geomechanical impacts of a 

hypothetical UCG operation at the Polish Wieczorek mine located in the Upper Silesian Coal Basin. 

3.2 MATERIALS AND METHODS 

3.2.1 NUMERICAL MODEL GEOMETRY, PARAMETRIZATION AND BOUNDARY 

CONDITIONS 

Based on well log data and geological cross-sections of the Polish Wieczorek mine in the Upper 

Silesian Coal Basin, a 3D structural geological model was implemented and integrated into a 

numerical thermo-mechanical model. The finite-difference thermo-hydro-mechanical simulator 

FLAC3D (Itasca, 2014) was employed to analyze thermo-mechanical stress changes, displacements 

and volumetric strain increments around the UCG reactors, using a specifically refined 

unstructured grid. 

Table 3 shows the mechanical parameterization of the subdivided lithological units of the model, 

carried out using averaged data from Chećko (2013), whereby thermal properties for Layers 5-10 

were derived from published data (Table 4). Fault properties were assumed with zero cohesion, a 

friction angle of 20° and dilation angle of 10°. We assigned the FLAC3D Mohr–Coulomb model 

(elastoplastic constitutive law) to all lithological layers in the numerical model. The spatial model 

size is 10 km × 10 km × 5 km, comprising ten lithological units (dipping 8° S), a double fault (dipping 

82° NW) penetrating the target coal seam and 13 UCG channels of 2000 m length. Each UCG 

channel consists of 40 single reactors of 11 m in height, 20 m in width and about 50 m in length. 

The model is discretized by about 1.5 million elements of 3.66 (close UCG reactor vicinity) to 800 m 
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(model boundaries) extent in horizontal and vertical directions (Figure 18), whereby grid element 

sizes increase towards the lateral and bottom model boundaries. Further, 28,928 elements were 

implemented as ubiquitous joint elements, introducing a plane of weakness respecting the fault 

dip direction and angle. We meshed the model using hexahedral grid elements and maintained a 

rectangular UCG reactor shape to limit the total amount of elements. Local grid refinements were 

applied in the near-reactor and near-fault areas to properly account for local thermo-mechanical 

effects. Hereby, the chosen model size and grid discretization were optimized by grid sensitivity 

analyses, while the model boundary conditions were maintained at a pre-defined distance to 

avoid any impact on the simulation results in the area of interest. Velocities perpendicular to the 

model bottom and to the lateral boundaries were set to zero at the respective model boundaries, 

while the model top was defined as free surface. Exact fault geometries were considered by the 

implementation of the previously addressed ubiquitous joint elements to integrate the spatially 

varying fault dip direction and angle. 

Most of hydraulic fracturing test and focal mechanism data indicate the predominance of a strike-

slip stress regime with a maximum horizontal stress orientation (SHmax) in northwest to southeast 

direction (SHmax azimuth of 167°) in the Upper Silesian Coal Basin in Poland (Jarosinski, 2005a). We 

incorporated this stress regime into the 3D model, whereby the vertical stress gradient results 

from the gravitational load of the overburden. 

 

Figure 18: Geometry of the coupled thermo-mechanical 3D UCG model with the implemented double fault 
(blue) from three different perspectives: orientation of the maximum horizontal stress (SHmax) and lateral 
model dimensions in: plane-view (top left); 3D cross-section view (bottom left); and close-up 3D cross-section 
view (right) with the target coal seam and UCG channels considering a coal pillar width of 60 m. The model 
comprises ten lithological units with a target coal seam thickness of 11 m at depths from 370 to 580 m. 

After calibrating the numerical model with regard to the present stress regime, an equilibrated 

mechanical state was achieved. This state served as starting data set for all simulations carried out 

in the scope of the present study. In order not to overestimate ground surface subsidence and 

stresses in 3D models as discussed by Adhikary et al. (2016), UCG reactor growth is considered to 

occur simultaneously in 50-m steps along the pre-defined UCG channels, determined by an 
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average gasification front progress of 1 m/day. The selected reactor growth rate is in good 

agreement with the empirical model presented by Najafi et al. (2015), allowing for predication of 

UCG reactor growth rates under various operational and geological boundary conditions. Data 

published on previous field-scale UCG activities exhibit reactor growth rates varying from 0.35 to 

1.2 m/day. A constant temperature of 1000 °C was applied at the boundary of each active reactor 

after its excavation, whereby the in situ temperature was set to 30 °C following the local 

geothermal gradient. The numerical model was calculated until a mechanical equilibrium was 

achieved following each thermal time step of 50 days duration. The temporal temperature 

development in the rocks adjacent to the UCG channel was taken into account according to the 

cool-down process documented by Sarhosis et al. (2013). After the mechanical equilibrium state 

is achieved, the next reactor growth step is undertaken. Our present simulations neglect pore 

pressure, and thus pore fluid heat capacity and thermal conductivity are not taken into account, 

while the driving force for heat transport is conduction. Furthermore, the thermo-mechanical 

simulations carried out in this study focus on an extreme case of spatial temperature distribution, 

neglecting fluid flow into and out of the reactor as well as the steam jacket developing in the 

hanging wall. 

Table 3: Mechanical parameters used for all undertaken simulation runs (from Chećko, 2013). 

Lithological Units 
Young’s 
Modulus 

(GPa) 

Tensile 
Strength 

(MPa) 

Friction 
Angle 1 

(°) 

Cohesion 2 
(MPa) 

Poisson’s 
Ratio (-) 

Density 
(kg·m-3) 

Dilation 
Angle (°) 

Sandstone (Layer 1) 7.5 2.0 31 14.9 0.21 2115 - 
Claystone (Layer 2) 8.2 2.7 31 19.0 0.27 2458 - 

Shale (Layer 3) 8.2 2.3 31 17.2 0.25 2399 - 
Claystone (Layer 4) 7.8 2.6 31 18.2 0.27 2397 - 
Sandstone (Layer 5) 8.8 2.0 31 15.9 0.21 2407 - 

Coal (Layer 6) 0.7 0.6 31 3.8 0.35 1281 - 
Claystone (Layer 7) 8.0 3.8 31 10.9 0.27 2465 - 
Sandstone (Layer 8) 8.5 1.9 31 15.3 0.21 2262 - 

Target coal seam  
(Layer 9) 

0.7 0.6 31 3.8 0.35 1281 - 

Claystone (Layer 10) 80 3.8 31 10.9 0.27 2465 - 
Fault - - 20 0 - - 10 

1 Friction angle derived from Byerlee (1978); 2 cohesion determined by means of compressive strength and 

friction angle. 

Table 4: Thermal parameters applied for Layers 5–10 in all simulation runs (from Cała et al., 2014; Małkowski 
et al., 2013; Somerton, 1992; Speight, 2005; Tan et al., 2008). 

Lithological Units 
Linear thermal Expansion 

Coefficient (K−1) 

Specific Heat 
Capacity 

(J·kg−1·K−1) 

Thermal Conductivity 
(W·m−1·K−1) 

Sandstone (Layer 5) 1.6 × 10−5 1210 4.67 

Coal (Layer 6) 3.3 × 10−5 1130 0.5 

Claystone (Layer 7) 7.9 × 10−5 970 2.57 

Sandstone (Layer 8) 1.6 × 10−5 1210 4.67 

Target coal seam (Layer 9) 3.3 × 10−5 1130 0.5 

Claystone (Layer 10) 7.9 × 10−5 970 2.57 
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3.2.2 SCENARIO ANALYSIS AND UCG PANEL DESIGN 

In order to analyze the impact of temperature and pillar width on the spatial stress distribution 

and potential changes in rock permeability in the UCG channel vicinity, two UCG designs with pillar 

widths of 60 and 140 m (schematically shown in Figure 19) were taken into account. Each reactor 

has a theoretical capacity of 2.97 PJ/a over a lifetime of 5.5 years (2000 days), considering a coal 

calorific value of 29 MJ/kg. 

 

Figure 19: Conceptual design of the UCG CRIP (Controlled Retracting Ignition Point) methodology for different 
reactor-to-pillar-width ratios applied in our assessment: ratio of 1:3 (60 m pillar width) (top); and ratio of 1:7 
(140 m pillar width) (bottom), modified after Blinderman (2016). 

Identification of potential fluid migration pathways is of utmost interest in UCG operations to 

avoid hydraulic short circuits between two or more UCG channels as well as between UCG 

channels and potentially present shallow groundwater aquifers. Hydraulic short circuits between 

UCG channels render the gasification process uncontrollable in view of pressure and fluid mass 

balance monitoring and maintenance. 

Fluid flow along geological faults is determined by zones of hydraulic weaknesses, generally 

represented by the fault damage zone, and thus fault integrity assessments has to focus on the 

identification of such weak fault segments. Using 3D seismic data as a basis for these assessments 

is state-of-the-art (Ligtenberg, 2005). In tectonic field-work studies (e.g., Koledoye et al., 2003; 

Price and Cosgrove, 1990; van der Zee, 2002), it has been shown that large-scale faults generally 

represent highly complex zones composed of different fault segments, multiple fault strands, 

Riedel shears, splay faults, dilatational jogs and relay ramps (Ligtenberg, 2005). These individual 
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fault elements can be sub-seismic, and therefore not apparent in 3D seismic data. However, these 

faults can become extremely relevant at the intermediate scale in UCG operations, since potential 

fluid migration pathways in between single UCG channels may be established in case of their 

reactivation. 

3.3 SIMULATION RESULTS 

In this paragraph, simulation results, such as permeability changes, vertical displacements, stress 

state at specific fault elements and fault integrity are presented for the six different simulation 

scenarios considered. First, different horizontal distances between the single UCG channels 

(60 and 140 m pillar widths) are presented for isothermal (pure mechanical simulation with 

constant temperature of 30 °C) and non-isothermal settings. In particular, we compare isothermal 

with non-isothermal simulation results for the scenarios with a 60 m pillar width to assess the 

thermal impact on induced stresses, resulting in rock expansion occurring in the surrounding 

lithological layers. Then, varying stress regimes (strike-slip, normal faulting and reverse faulting) 

and maximum principal stress (SHmax) orientations (normal and parallel to the fault) are 

investigated in view of fault integrity. For the model set-up with a pillar width of 140 m, the focus 

was on assessing the impacts of different regional stress regimes, including normal, reverse and 

strike-slip on fault integrity. Furthermore, we oriented the maximum horizontal stress parallel to 

the fault to generate maximum shear and reduce normal stresses at the fault plane, and hence 

trigger fault reactivation, resulting in potential hydraulic short circuits between single UCG 

channels. 

3.3.1 VERTICAL TEMPERATURE DISTRIBUTION IN THE UCG CHANNEL VICINITY 

High temperatures during the UCG process generate a high thermal gradient of limited spatial 

extent, and hence induce thermal stresses in the surrounding rocks. Experimental studies by 

different authors (Hettema et al., 1993; Liu et al., 2016b; Tian et al., 2014, 2015) show that rock 

strength and behavior at enhanced temperatures differ notably from those at normal 

temperatures, considering purely mechanical conditions. Figure 20 exemplarily shows the 

temperature variation along a vertical profile in the UCG channel vicinity (depth of coal seam 

367-378 m below ground level) at different times (50, 100, 200, 300, 500 and 1000 days). Since 

heat conductivity and heat capacity are determined by generally low values in the surrounding 

lithological layers of the target coal seam, a significant temperature increase (≥ 200 °C) is induced 

in the close reactor vicinity (distance up to 7.5 m) only. The varying temperature gradients above 

and below the target coal seam result from different thermal conductivities depending on the 

lithology (Table 4). 

A comparison of the assessed isothermal and non-isothermal scenarios by means of spatial 

distribution of permeability, vertical displacements, state of stress at specific fault elements and 

fault integrity is provided in the following. 
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Figure 20: Temperature variation along a vertical profile through the coal seam (Layer 9) at different 
simulation times. The high temperature (≥ 200 °C) region is limited to the close channel vicinity and reaches 
a maximum extent of 7.5 m after 200 days of simulation above and 50 days below the target coal seam 
(Layer 9). 

3.3.2 PERMEABILITY DISTRIBUTION IN THE ROCKS SURROUNDING THE UCG 

CHANNELS 

The distribution of stresses in the UCG channel surroundings is required for the quantification of 

mechanical rock behavior and fault integrity as well as the spatial variation in the permeability 

distribution with time. The latter may affect the potential flow of gasification oxidants and 

products as well as of groundwater present in the reactor vicinity, potentially determining the 

gasification process efficiency and environmental impacts. Porosity and permeability changes in 

the vicinity of UCG reactors can be expressed as function of volumetric strain increment as shown 

in our previous studies (Otto and Kempka, 2015a, 2015b). For the assessment of permeability 

changes, normalized permeabilities with an initially uniform distribution in the model were 

applied, while average rock-specific porosities, depending on the present lithology were derived 

from literature and assigned to the respective model layers (Table 5). Based on the calculated 

volumetric strain increments, a new permeability distribution was derived following Chin et al. 

(2000), using dedicated porosity sensitivity exponents for each geological unit (Table 5). 
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Table 5: Initial averaged data applied for permeability variation analysis (from Min, 1983; Somerton, 1992; 
and Tian et al., 2014). 

Lithological Units 
Initial Values 1 

𝜙0 Normalized 𝐾0 𝑛 

Claystone (Layer 7) 0.0875 1 13 

Sandstone (Layer 8) 0.06 1 13 

Target coal seam (Layer 9) 0.02 1 13 

Claystone (Layer 10) 0.0875 1 13 

1 The initial values are 𝜙0 = porosity, 𝐾0 = permeability and 𝑛 is a power-law exponent (porosity sensitivity 

exponent) as described in Chin et al. (2000) and Otto and Kempka (2015a, 2015b). 

Figure 21 shows the resulting changes in permeability in the UCG channel vicinity at the end of 

the operational time for the isothermal and non-isothermal scenarios with a 60 m pillar width. For 

a proper illustration of these changes, the values are limited to one order of magnitude increase 

(red elements). For the isothermal scenario, only a limited region at the reactor walls of up to 4 m 

is affected. In contrast, the changes in positive volumetric strain increment, and hence 

permeability in the surrounding rocks are mainly temperature-induced as shown in Figure 21 

(bottom) for the non-isothermal scenario. A permeability increase by more than one order in 

magnitude is distributed around the UCG channel and laterally extends up to about 4 m into the 

coal seam from the channel walls and up to 7 m in vertical direction. 

 

Figure 21: Normalized permeability changes (−) for the: isothermal (top); and non-isothermal (bottom) 
scenarios with a pillar width of 60 m show significant differences in their spatial distribution due to the lack 
of temperature-induced stress effects in the non-isothermal scenario. 

3.3.3 VERTICAL DISPLACEMENTS AT 2000 DAYS (END OF OPERATION) 

Figure 22 shows the vertical displacements induced by mechanical effects related to the 

excavation of the UCG channels for the isothermal and non-isothermal scenarios with 60 m pillar 
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width at the ground surface (top) and in cross-section views (profiles A–B in Figure 22, bottom). 

The temperature-induced stresses result in different spatial distributions of vertical 

displacements. An oval-shaped subsidence pattern above the excavated area is observed in both 

simulation scenarios, although exhibiting different magnitudes at the surface. The highest vertical 

ground surface displacement in the isothermal scenario is about −0.055 m, while that in the non-

isothermal scenario amount to ca. −0.03 m. The profile views (Figure 22, bottom) show the 

development of vertical displacements below the ground surface, exposing the highest 

subsidence with depth increasing from the ground surface down to the excavated channels 

(−520 m). For the isothermal scenario, the pattern of displacements is less homogeneous 

compared to that in the non-isothermal scenario. 

 

Figure 22: Plane views of the vertical displacement distribution at the ground surface (top) and cross-sections 
(bottom) for the isothermal (middle) and non-isothermal (right) scenarios after 2000 days of simulation (end 
of operation). The location of the UCG channels and the fault plane with regard to the plotted cross-section 
is illustrated in the upper left sub-figure. 

The different pattern of vertical displacements has its origin in local temperature effects, resulting 

in high vertical displacements (up to −0.27 m) in the hanging wall as well as positive vertical 

displacements at the foot wall (thermal expansion of up to 0.24 m), induced by thermal expansion 

effects (Figure 23, right). For the isothermal simulation scenario, only vertical displacements 

directly above the reactor of up to −0.10 m (pure mechanical excavation effects) occur in the 

absence of thermal expansion effects, e.g. at the reactor bottom (Figure 23, left). 
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Figure 23: Vertical displacements in close vicinity of one UCG channel located at the A–B profile shown in 
Figure 22 for the: isothermal (left) and non-isothermal (right) scenarios. 

3.3.4 STRESS STATES AT FAULT ELEMENTS 

Figure 24 illustrates the stress states at the elements intersected by the fault plane in Layers 6 to 

10 for the strike-slip stress regime, assessed at end of the operational time in the isothermal 

(Figure 24, left) and non-isothermal (Figure 24, right) simulations with 60 m pillar widths. Here, 

fault failure is observed in both simulations, though exhibiting varying characteristics due to the 

induced thermal stresses in the non-isothermal scenario. Thereby, the maximum normal stress is 

increasing from 23 to 52 MPa, while the maximum shear stress increases from 7 to approximately 

14 MPa, when comparing the isothermal with the non-isothermal simulation, respectively. 

  

Figure 24: Normal versus shear stress plots for the fault elements in: isothermal simulation (left) and 
non-isothermal simulation (right) at end of the operational time. Coulomb failure line plotted as dashed red 
line. 
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3.3.5 FAULT INTEGRITY 

The fault acts as discontinuity in terms of its mechanical properties, with the lowest values of 

friction angle and zero cohesion (Table 3). This implies that fault elements represent the region of 

highest probability for the occurrence of shear and tensile failure. Results of fault integrity 

assessments for the isothermal (Figure 25, top) and non-isothermal (Figure 25, bottom) scenarios 

are illustrated in Figure 25. The stepwise channel excavation induces mechanical stresses in the 

coal pillars and their surrounding rocks. Therefore, shear failure is mostly localized in the close 

channel vicinity. Tensile failure is not observed at the fault plane in the isothermal scenario. The 

results do not show any coalescence of reactivated fault regions by means of shear failure in the 

scenario with 60 m pillar width. Figure 25 (top) shows the results obtained after 2000 days of UCG 

operation for the non-isothermal scenario. The temperature leads to an increase in shear failure, 

and further produces tensile failure in the close reactor vicinity as a result of the additionally 

induced thermal stresses. In this scenario, coalescence of reactivated fault areas by shear failure 

at the fault plane in adjacent lithological layers above and below the coal seam is observed (Figure 

25, bottom). Formation of hydraulic short circuits, and hence the development of potential fluid 

migration pathways between the respective UCG channels is very likely. Consequently, the 

decrease in fault integrity is significantly underestimated, if the thermal stresses acting on the coal 

pillars are neglected, as given in the isothermal simulations. 

 

Figure 25: 3D view (left) and close view (right) of shear and tensile failure occurring at the fault plane in the 
isothermal (top) and non-isothermal (bottom) scenarios with 60 m pillar widths at a simulation time of 2000 
days (end of UCG operation). UCG channels are represented by transparent grey shapes.  

3.3.6 INFLUENCE OF PILLAR WIDTH ON FAULT STABILITY 

Figure 26 (top) shows the coalescence of fault reactivation regions by means of shear and tensile 

failure, observed at the fault plane for the non-isothermal scenario with 60 m pillar width and that 

with 140 m pillar width. The patterns of shear and tensile failure are concentrated around the 

channels, whereby tensile failure induced by thermal stresses is located in close channel vicinity. 
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Areas of failure between the channels do not exhibit any general pattern and create no potential 

hydraulic short circuits between any channels. In contrast to the 60 m pillar width scenario, a 

defined coalescence of reactivated fault areas is not observed. 

 

Figure 26: 3D distant (left) and close (right) views of shear and tensile failure at the fault plane for the non-
isothermal scenarios with 60 m (top) and 140 m (bottom) pillar widths at a simulation time of 2000 days (end 
of UCG operation). 

3.3.7 INFLUENCE OF STRESS REGIME ON FAULT STABILITY 

According investigations on recent stress regimes in Poland, the heterogeneity in the present 

stress field is very high. Jarosinski (2005a, 2005b, 2006) summarized an extensive set of stress-

related data for Poland, taking into account borehole breakout analyses, hydraulic leak-off tests, 

earthquake focal mechanism solutions and regional intraplate motions derived from GPS 

measurements. These data allow for assumptions regarding geodynamics in specific Polish 

geological basins, with the presence of frequent breakouts showing that tectonically driven 

anisotropy of horizontal stresses is a common feature. The SHmax direction in Eastern Poland is 

roughly N–S oriented and differs significantly from the stress regime in Western Europe. Jarosinski 

(2006) reported that this deviation is produced by the tectonic push from the south, which is 

successively compensated in the Upper Silesian Basin segment. Furthermore, stress directions are 

also ambiguous due to the interplay of several additional tectonic factors in the western part of 

Poland. Although most of hydraulic fracturing data and earthquake focal mechanism solutions 

indicate the presence of a strike-slip stress regime in Eastern Poland, the limited data available 

from Western Poland suggest the presence of a normal faulting stress regime (Jarosinski, 2005a, 

2005b). 

In order to assess the impact of different stress regimes and SHmax orientations on fault integrity, 

we conducted a sensitivity analysis, considering two strike-slip stress regimes (SHmax perpendicular 

and parallel to the fault plane), one normal and one reverse faulting stress regime scenario. In all 

cases, coupled simulations were run with the parameterization of the non-isothermal 140 m pillar 
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width scenario. Figure 27 shows the fault integrity at 2000 days (end of operation), where the 

largest reactivated fault area by shear and tensile failure develops for the strike-slip faulting 

regime, in which the SHmax orientation is parallel to the fault plane. Here, areas of shear and tensile 

failure expose a clear coalescence below the coal seam in the western part of the fault (Figure 27, 

distant view). For the normal faulting stress regime, a similar characteristic of the fault areas, 

reactivated by tensile failure compared to the previously described scenario can be noticed. 

However, a coalescence of reactivated fault areas by shear failure is not observed, since areas of 

shear failure are much less pronounced. The smallest reactivated fault area in this comparison is 

observed for the reverse faulting stress regime (Figure 27, bottom). In that scenario, only close 

reactor vicinities are affected by a lower occurrence of shear and tensile failure, compared to the 

strike-slip stress regime with the SHmax orientation parallel to the fault plane. For the reverse 

faulting stress regime scenario, coalescence of reactivated fault areas is not observed in the 

simulations. The impact of SHmax orientations on fault reactivation becomes obvious by comparing 

the two strike-slip regime scenario simulation results. Larger areas of shear and tensile failure 

mainly occur in layers above and below the target coal seam. 

The perpendicular SHmax orientation towards the fault plane leads to a notable reduction in fault 

reactivation. Compared to the strike-slip stress regime, the normal and the reverse faulting stress 

regimes indicate the same characteristics of rock failure in the coal seam. For the layers above and 

below, this also applies for the reverse faulting stress regime. Here, a slightly smaller area of shear 

and an even smaller area of tensile failure with similar characteristics are observed. Nevertheless, 

in the normal faulting stress regime a larger fault reactivation area forms in the adjacent rock 

layers, compared to the strike slip regime, especially for the areas of tensile failure. Significant 

differences become apparent in the comparison of the reverse and normal faulting stress regimes 

as well. Here, especially the tensile failure characteristics of the reverse faulting regime differ from 

the normal faulting one, since their lowest extent is observed here. For the undertaken 

simulations and model set-up, the strike-slip faulting regime with SHmax parallel to the fault plane 

and the reverse faulting regime encompass the worst- and best-case scenarios, respectively. 
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Figure 27: 3D distant (left) and close (right) views of shear and tensile failure at the fault plane in (from top 
to bottom) the two strike-slip (SHmax perpendicular to the fault plane and SHmax parallel to the fault plane) as 
well as the normal and reverse faulting stress regimes for the non-isothermal scenario with 140 m pillar width 
at a simulation time of 2000 days (end of UCG operation). 

3.4 DISCUSSION 

The impacts of enhanced and high temperatures on thermo-mechanical rock properties have 

been investigated during the last decades to improve process quantification and prediction in 
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different engineering topics, including nuclear waste disposal, geothermal heat recovery and UCG 

(Liu et al., 2016a, 2016b; Min et al., 2005; Somerton, 1992; Tian et al., 2012, 2014). Hereby, the 

linear thermal expansion coefficient was identified as one of the key parameters, governing 

volumetric and stress changes in rocks exposed to high temperatures (≥ 200 °C). Enhanced 

temperatures can induce high internal thermal stresses as a consequence of the thermal-

expansion characteristics of different minerals, likely to result in thermal cracking and a decrease 

in rock strength (David et al., 1999; Liu et al., 2016b; Somerton, 1992; Tian et al., 2012, 2014). 

Our simulation results show the impact of high temperatures, comparing isothermal and non-

isothermal scenarios in a complex 3D model setting in the context of UCG operation, considering 

stress states at fault elements, permeability changes in UCG channel vicinity, vertical 

displacements and fault integrity in terms of hydraulic short circuit formation. Since heat 

conductivity and heat capacity are determined by generally low values for sedimentary rocks 

(Table 4), a significant temperature increase (≥ 200 °C) is only induced in the close UCG reactor 

vicinity. Figure 20 shows that the maximum extent of high temperature (≥ 200 °C) from the reactor 

boundary is about 7.5 m (reached after 200 days). 

Further, the reliable prediction and management of mining-induced surface subsidence is one of 

the environmentally challenging issues in the context of coal mining (e.g., Adhikary et al., 2016; 

Sury et al., 2004). Luo et al. (2009) developed a UCG subsidence prediction methodology and 

showed that overlying strata and ground surface subsidence behavior in UCG operation is 

relatively similar to that in conventional longwall coal mining. Depending on UCG panel design, 

channel dimensions and coal seam depth, the maximum surface subsidence calculated by Li et al. 

(2015) (0.039 m) and Sirdesai et al. (2015) (0.038 m) is in the range of our simulation results 

(0.055 m). Even if the strength of overlying strata above the gasified coal seams can increase under 

the influence of temperature as suggested by Li et al. (2015) and observed in experiments by Liu 

et al. (2016b) at temperatures between 100 and 450 °C due to cementation reactions effecting 

weakening, increasing temperature tends to a general decrease in rock strength (Evans and 

Kohlstedt, 1995; Liu et al., 2016a; Tian et al., 2015). However, microstructural changes in 

mineralogy and the associated variation in strength are not considered in our simulations. In fact, 

vertical displacements at the ground surface calculated in our simulations are about 50% higher 

in the isothermal scenario and notably less homogeneous compared to those in the non-

isothermal one at the end of the operational time. At that moment, the non-isothermal simulation 

has not achieved a thermo-mechanical equilibrium state due to sustained thermally-induced 

stresses, whereby the high temperatures effect a thermal expansion of the heated surrounding 

rocks in the affected strata. Considering the development of high vertical displacements in the 

UCG channel vicinity (Figure 23), it becomes obvious that the simulated displacements are related 

to thermally-induced stresses. 

Thermo-mechanical stresses due to coal extraction and thermal loading, resulting from the UCG 

process also induce permeability changes. Permeability, in consideration of the difference 

between hydrostatic and UCG reactor pressure, controls fluid in- and outflow into and out of the 

reactor, respectively (Blinderman and Anderson, 2004; Otto and Kempka, 2015a). Figure 21 

illustrates that permeability changes resulting from isothermal and non-isothermal simulations 

exhibit significant deviations in the close UCG channel vicinity. Here, fluid flow is likely to be 

affected by the local permeability increase, which is of relevance in the determination of the 
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temporal and spatial steam jacket extent, surrounding a UCG reactor (Blinderman and Anderson, 

2004; Blinderman and Jones, 2002). Nevertheless, isothermal and non-isothermal simulations of 

both 60 m pillar width scenarios show that permeability changes only occur in close UCG channel 

vicinity, whereby hydraulic short circuit formation between single channels is not observed in the 

absence of geologic faults. Therefore, the increase in local permeability due to mechanical and 

thermal stresses does not compromise UCG operation for a pillar width of 60 m. Simulation results 

rather suggest that pillar widths of 30 m (equals a coal-seam-thickness-to-pillar-width-ratio of 

about 1:3) would suffice to avoid hydraulic short circuit formation between single UCG channels 

in our study area. 

However, similar to conventional longwall mining, where roof support by coal pillars is required, 

dimensions of pillars are relevant in UCG operations when using the CRIP technology. In this case, 

a protection pillar is left in the coal seam to mitigate the formation of stress peaks in the hanging 

wall during the gasification of each channel. This avoids uncontrolled fluid cross-flow and isolates 

single channels during their operation, minimizing ground surface subsidence and allowing the 

channels to be flushed and/or cooled at the end of UCG operation (Najafi et al., 2014). However, 

a wider protection pillar results in a lower coal yield, and thus counteracts economic aspects of 

UCG operation. Najafi et al. (2014) presented an approach to estimate the required protection 

pillar width in CRIP-based UCG operation and compared purely mechanical with thermo-

mechanical simulations. They showed that temperature induces thermal stresses and reduces the 

pillar strength, what is also demonstrated in the present study. However, Najafi et al. (2014) 

focused on side abutment stresses occurring around the pillars, whereby a maximum lateral 

failure zone of about 3.25 m in a 3.5 m thick coal seam was observed. They did not consider fault 

planes as regions of mechanical weakness and potential fluid migration pathways in their model. 

Our fault integrity analyses show that shear and tensile failure significantly increase due to 

thermal stress propagation, what may result in a coalescence of shear failure. If distances between 

UCG channels are not sufficiently high, this behavior can trigger fault reactivation, and therefore 

form potential hydraulic short circuits between single UCG channels, but also generate mining-

induced seismicity (Hasegawa et al., 1989; Sen et al., 2013). 

In addition to variable pillar width, different stress regimes were considered in the coupled 

thermo-mechanical simulations to assess their impact on fault integrity in terms of hydraulic short 

circuit formation. The results show a significant influence of the stress field and SHmax orientation 

on fault integrity. Even for a pillar width of 140 m, a coalesce of reactivated fault areas is feasible 

as shown for the scenario based on a strike-slip stress regime with the SHmax orientation parallel 

to the fault plane (Figure 27, second sub-figure). Simulations assessing fault integrity exhibit a high 

uncertainty if only limited data on the local stress regime is available. Additionally, non-detectable 

sub-seismic faults of various orientations can create hydraulic conduits between UCG reactors and 

shallower strata, and thus generate environmental hazards related to UCG operation, such as 

migration of UCG pollutants into shallow freshwater aquifers. In this context, thermo-mechanical 

processes are the key for quantification of potential leakage pathway formation and the potential 

for groundwater contamination (Vorobiev et al., 2008). A large fault, as implemented in the 

present model, would be highly undesirable and can impede UCG in practice. The risks include gas 

losses, contaminant migration and uncontrolled water influx (Burton et al., 2006). However, 

recent numerical simulations on fault reactivation are mainly associated to hydraulic fracturing 

(Rutqvist et al., 2013), CO2 storage (Cappa and Rutqvist, 2011; Tillner et al., 2016) and geothermal 
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heat recovery (Jacquey et al., 2015), whereas the process of fault reactivation was not yet 

adequately represented in the field of underground coal gasification (Khan et al., 2015). 

3.5 SUMMARY AND CONCLUSIONS 

In the present study, we investigated the impact of the temperature distribution in the vicinity of 

an UCG reactor on hydraulic conductivity changes, ground surface subsidence, and especially on 

the fault integrity at a hypothetical commercial-scale underground coal gasification site by 

coupled thermo-mechanical simulations. For that purpose, we carried out six simulation 

scenarios, considering two different pillar widths and four different stress regimes, using a 3D 

thermo-mechanical model with a double fault. Model parameterization was undertaken using 

comprehensive well log data and geological cross-sections from the Polish Wieczorek coal mine in 

the Upper Silesian Basin. A simulation time of 2000 days was investigated, considering the time-

dependent heat conduction experienced during UCG reactor growth and progress of UCG 

channels, realized by a simultaneous stepwise excavation of the single UCG reactors of 50 m 

length. 

High temperatures applied at the reactor boundary determine stress changes by thermally-

induced strains as presented in the comparison of stress states at the fault elements (Figure 24). 

Neglecting temperature effects in complex regional-scale UCG simulations by running purely 

mechanical simulations, which in turn would significantly increase the computational efficiency of 

the simulations, is not feasible, since shear and tensile failure would be notably underestimated. 

A significant temperature increase (≥ 200 °C) is only induced in the close reactor vicinity (7.5 m).  

Although the difference in surface subsidence is negligibly small (−0.03 to −0.055 m) between the 

isothermal and non-isothermal simulations, and possibly even underestimated at specific time 

steps, high differences are apparent above and below the UCG channels. High vertical 

displacements (up to −0.27 m) in the hanging wall as well as positive vertical displacements at the 

foot wall (up to 0.24 m) are observed in the non-isothermal scenario. The absence of thermal 

effects (no thermal expansion) leads to significantly lower vertical displacements of −0.10 m in the 

isothermal simulation scenario. The permeability change derived from the calculated volumetric 

strain increment is limited to the close UCG reactor vicinity. The range with the highest spatial 

permeability increase, exceeding a factor of more than ten is less than the coal seam thickness 

and almost identical to the high-temperature region (≥ 200 °C). Consequently, one may assume 

that the increase in permeability in the close UCG channel vicinity does not form hydraulic short 

circuits, and thus not compromise a commercial-scale UCG operation with low pillar widths in the 

absence of geologic faults. 

However, our simulation results also show that fault reactivation can significantly contribute to 

formation of hydraulic short circuits between single UCG channels by means of fault shear and 

tensile failure. In general, isothermal simulations underestimate the development of potential 

hydraulic short circuits. Further, formation of hydraulic short circuits can induce fractures, linking 

UCG channels to previously isolated shallow freshwater aquifers. Hence, a significantly larger pillar 

width between single UCG channels may be required to avoid running an uncontrolled UCG 

operation in our study area, whereby a coal-seam-thickness-to-pillar-width-ratio of about 1:14 

ensures a safe operation. However, selected pillar widths determine the coal yield, and thus UCG 
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economics, even though ground surface subsidence is reduced by increased pillar widths. 

Consequently, sub-seismic faults, not detected by seismic and drill-core interpretations, can form 

potential fluid migration pathways. The extent of fault reactivation strongly depends on the local 

stress regime and orientation of the maximum horizontal stress towards the fault plane (Figure 

27). Our undertaken scenario-based sensitivity analysis on fault integrity, considering four 

different stress regimes reveals their high impact on the fault reactivation characteristics. The 

strike-slip stress regime with the SHmax orientation parallel to the fault plane represents the worst-

case scenario of possible shear and tensile failure in the present study. 

One limitation of the presented study is the fact that fluid flow is not considered in the model, so 

that the effect of the steam jacket is not taken into account, resulting in a probable overestimation 

of the spatial temperature increase in the vicinity of the UCG channels. Another limitation is 

determined by the chosen reactor shape (quadrilateral instead of radial), reducing the UCG 

reactor stability due to a limitation of the arching effect. These assumptions were made to 

maintain a good balance between the required computational time and model accuracy. 

In conclusion, sub-seismic faults of unknown orientations can exhibit a major threat for a safe, 

environmental-friendly and economical UCG operation and require careful consideration by 3D 

coupled numerical modeling, involving the assessment of uncertainties regarding the fault 

parameters and regional stress regime. Considering these insights, 3D models become 

increasingly important to obtain reliable assessments of UCG impacts, despite the still high 

computational effort. Site-specific UCG assessments should therefore comprise sufficient 

geological data to constrain the pattern of structural overprints that may influence the integrity 

of present and undetected fault systems, local coal seams and their overlaying strata. Considering 

these data, coupled 3D thermo-mechanical UCG modeling provides a solid foundation for optimal 

UCG channel design and assessment of its operational and environmental impacts, supporting to 

overcome the enormous challenges in UCG commercialization.
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4 PREDICTION OF STEAM JACKET DYNAMICS AND WATER 

BALANCES IN UNDERGROUND COAL GASIFICATION 

ABSTRACT 

Underground coal gasification (UCG) converts coal to a high-calorific synthesis gas for the 

production of fuels or chemical feedstock. UCG reactors are generally operated below hydrostatic 

pressure to avoid leakage of UCG fluids into overburden aquifers. Additionally, fluid flow out of 

and into the reactor is also determined by the presence of the steam jacket, emerging in close 

reactor vicinity due to the high temperatures generated in UCG operation. Aiming at improving 

the understanding of the substantial role of the steam jacket in UCG operations, we employ 

numerical non-isothermal multiphase flow simulations to assess the occurring multiphase fluid 

flow processes. For that purpose, we first validate our modeling approach against published data 

on the U.S. UCG field trials at Hanna and Hoe Creek, achieving a very good agreement between 

our simulation and the observed water balances. Then, we discuss the effect of coal seam 

permeability and UCG reactor pressure on the dynamic multiphase flow processes in the reactor’s 

vicinity. The presented modeling approach allows for the quantification and prediction of time-

dependent temperature and pressure distributions in the reactor vicinity, and thus steam jacket 

dynamics as well as reactor water in- and outflows. 
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4.1 INTRODUCTION 

Underground coal gasifying (UCG) has the potential to increase worldwide coal reserves by the 

utilization of coal deposits not mineable by conventional methods (Blinderman et al., 2008; Burton 

et al., 2006; Couch, 2009). It is based on combusting coal in situ to produce a high-calorific 

synthesis gas, which can be applied for electricity generation as well as fuel or chemical feedstock 

production at the surface. This re-emerging technology could provide a relevant contribution to 

the development of Clean Coal Technologies, if accompanied by carbon capture and storage, e.g., 

in the reactor cavities generated in the coal following the cease of operation (Durucan et al., 2014; 

Kempka et al., 2011a; Nakaten et al., 2014a). Apart from its high economic potentials (Nakaten et 

al., 2013, 2014b, 2014c), UCG may induce environmental impacts such as freshwater aquifer 

pollution by synthesis gas and/or by-product leakage (Camp and White, 2015; Campbell et al., 

1979; Humenick, 1978; Kapusta et al., 2013; Klebingat et al., 2016; Liu et al., 2007). 

The gasifying zone propagates between injection and production wells in the UCG reactor, which 

is partially filled with caved coal rubble from the overburden. The rate of reactor growth depends 

on a number of factors, some of which can be controlled, such as the rate of air or steam injection, 

as well as the geological boundary conditions affected by the chemo-thermo-hydro-mechanical 

properties of the coal and its overburden (Akbarzadeh Kasani and Chalaturnyk, 2017; Buscheck et 

al., 2009; Najafi et al., 2015; Otto and Kempka, 2015a; Shirazi et al., 2013; Sury et al., 2004). 

Coal permeability and hydraulic pressure, determine the pressure gradient between the reactor 

and overlying aquifers and control the water inflow into the reactor and the flow of UCG products 

out of the reactor into the surrounding rock as well as the convective heat transfer between the 

reactor, the coal, and its overburden (Buscheck et al., 2009; Morris et al., 2009). Next to 

mechanical stress changes triggered by coal excavation, thermal stresses also induce permeability 

changes in the reactor’s close vicinity (Otto et al., 2016; Otto and Kempka, 2015a, 2015b). 

Furthermore, permeability affects natural convection that transports fluids along with heat and 

potential UCG by-products into the overburden. Close to the reactor, fluid flow is also determined 

by the high reactor temperatures. In this context, the presence of water plays an especially vital 

role in the UCG process, providing a source of hydrogen for the steam-char and methanation 

reactions, which contribute significantly to the calorific value of the synthesis gas (Krantz et al., 

1980). Water also favors the water-gas-shift reaction, which trades carbon monoxide for hydrogen 

(Krantz et al., 1980). In addition, phase transitions between liquid and gaseous water in the close 

reactor vicinity consume heat, which is required by the endothermic steam-char reaction. As a 

result, a layer of steam surrounds the UCG reactor, termed the steam jacket. In order to prevent 

or significantly mitigate potential environmental impacts, UCG reactors are generally operated 

below hydrostatic pressure, hindering the outflow of UCG process fluids into adjacent aquifers 

(Saulov et al., 2010; Shafirovich and Varma, 2009). Although, the difference between reactor and 

hydrostatic pressure produces an inflow of groundwater into the reactor, preventing UCG by-

product leakage, on the other hand, the emerging steam jacket reduces the heat consumption by 

water evaporation and controls the spatial water inflow into the reactor, allowing operators to 

maintain an efficient and sustainable operation (Blinderman and Jones, 2002; Burton et al., 2006; 

Perkins and Love, 2010). 
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Many efforts have been undertaken towards understanding the complex and strongly coupled 

thermo-hydro-mechanical processes in UCG (Akbarzadeh and Chalaturnyk, 2013, 2014b; 

Akbarzadeh Kasani and Chalaturnyk, 2017; McKee and Santoro, 1980; Nitao et al., 2011; Sarhosis 

et al., 2013; Yang et al., 2016). Numerical modeling has been an important methodology to study 

these processes in view of UCG performance and sustainability. However, most of the earlier UCG 

modeling efforts assumed reduced complexity to achieve reasonable computational runtimes. 

Further, the former model’s applicability is limited to specific and isolated cases, resulting in 

models that can hardly predict the performance of previous and future UCG operations (Khan et 

al., 2015). With the current advancement in numerical modeling software tools and increasingly 

powerful computational hardware, 3D models with a reasonable complexity, e.g., supra-critical 

multi-phase fluid flow, can be efficiently employed (Khan et al., 2015). 

The present study addresses thermo-hydraulic processes in UCG to improve the understanding of 

UCG steam jacket dynamics and multiphase fluid flow in the reactor’s close vicinity. For that 

purpose, we apply a scientific numerical simulator to investigate the influence of reactor pressure 

and coal permeability on water flow into and out of a UCG reactor as well as the spatial and 

temporal variation of pressure and temperature in view of the steam jacket dynamics. We first 

employ the well-documented U.S. UCG field trials at Hanna and Hoe Creek for model validation, 

and then apply our validated modeling approach to demonstrate the effect of coal seam 

permeability and reactor pressure on the complex multiphase fluid flow processes in the reactor 

vicinity. Our objective is to improve the understanding of the sub- and supercritical multiphase 

flow processes in the UCG reactor vicinity and the associated steam jacket formation in space and 

time. In the present study, coupled mechanical and/or chemical modeling approach was 

consciously not taken into account in favor of model validation against published operational data, 

i.e., water balances. Further, the high complexity of the coupled processes in UCG is likely to 

produce superimposing effects in the simulation results, avoiding a proper understanding of the 

mechanisms responsible for vapor phase formation and multiphase flow. Therefore, we decided 

to focus on thermo-hydraulic processes in the present study only to account for steam jacket 

dynamics as a result of formation fluid vaporization in the high-temperature reactor near-field. 

4.2 METHOD AND NUMERICAL MODEL DESCRIPTION 

The simulation of hydraulic multiphase-flow processes in UCG is complex in view of reaching 

numerical convergence, since temperature and pressure are likely to cross the critical point of 

water. In this case, a transition from subcritical to supercritical mixture properties occurs, 

demanding non-isothermal compositional multiphase flow simulations to account for three-phase 

water flow, including the occurring phase transitions. In the present study, we applied the 

numerical simulator MUFITS (Multiphase Filtration Transport Simulator) (Afanasyev, 2013a) for 

modeling the thermodynamic processes in the UCG reactor vicinity. MUFITS is a scientific 

multiphase flow simulator and provides different modules for the analysis of non-isothermal 

multiphase flows in porous media (Afanasyev et al., 2016; Afanasyev, 2013a, 2015b). In contrast 

to the classic numerical approach, wherein pressure and temperature are used to determine the 

multiphase thermodynamic equilibrium, MUFITS uses pressure-enthalpy-mixture compositional 

variables (Afanasyev, 2012, 2013a). Fluid mixture properties are specified by the thermodynamic 

potential: 
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𝛬(𝑃, ℎ, 𝒙) (4) 

which is determined by pressure ( 𝑃 ) and total enthalpy ( ℎ ). Here, 𝒙  is the mixture molar 

composition and 𝛬  is the molar entropy. The potential (Equation (4)) is represented using a 

polynomial spline in the (𝑃, ℎ, 𝒙) space, which coefficients are calculated before the hydrodynamic 

simulations (Afanasyev, 2013b).The thermodynamic potential is used in the conditional extremum 

problem (Equations (5)–(7)), which corresponds to the entropy maximum conditions in the 

thermodynamic equilibrium (𝑃, ℎ𝑡 , 𝒙𝑡 = constant, 𝑡 denotes the total parameters of the mixture) 

(Afanasyev, 2013a, 2013b): 

∑ 𝛬𝑖𝑉𝑖

3

𝑖=1

= 𝛬𝑖 → 𝑚𝑎𝑥,  𝛬𝑖 = 𝛬(𝑃, ℎ𝑖, 𝒙𝑖) (5) 

∑ ℎ𝑖𝑉𝑖

3

𝑖=1

= ℎ𝑡 , ∑ 𝒙𝑖𝑉𝑖

3

𝑖=1

= 𝒙𝑡 , ∑ 𝑉𝑖

3

𝑖=1

= 1 (6) 

0 ≤ ℎ𝑖 ≤ 1 (7) 

where, 𝑉 is the phase molar fraction and the subscript 𝑖 =1, 2, 3 refers the 𝑖-th phase of the binary 

mixture. Therefore, MUFITS can be used to describe single-, two- and three-phase states of 

mixtures under a wide range of pressures and temperatures, minimizing numerical convergence 

issues (Afanasyev et al., 2015, 2016, Afanasyev, 2013a, 2015b). A detailed description and the 

corresponding problem solution method as formulated in Equations (5)–(7) is given by Afanasyev 

(Afanasyev, 2012). For modeling of water flow in porous media, mass (Equation (8)) and energy 

conservation equations (Equation (9)) are used to maintain mass balances, while Darcy’s law 

(Equation (10)) is employed for fluid transport (Afanasyev, 2013a, 2013b): 

𝜕

𝜕𝑡
(𝜙 ∑ 𝜌𝑖𝑚𝑖𝑗𝑠𝑖

3

𝑖=1

) + 𝑑𝑖𝑣 (∑ 𝜌𝑖𝑚𝑖𝑗𝒘𝑖

3

𝑖=1

) = Q𝑖 , 𝑗 = 1, 2 (8) 

𝜕

𝜕𝑡
(𝜙 ∑ 𝜌𝑖𝑒𝑖𝑠𝑖 + (1 − 𝜙)

3

𝑖=1

𝜌𝑠𝑒𝑠) + 𝑑𝑖𝑣 (∑ 𝜌𝑖ℎ̃𝑖𝒘𝑖

3

𝑖=1

− 𝜆𝑔𝑟𝑎𝑑𝑇) = Q𝑒 (9) 

𝒘𝑖 = −𝐾
𝑘𝑟𝑖

𝜇𝑖

(𝑔𝑟𝑎𝑑𝑃 − 𝜌𝑖𝒈), 𝑖 = 1, 2, 3 (10) 

where, 𝑖  and 𝑗  represent the phases and components, respectively, 𝜙  is the porosity, 𝜌 is the 

density, 𝑚𝑖𝑗  is the 𝑗-th component mass fraction in the 𝑖-th phase, 𝑠 is the saturation, 𝒘𝑖 is the 

Darcy velocity, Q𝑖(Q𝑒) is the (energy) influx out of the point source, 𝑒 is the internal energy, ℎ̃ is 

the mass enthalpy, 𝜆 is the effective heat conduction coefficient, 𝑇 is the temperature, 𝐾 is the 

absolute permeability, 𝑘𝑟  is the relative permeability, 𝜇  is the viscosity, 𝒈  is the gravitational 

acceleration and the subscript 𝑠  refers to the host rock parameters. For this study, heat 

conduction and convection were included by using the MUFITS 2016.C BINMIXT module 

(Afanasyev, 2013b). 
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4.3 MODELING APPROACH VALIDATION USING UCG TRIAL DATA 

4.3.1 FIELD-TESTS HANNA II AND HOE CREEK II 

During the mid to late 1970s, the U.S. Department of Energy financed eight field tests at shallow 

depths in Wyoming to determine the feasibility of UCG (Thorsness and Cena, 1985). The Laramie 

Energy Technology Center (LERC) conducted five pilot tests at the Hanna and the Lawrence 

Livermore National Laboratory (LLNL) three tests at the Hoe Creek site. The well-documented 

results of these field tests have been presented in numerous publications and reports (e.g., Aiman 

et al., 1979; Barbour and Covell, 1988; Bartke et al., 1985a, 1985b; Brandenburg et al., 1977; Camp 

and White, 2015; Campbell et al., 1975; Fischer et al., 1975; Gunn and Krantz, 1987; LaFleur et al., 

1984; Nordin, 1992; Thorsness and Cena, 1985). Yang et al. (2016) reviewed the recent global 

developments, research progress and technical innovations as well as the economic feasibility of 

UCG over the past ten years. Since the present study focuses on literature data on water balance 

calculation models introduced by Camp (1980), Camp et al. (1980), Krantz et al. (1980) and Levie 

et al. (1980) for the Hanna II Phase 2 and Hoe Creek II tests, these field trials are briefly introduced 

here. The Hanna II test was conducted in a 9-m thick subbituminous coal seam with overlying 

sandstone strata at 83 m depth. A linked vertical wells (LVW) configuration with a distance of 18 m 

was used, whereby about 1800 tons of coal were gasified in 25 days (Bartke et al., 1985b; Fischer 

et al., 1975; Levie et al., 1980). At the Hoe Creek site, the stratigraphic sequence consists of 

sandstones, claystones, siltstones and two coal seams. The deeper coal seam with a thickness of 

8 m at 38 m depth was the target seam here (Buscheck et al., 2009; Campbell et al., 1979). The 

Hoe Creek II test was conducted for 58 days and consumed a similar amount of coal as the Hanna 

II Phase 2 one, also using a LVW configuration with an identical well distance (Nordin, 1992). Cross-

sections following the Hanna II and Hoe Creek II field tests, taking into account operational 

monitoring data and post-burn coring show reactor growths up into the coal seam roof 

(Akbarzadeh and Chalaturnyk, 2014a; Bartke et al., 1985b; Levie et al., 1980), whereby roof 

collapse particularly occurred at the Hoe Creek II site. As a consequence of the operational 

procedure and hydrogeological boundary conditions, product gases migrated from the Hoe Creek 

II reactor into adjacent aquifers, which became contaminated with UCG by-products such as tars 

and organic compounds (Nordin, 1992). Contamination of shallow freshwater aquifers following 

the Hoe Creek II tests became a main concern in UCG operation, but this is not in the direct focus 

of this study. 

4.3.2 PREVIOUS EXISTING MODELS TO QUANTIFY WATER BALANCES 

The semi-analytical model (Camp, 1980; Camp et al., 1980; Krantz et al., 1980), which has been 

developed in the 1970s to predict water flow into and out of the UCG reactor incorporates 

isothermal unsteady-state radial flow (permeation) as well as spalling-enhanced dehydration 

(drying) of coal and overburden rocks. These two mechanisms were mathematically integrated 

with a semi-analytical reactor growth model and applied to predict the water balances in the two 

field tests introduced before. The produced amount of water from the UCG reactors was observed 

at the production wells, and is therefore zero when water from adjacent rocks is not flowing into 

the UCG reactor or water flow from the reactor into the adjacent rocks does not occur. Water flow 

into and out of the UCG reactor is strongly determined by the direction of the pressure gradient 
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between the reactor and the adjacent aquifer. In the model developed by Camp (1980), outflow 

from the reactor is only considered if a water column of at least about 0.3 m (one foot) height is 

displaced out of the close reactor vicinity. It has to be noted that this assumption is only taken 

into account for the Hanna model, but neglected in the Hoe Creek one. Camp (1980) assumes the 

reactor to have a cylindrical shape, growing radially according to the daily coal consumption and 

due to the occurrence of the aforementioned spalling-enhanced drying mechanism. The 

integrated semi-analytical reactor-growth model provides the daily water flow from this 

mechanism and supplies the water balance model with the reactor dimensions, which are 

increasing with time. Coal composition and its time-dependent consumption are calculated using 

material and energy balances (Boysen, 1978), while the average daily reactor pressure is taken 

from Gunn (1979). The coal consumed in both field trials and used in the semi-analytical models 

amounts to about 1340 m³ for the Hanna II Phase 2 and about 1400 m³ for the Hoe Creek II 

test (Camp, 1980). The model predictions are in very good agreement with the observed daily and 

total water production at the wellheads for the Hanna II Phase 2 and Hoe Creek II field tests (Camp, 

1980). Camp’s modeling results on the water permeation for both field tests are used for the 

validation of our non-isothermal multiphase flow modeling approach, comparing simulated and 

observed water flow into and out of the respective UCG reactors. 

4.3.3 NUMERICAL MODEL IMPLEMENTATION 

For the validation of our modeling approach, we conduct two numerical simulations and compare 

our results against published data on the observed water balances (Camp et al., 1980; Krantz et 

al., 1980). Based on comprehensive well log data as well as geological cross-sections of both field 

tests, two 3D thermo-hydraulic models are implemented. Due to the almost similar amount of 

coal consumed during both tests, Figure 28 shows the reactor dimensions at the end of operation 

for both field tests. Two lithological units, coal seam and overburden, are integrated into the 

numerical model, while a spatial model size of 50 m × 20 m × 20 m discretized by 20,000 1-m 

hexahedral elements is used. The model dimensions are chosen to locate the model boundaries 

far enough from the reactor boundaries to avoid hydraulic boundary effects that would 

compromise the simulation results. Grid discretization is adapted to maintain an optimum balance 

between the required computational time and the accuracy of the modeling results. For that 

purpose, the implemented model size and grid dimensions were optimized by sensitivity analyses, 

which are not discussed here due to the limited scientific interest. 
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(a) (b) 

Figure 28: Cross-section of the employed numerical model grid with two lithological units (dark brown: coal 
seam; light brown: overburden) and the UCG reactor (grey) (a); Cross-section view of the spatial UCG reactor 
dimensions at the end of operation (b). 

The implemented numerical model makes use of the UCG reactor symmetry along its vertical axis, 

assuming that a symmetric tear-drop shaped reactor growth along the link between the injection 

and production well develops with increasing operational time, whereby the areal sweep contours 

of the reactor are derived from Levie et al. (1980). Table 6 shows the model parameters used in 

the simulations of both field tests. 

Table 6: Thermo-hydraulic rock properties applied for model parametrization (Bartke et al., 1985b; Buscheck 
et al., 2009; Camp, 1980; Min, 1983; Thorsness and Cena, 1985). 

Parameter 
Hanna II Hoe Creek II 

Coal Seam Overburden Coal Seam Overburden 

Density (kg/m³) 1350 2200 1350 2259 

Specific heat capacity (J/kg K) 2000 1636 800 900 

Thermal conductivity (W/m/K) 3.4 2.0 0.27 2.0 

Porosity (-) 0.1 0.1 0.1 0.1 

Horizontal permeability (mD) 5 1 5 100 1 120 

Vertical-to-horizontal 
permeability ratio (-) 

1/3 1/3 1/5 1/5 

1 Best-fit of permeability match against operational data of water flow into and out of the UCG reactor. 

Hydraulic heads of 47 m (0.462 MPa) and 22 m (0.221 MPa) at the coal seam base are used in the 

Hanna and Hoe Creek simulations, indicating that both field tests were undertaken in the water-

saturated zone (Camp, 1980). In both cases, relative permeability has to be considered in the 

prediction and evaluation of multiphase flow processes, since two-phase flow conditions develop 

due to the emerging water vapor phase at the calculated in situ pressures and temperatures. In 

different literature, heat transfer (Catton and Lee, 1987; Pakala, 2012), liquid phase (𝑘𝑟𝑙) and gas 

phase relative permeabilities (𝑘𝑟𝑔) are typically modeled as a function of liquid saturation (𝑠𝑙): 
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𝑘𝑟𝑙 = 𝑠𝑙
3 (11) 

𝑘𝑟𝑔 = (1 − 𝑠𝑙)2 (12) 

Relative permeability functions derived from Zhang et al. (2015) were tested in this context for 

the coal seam layer but show only a negligible effect on the water flow calculations in our models. 

Taking this finding into account and aiming at improving numerical convergence, we assume that 

the relative permeability functions given in Equations (11) and (12) are valid for both lithological 

layers, while capillary pressure effects can be neglected. For modeling purposes, Camp (1980) 

considered the coal seams and overburden layers at both sites to represent horizontal aquifers of 

infinite radial extent with isotropic permeabilities, vertically embedded in impermeable strata. 

Therefore, our lateral model boundaries are assumed to be open for fluid flow (Dirichlet boundary 

conditions with constant head), while the bottom boundary is closed for fluid flow (Neumann 

boundary condition), and the model top boundary uses Cauchy boundary conditions to represent 

a boundary closed for fluid flow, respecting the site-specific overburden aquifer thickness. After 

achieving hydraulic equilibrium, the simulations start with a time step size of 0.1 days in the Hanna 

(simulation time of 25 days in total) and Hoe Creek models (simulation time of 58 days in total), 

respectively. Considering the time-dependent coal consumption in each field test, we have 

integrated a reactor growth model with our simulation runs to account for the increasing interface 

between the reactor and its adjacent coal and rocks. In this context, constant linear pressure and 

temperature gradients (Dirichlet boundary conditions) derived from operational data (Bartke et 

al., 1985b) are assigned to grid elements representing the UCG reactor, spatially increasing with 

each time step (Figure 29). Due to the lack of temperature data for the Hoe Creek field test, a 

constant temperature of 600 °C (Lee, 1984) is applied here instead. Permeabilities were fitted for 

each layer for both field tests individually; the findings are discussed in the following section. The 

Camp (1980) model data have been time-corrected (time shift of about −3 days), using the 

operational pressure records (Bartke et al., 1985b). 

4.3.4 MODEL VALIDATION RESULTS AND DISCUSSION 

Our simulation results plotted in Figure 29 show the pressure dependency of the water in- and 

outflow (black) during the 25-day UCG operation at Hanna. Here, low horizontal and vertical coal 

seam permeabilities of 5 and 2 mD were implemented, respectively. The overburden, 

characterized by low-permeable sandstones is assigned with the same values. During the first ten 

days of the test, the reactor pressure is below the hydrostatic pressure, resulting in a flow of 

groundwater into the reactor at a rate of up to 3 m³/day. With the increase of reactor pressure 

above the aquifer pressure, the pressure gradient is reversed in the aquifer direction and water 

flow out of the reactor occurs. The maximum observed peak in reactor pressure of about 0.65 MPa 

after 15 days leads to the highest simulated outflow of up to 4 m³/day. Comparing our simulation 

results against literature data exhibits a very good agreement, whereby a qualitative correlation 

between reactor pressure and water flows becomes obvious (Figure 29). Figure 30 shows the 

pressure history and simulation results on water in- and outflow for the 58-day Hoe Creek field 

test in comparison with the data in the literature. A higher coal seam permeability of 100 mD in 

the horizontal and 20 mD in the vertical direction, derived from simulations undertaken for 

history-matching permeability, results in a very good agreement of our Hoe Creek simulation 

results with the published data (Camp, 1980). 
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According to Stone and Snoeberger (1976), most horizontal permeability measurements reported 

values between 225 and 408 mD. Therefore, an average value of 350 mD is used in Camp’s (1980) 

model. However, this high permeability is not confirmed by our best-fit permeability derived from 

history-matching. An overburden permeability with 120 mD in the horizontal and 22 mD in the 

vertical direction is applied in our model following Buscheck et al. (2009). Potential explanations 

for the deviation in coal seam permeability between our best-fit model and the Camp (1980) data 

are discussed below. 

 

Figure 29: Simulation results of water in- and outflow at Hanna (solid black line) in comparison with the data 
in the literature (dashed black line) (Camp, 1980) show very good agreement and exhibit a strong pressure-
dependency (blue line) (Bartke et al., 1985b) of the calculated water in- and outflows. Reactor pressure and 
temperature (red line) (Bartke et al., 1985b) are applied at all reactor elements as inner boundary conditions. 
Water outflow is positive here. 

 

Figure 30: Simulation results on water in- and outflow for the Hoe Creek field test (solid black line) show a 
very good agreement with the data in the literature (dashed black line) (Camp, 1980), exhibiting a strong 
pressure-dependency (blue line) of water flow. Water outflow is positive here. 
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The reactor pressure during UCG operation was maintained below the hydraulic pressure, so that 

the Hoe Creek II field test is mainly characterized by water flow into the reactor. The water inflow 

rate is significantly higher than for the Hanna test, reaching up to 22.5 m³/day. Only a short phase 

of water outflow of up to 8 m³/day was determined at days eight to eleven, while water outflow 

for this field test does not occur in the literature data for the reasons discussed above. 

The deviation of the calculated inflow values from the literature data mainly results from the 

following aspects. First, we allow hydraulic pressure to vary in the coal seam and the overburden 

aquifers during UCG operation. In contrast, Camp (1980) assumed a constant hydraulic coal seam 

aquifer pressure in his model. The simplified cylindrical geometry used by Camp (1980) exposes a 

smaller contact surface between the cylindrical reactor and its adjacent rocks, compared to the 

tear-drop reactor shape geometry used in our modeling approach. Also, we consider the observed 

reactor temperature as an inner boundary condition derived from the operational data, whereas 

the non-isothermal effects are neglected in the modeling done by Camp (1980). Furthermore, we 

implemented the observed pressure history in 0.1-day steps for both field tests instead of using 

daily-averaged data as Camp (1980) did. For instance, the pressure drop we determined in the 

Hanna simulation at day ten cannot be faithfully reproduced in his model. As a result, Camp’s 

calculated inflow into the reactor is lower than in our simulation results. Due to the lack of 

published reactor pressure data for the Hoe Creek field test, we considered the pressure history 

provided with the Camp model documentation (Camp, 1980), which in turn may have reduced the 

quality of our match due to its one-day resolution in time. Finally, the best match of water inflow 

was achieved with 100 mD horizontal coal seam permeability for the Hoe Creek field test, whereas 

the literature data exhibits permeabilities between 225 and 408 mD at Hoe Creek site I (Stone and 

Snoeberger, 1976). The target coal seams (Felix No. 2) at Hoe Creek sites I and II are characterized 

by a highly anisotropic permeability tensor (Stone and Snoeberger, 1976), whereby most hydraulic 

tests were undertaken at the Hoe Creek I site. Here, the principal permeability tensor axes of the 

target coal seam correspond with the orientation of two sets of near-vertical fractures, which are 

likely to impose a high local permeability. Hence, hydraulic coal seam characteristics can be 

expected to vary substantially between the Hoe Creek sites I and II. 

We conclude from this modeling exercise, using geological and operational data from two UCG 

field trials differing in terms of their duration and hydrogeological boundary conditions, that our 

modeling approach is capable of reflecting the most important non-isothermal multiphase flow 

processes required to calculate UCG reactor water balances. Thus, our modeling approach 

provides the required features to assess steam jacket dynamics in UCG. 

4.4 EFFECT OF REACTOR PRESSURE AND COAL SEAM PERMEABILITY ON 

STEAM JACKET DYNAMICS 

Usually, UCG operators aim at maintaining a small but nonetheless positive water inflow from the 

surrounding coal seam and overburden into the reactor to limit gas and heat losses and especially 

the leakage of UCG by-products, which may have potential environmental impacts such as 

groundwater contamination (Burton et al., 2006; Perkins and Love, 2010). The water inflow rate 

can be managed by adjusting the reactor operating pressure, determined by the injection and 

production wellhead pressures. Further, water flow behavior in the reactor vicinity is subject to 

multiphase flow processes, including steam jacket formation (regions with gas saturation > 0). Due 
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to relative permeability effects, the steam jacket can effectively retard fluid flow into the reactor 

and at the same time limit fluid leakage out of the reactor, and hence an understanding of steam 

jacket formation is substantial for efficient and sustainable UCG operation in terms of optimizing 

the synthesis gas quality and minimizing environmental impacts. 

4.4.1 NUMERICAL MODEL GEOMETRY, INITIAL AND BOUNDARY CONDITIONS 

A 2D numerical model is employed to analyze the thermo-hydraulic behavior, in particular the 

steam jacket dynamics in the UCG reactor vicinity. For that purpose, we carry out twelve different 

multiphase flow simulations with simulation times of 30 days each. Thereby, different reactor 

pressures (5% and 1% above as well as 1% and 5% below hydrostatic pressure, respectively) and 

coal seam permeabilities (1, 10, and 100 mD) are tested. The permeability of the implemented 

overburden sandstone (50 mD) is maintained constant in all simulations to focus on the effect of 

coal seam permeability only. The chosen model size and grid discretization are adapted according 

to the aforementioned grid and boundary condition criteria. Spatial model size is 40 m in width 

and 15 m in height, comprising two lithological units discretized by about 9600 hexahedron 

elements with edge sizes of 0.25 m (Figure 31). The model represents a 2D geological cross-section 

of a synthetic radial-symmetric UCG reactor with a coal seam thickness of 4 m, located at a depth 

of 250 m below the surface. In the present simulation runs, a static reactor shape with a radius of 

4 m is used to represent the final reactor dimensions at the end of UCG operation (Figure 31). All 

data applied in the thermo-hydraulic model are compiled in Table 7, derived from literature data 

(Otto and Kempka, 2015a) and maintained constant for the lithological units during the entire 

simulation time. Hydrogeological sandstone properties are implemented for the overburden 

lithology (Otto and Kempka, 2015a). 

 

Figure 31: Cross-section of the 2D thermo-hydraulic model, comprising two lithological units with a radial 
UCG reactor shape at 246 to 250 m depth. The simulated gas saturation, pressure, and temperature profiles 
given in Figure 34 are plotted along the blue vertical profile given here. 

Identical assumptions to those made for the previously introduced 3D models were considered 

with regard to relative permeabilities and capillary pressures. The lateral model boundaries were 

assumed to be open for fluid flow (Dirichlet boundary condition), whereas the top and bottom 

boundaries were closed for fluid flow (Neumann boundary condition). Following the Hoe Creek 

simulation implementation, a constant temperature of 600 °C was applied at the reactor 

elements, whereby the in situ temperature was set to 20 °C at all other elements. 
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Table 7: Thermo-hydraulic rock properties applied for 2D model parametrization (Otto and Kempka, 2015a). 

Parameter Coal Seam Overburden 

Density (kg/m³) 1300 2200 

Specific heat capacity (J/kg K) 2000 1363 

Thermal conductivity (W/m/K) 0.23 2.3 

Porosity (-) 0.02 0.1 
Permeability (mD) 1; 10; 100 1 50 

Horizontal-to-vertical permeability ratio (-) 1/3 1/3 

1 The effect of coal seam permeability is analyzed in different simulation scenarios. 

4.4.2 STEAM JACKET DYNAMICS IN THE UCG REACTOR VICINITY 

Figure 32 shows the calculated maximum steam jacket extents at constant reactor pressure 

variations by +1% and +5% (top) as well as −1% and −5% (bottom) relative to the initial hydrostatic 

pressure at the coal seam top after 30 days of simulation. Hereafter, we only refer by +5% and 

+1% (for supra-hydrostatic pressures) as well as −1% and −5% (sub-hydrostatic pressures) to the 

hydraulic pressure regimes. 

 

Figure 32: Simulated steam jacket extents after 30 days of UCG operation for different pressures above (top) 
and below (bottom) the initial hydrostatic pressure and for different assumed coal seam permeabilities 
(horizontal permeability of the overburden is maintained constant at 50 mD). 

For each of these reactor pressure-driven scenarios, the effects of coal seam permeability on the 

spatial steam jacket extent are calculated for 1, 10, and 100 mD. The resulting water in- and 

outflows for each scenario, scaled to 1-m UCG reactor length are shown in Figure 33. The 

comparison of the steam jacket extents around the UCG reactor exhibits their strong dependency 
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on the reactor pressure. In vertical directions, these differ by about 1 m only due to the constant 

overburden permeability (50 mD in horizontal direction). For the +5% scenario, a maximum steam 

jacket extent of up to 3.5 m in the vertical and 8 m in the horizontal direction is observed for a 

coal seam permeability scenario of 100 mD. The lower the coal seam permeability the lower the 

horizontal steam jacket extent with 2 m for 10 mD and 1 m for 1 mD in the +5% scenario. The +1% 

scenario generates a maximum horizontal steam jacket extent of up to 3.5 m for a 100 mD 

permeability. Differences in the horizontal steam jacket extent for the +1% scenario are 

considerably lower (maximum of 0.25 m) for the coal seam permeabilities of 10 mD and 1 mD. In 

both scenarios, the maximum steam jacket extent is in the range of up to one meter. The slightly 

flattened shapes around the reactor result from the difference in permeabilities between the coal 

seam and the overburden as well as the horizontal-to-vertical permeability anisotropy. High 

temperatures at the reactor boundary induce steam jacket formation, even if the reactor pressure 

is operated below the hydrostatic one. Here, water inflow into the reactor (Figure 33) reduces the 

spatial steam jacket extent, whereby it is limited to a maximum of 1 m in the horizontal direction 

in all sub-hydrostatic reactor pressure-driven simulation scenarios. Varying coal seam 

permeabilities to 1, 10, and 100 mD shows that higher permeabilities result in higher water inflows 

(Figure 33), and thus a marginally lower spatial steam jacket extent at the coal seam base for the 

−1% and −5% scenarios (Figure 32). 

 
Figure 33: Simulation results of water in- and outflow scaled to 1-m reactor length in the twelve simulation 
scenarios for the entire simulation time (top) and for the first two days of simulation (bottom). Water outflow 
is positive here. 
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With decreasing depth, hydrostatic pressure decreases, while the reactor pressure is assumed to 

be constant during the entire simulation time. Therefore, the driving force for water inflow 

provided by the pressure gradient wanes towards the reactor top and results in local supra-

hydrostatic pressure. This becomes apparent in the inverse trend of the steam jacket extent at 

the height of the transition between coal seam and overburden. For the −5% reactor pressure 

assumption, the horizontal steam jacket extent in the 100-mD permeability scenario is smaller 

than that in the 10-mD one due to higher horizontal inflow rates at these depths (Figure 33).  

However, in the overburden, the steam jacket extends farther in the 100-mD permeability 

scenario compared to the 10 mD one. This behavior is observed for all scenarios running at supra-

hydrostatic reactor pressures. Hence, higher permeabilities in the coal seam as well as slightly 

supra-hydrostatic pressures at the reactor top result in a greater steam jacket extent in the vertical 

than in the horizontal direction for all sub-hydrostatic scenario. The maximum vertical extent of 

the steam jacket above the reactor reaches about 1.1 m for the −5% and 2 m for the −1% scenarios. 

As expected, the simulation results on water in- and outflow, scaled to 1-m reactor length show 

relatively constant water flows in all investigated scenarios (Figure 33). The maximum steam 

jacket extent is reached (see Figure 32) with a highest outflow rate of up to about 1 m³/day and 

about 0.8 m³/day in average in the +5% scenario with 100 mD permeability. For all the scenarios 

with +5% reactor pressure, the outflow is limited to a maximum rate of about 0.4 m³/day due to 

the low coal seam permeability. If any, only low flow rates are observed in the +1% pressure 

scenarios. Almost reverse flow rates are observed in the sub-hydrostatic scenarios, with a 

maximum inflow rate of about 1.2 m³/day and an average inflow of about 0.8 m³/day in the 

100 mD permeability and −5% reactor pressure scenario. Due to the steam jacket formation at the 

top of the reactor and the permeability anisotropy, the calculated inflow mainly occurs 

horizontally from the coal seam (not shown here). 

A decrease in water outflow and increase in water inflow are observed as negative peaks at 

simulation times between 0.3 and 0.9 days (Figure 33, bottom). Although different in amplitude, 

the peak is observed in all calculated water flow rates, indicating the time of steam jacket 

formation above the reactor. At the time of steam jacket formation, decreasing relative 

permeabilities of the wetting phase at the reactor top induce a change in the hydraulic flow 

regime, changing from radial to mainly horizontal wetting-phase flow behavior, while the non-

wetting phase (vapor) flow is generally radial, depending on the respective pressure, temperature 

and permeability regime. 

4.4.3 PRESSURE AND TEMPERATURE VARIATION IN THE OVERBURDEN AQUIFER 

Figure 34 shows the gas saturations, pressures, and temperatures calculated for the twelve 

investigated scenarios along the vertical profile given in Figure 31 at the end of the simulation 

time (30 days). Since overburden permeability was maintained at a constant value (50 mD), the 

variation of coal seam permeability has a negligible impact on gas saturation, pressure and 

temperature in the overburden. The thermal front (temperatures ≥ 200°C) moves upward with 

the steam jacket, whereby its extent above the reactor depends on the reactor pressure as 

presented in Figure 32. The higher the reactor pressure, the further the steam jacket extent and 

associated migration of the thermal front (about 1.1 to 3.5 m). A relatively linear thermal gradient 

between 600 and 200 °C develops where the vapor phase (steam jacket) occurs. The discontinuity 
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in the temperature profiles indicates the transition from the gas-rich water (vapor) to the liquid 

water-saturated zone, in which an exponential decrease in temperature with decreasing depth is 

observed due to its higher specific heat capacity and conductivity. 

The reactor pressure also influences the initially hydrostatic pressure regime in the reactor’s 

vicinity. Figure 34 shows that in the gas-rich zone (steam jacket) and in the liquid water-saturated 

zone, the pressure gradient is shifted to higher values with increasing reactor pressures. Sub-

hydrostatic pressure gradients develop below the liquid water-saturated zone above the reactor 

in the −1% and −5% scenarios, explaining the observed preferential inflow into the reactor at these 

depths. 

 
Figure 34: Simulated gas saturations (green), pressures (blue), and temperatures (red) along the vertical 
profile shown in Figure 31 for all investigated scenarios at the end of simulation time (30 days). 
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4.5 DISCUSSION AND CONCLUSIONS 

In the present study, we introduced a new modeling approach to quantify and predict steam 

jacket dynamics as well as water flows into and out of a UCG reactor. These processes are highly 

variable phenomena in time and space, depending mainly on thermal and hydrogeological coal 

seam and overburden properties as well as UCG operation conditions. The very good agreement 

between our simulation results and the U.S. field trial data indicates that the relevant physics 

related to non-isothermal multiphase flow processes are sufficiently reproduced by our modeling 

approach, validating it at the same time. 

The mathematical model developed by Camp (1980) to assess water balances under consideration 

of reactor growth is limited to the special case of uniform isotropic permeability and isothermal 

single-phase flow. Nevertheless, that model reproduces the water flow observed at both U.S. field 

tests reasonably well (Gunn and Krantz, 1987), using data on time-dependent reactor pressure 

and coal consumption in the semi-analytical modeling approach for the spalling-enhanced drying 

of coal and overburden rock as well as water balance calculations. Compared to water production 

from coal and rock drying, water in- and outflows are relatively low for the Hanna trial (Gunn and 

Krantz, 1987). This is mainly due to the low Hanna coal seam permeability (approximately 3 to 

15 mD) and the moderate pressure gradients between the reactor and the overburden aquifer. 

For that reason, we decided to also validate our modeling approach against the Hoe Creek field 

test, exhibiting significantly higher permeabilities as well as water in- and outflows. Also for this 

field test, our simulation results are in a very good agreement with the data from the literature, 

emphasizing that the modeling approach is generally applicable to describe the thermo-hydraulic 

processes occurring in the UCG reactor vicinity. The difference between our best-fit coal seam 

permeability (100 mD) and Camp’s model (350 mD) is expected to arise from neglecting a 

hydraulically permeable overburden and isothermal flow. Deviations from to the permeability 

documented for the Hoe Creek field site (coal permeability between 225-408 mD (Stone and 

Snoeberger, 1976) are likely to result from the generally high permeability heterogeneity of the 

target coal seam. 

According to Camp and White (2015), low coal and overburden permeabilities are preferable in 

view of limiting water flow into the UCG reactor, since spalling-enhanced drying of coal and roof 

rocks generally supplies sufficient water to feed an efficient gasification process. In this context, 

our modeling approach supports UCG operators to adjust reactor operating pressures to maintain 

the required water inflow and minimize potential fluid leakages out of the reactor. Further, we 

demonstrated that low permeability strata and low to moderate reactor pressures mitigate the 

spatial steam jacket extent; hence, limiting upward and lateral migration distances of UCG by-

products. A lower water inflow will also reduce the water amount produced from the gasifier to 

the surface, minimizing the costs of synthesis gas dehydration. Our simulation results further 

demonstrate that the steam jacket will evolve in the lateral direction by multiple times the coal 

seam thickness if the reactor is operated at supra-hydrostatic pressures. 

Camp and White (2015) discuss that a fingering phenomena being related to upward vapor 

migration is rather more likely than a continuous steam jacket front advancement in highly 

heterogeneous coals. However, this was not observed in our simulation results due to the applied 

directional homogeneous permeability distribution. Modeling the development of gas fingering 
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requires detailed knowledge on a potential spatial distribution of the coal’s dual porosity and 

permeability characteristics to consider the coal cleat system and potential fractures in addition 

to the coal matrix in our non-isothermal multiphase flow simulations. Furthermore, phase 

transitions occur abruptly, effectively representing a jump from fully liquid- to gas-saturated grid 

elements, which is in good agreement with existing publications on evaporation front movements 

in porous media (Plumb and Klimenko, 2010; Saulov et al., 2010). A comparison of isothermal 

simulations without any phase transition with non-isothermal ones with phase transitions shows 

that neglecting non-isothermal effects results in deviations in the calculated spatial flow regimes 

and water balances. This is not discussed in detail here, since it is out of the scope of the present 

study and of limited scientific relevance for the presented results. 

The prediction of steam jacket dynamics and the accompanying optimization of water balances is 

of substantial importance in view of optimizing the calorific synthesis gas value and designing an 

optimum UCG operation by balancing the steam-char reaction and heat losses due to water 

evaporation to achieve a maximum coal-to-synthesis gas conversion efficiency. Synthesis gas and 

UCG by-products will be contained within the reactor and the area of maximum steam jacket 

extent if operators maintain sub-hydrostatic reactor pressures. For that purpose, our thermo-

hydraulic modeling approach provides an efficient method to support the design and operation 

of pressure monitoring in pilot- to commercial-scale UCG operations, and thus an efficient tool to 

tackle geological and operational uncertainties.  

In summary, our modeling approach allows for a detailed quantification and prediction of steam 

jacket dynamics and non-isothermal multiphase flow processes in the UCG reactor vicinity, 

especially in view of water balances, avoiding aquifer contamination during the entire UCG 

operation lifecycle. 

Future work aims at the integration of the coal cleat system in addition to its matrix to investigate 

preferential migration pathways and potential gas fingering processes, since effective coal 

permeability is controlled by fractures that encompass its natural cleat system and any other 

present fractures (Perkins and Love, 2010). Moreover, thermo-mechanically-induced permeability 

changes in the close vicinity of the reactor will be considered in our future research activities to 

investigate the formation of potential leakage pathways for gas losses. In this context, the 

presence of high-permeable faults and their potential reactivation have also to be assessed in view 

of preferential leakage pathways for UCG gases. 
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5 DISCUSSION AND CONCLUSION 

Coal deposits are abundant in many regions of the world and large reserves and resources of hard 

coal and lignite are available in sufficient quantities to meet expected increasing demands for 

many decades from a geological point of view (BGR, 2015). The classification as resources and not 

yet as reserves is important as it reflects the likelihood that the fossil fuels will be brought to the 

market. With their share of around 55% of the reserves, and around 89% of the resources (BGR, 

2015), coal has the largest potential to provide security of future energy supply of all non-

renewable energy resources. Around 500 coal-fired plants were built worldwide in the years 

between 2010 and 2015, whereby specially China and India greatly increased their stock 

(González-Eguino et al., 2017). However, it is known that both, conventional mining extractions of 

coal reserves (underground and open pit) are problematic, since these leave a massive 

environmental footprint due to potential land subsidence, localized flooding, water pollution and 

the high amount of carbon and methane releases (Eftekhari et al., 2012; Self et al., 2012). 

Additionally, it has other issues including high machinery costs, coal processing requirements and 

more important it needs the presence of coal miners underground in a hazardous work 

environments (Burton et al., 2006; Self et al., 2012). 

Underground coal gasification (UCG) aims at in-situ conversion of coal to synthesis gas. Thereby, 

UCG leaves most of ash underground, produces smaller volumes of pollutants such as mercury 

and tars, particulates and sulfur species, and thus has the possibility to provide a cleaner and 

convenient source of energy in the form of synthesis gas (mainly hydrogen, carbon monoxide, 

carbon dioxide and methane) from coal deposits that are currently not mineable by conventional 

methods. Additionally, UCG may provide the option of replacing conventional mining methods as 

far as specific boundary conditions (e.g., calorific value, coal seam thickness, coal seam depth, 

overburden strata, distance from abandoned mine workings) are met (DTI, 2004; Moorhouse et 

al., 2010). Apart from its high energetic and economic potential (Budzianowski, 2012; Eftekhari et 

al., 2012; Nakaten et al., 2014a, 2014b, 2014c), UCG may also cause environmental impacts such 

as ground subsidence above the reactor zone and groundwater pollution (Hettema et al., 1998; 

Kapusta and Stańczyk, 2011; Stańczyk et al., 2011; Tian, 2013; Tian et al., 2011, 2012, 2013, 2014, 

2015; Wolf and Bruining, 2007). While UCG technology itself is a rather simple concept in theory, 

experience from major worldwide field trials over the last decades demonstrates that process 

control in practice is much more complicated (Couch, 2009; Klebingat et al., 2016). Various factors 

during in-situ reactor operation often hamper a continuously stable and efficient process 

performance (e.g., water inflow, heat losses, presence of faults), in consequence partially leading 

to lower synthesis gas qualities and undesired hazardous by-products (e.g., Bhutto et al., 2013; 

Burton et al., 2006; Couch, 2009; Sury et al., 2004). Pollutant-charged gas leakage from the UCG 

reactor due to roof rock failure as a thermo-mechanical response of in situ pressure and 

temperature conditions recently marks one of the most potential environmental impacts (Biezen, 

1996; Buscheck et al., 2009; Klebingat et al., 2016; Wolf and Bruining, 2007). During the UCG 

process, temperatures of more than 1000 °C can be reached in the UCG reactor and its close 
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vicinity. This results in the build-up of a steam jacket around the reactor, and thus the 

temperature-dependent coal and rock behavior in the reactor vicinity is expected to be of the 

uttermost importance for assessment of UCG-driven changes in the rocks surrounding the UCG 

reactor. Coupled thermo-mechanical and thermo-hydraulic processes occurring in rocks adjacent 

to a UCG reactor are generally not well known, because of the difficulty to investigate and quantify 

the occurring reactions during deep UCG operations in the field and their effects on induced stress 

and hydraulic flow. Similar to conventional longwall mining, where roof support by coal pillars is 

required, dimensions of pillars are relevant in UCG operations when using the CRIP technology, 

where a protection pillar is left in the coal seam to mitigate the formation of stress peaks in the 

hanging wall during the gasification of each channel. Protection pillars especially avoid 

uncontrolled fluid cross-flow and isolates single channels during their operation, minimizing 

ground surface subsidence and allowing the channels to be flushed and/or cooled at the end of 

UCG operation (Najafi et al., 2014). However, a wider protection pillar results in a lower coal yield, 

and thus counteracts economic aspects of UCG operation. Major contributions to environmental 

impact mitigation can be achieved by improving the understanding of the involved coupled 

processes, but the current knowledge is mainly based on laboratory experiments (Stańczyk et al., 

2010, 2011) and UCG field trials at shallow depths (Burton et al., 2006; Couch, 2009). Due to the 

high financial effort associated with UCG field trials, numerical modeling has become an important 

methodology to study the coupled processes influencing UCG performance. 

The objectives of the accomplished research were to investigate: how thermo-mechanical rock 

behavior during UCG affects permeability changes and whether, when upscaling from 2D near-

field to large-scale 3D models, temperature dependent rock parameters need to be implemented. 

This study further aims to determine what is the effect of the presence of a regional-scale fault on 

pillar width, and to quantify resulting ground surface subsidence by use of a coupled thermo-

mechanical 3D model with real site-specific data of a hypothetical UCG site. Furthermore, coupled 

thermo-hydraulic simulations were employed to improve the understanding of the hitherto 

neglected steam jacket dynamics in the UCG reactor vicinity and to validate the new model 

approach by operational data. With respect to the formulated objectives of this thesis, thermo-

mechanical and thermo-hydraulic impacts of UCG operation were assessed by application of 

coupled 2D and 3D numerical simulations to elaborate reliable predictions of near-field and site-

specific UCG impacts. In particular, qualitative and quantitative analyses of coupled thermo-

mechanical and thermo-hydraulic near-field processes in the close reactor vicinity may provide an 

important basis for future research. 

In the first part, the coupled thermo-mechanical impact of temperature-dependent and 

temperature-independent parameters on permeability changes was investigated in a synthetic 

underground coal gasification reactor vicinity. For that purpose, a 2D thermo-mechanical 

numerical model was implemented, comprising three geological units and thermo-mechanical 

parameters determined in recently published data on high-temperature experiments. A 

parameter sensitivity analysis identified the parameters most sensitive to temperature as 

described hereinafter. Simulation results demonstrate that the temperature-dependent thermo-

mechanical properties elastic modulus, tensile strength and linear thermal expansion coefficient 

have a notable direct influence on stress and deformation (Figure 8), while thermal conductivity 

mainly influences the spatial temperature distribution around the UCG reactor (Figure 9), and thus 

indirectly affects stress changes and displacements. Especially the temperature distribution in the 
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reactor vicinity is controlled by the thermal conductivity and may result in overestimating the size 

of areas with high permeability changes unless temperature-dependent properties are 

considered. Hence, the thermo-mechanical rock behavior is mainly influenced by the parameters 

thermal expansion coefficient, tensile strength and elastic modulus. In the close reactor vicinity, 

the high temperatures induce positive volumetric strains. However, permeability changes 

calculated based on volumetric strain show only negligible differences between simulations using 

temperature-dependent and temperature-independent parameters. A similar impact of elevated 

temperature on permeability was also discussed in Akbarzadeh and Chalaturnyk (2014a); 

however, without temperature-dependent rock properties. Hence, near-field models (meter 

scale) employed for the assessment of reactor growth, induced by the thermodynamic gasification 

processes require temperature-dependent parameters for simulations, whereas far-field models 

(reservoir to regional scale) can benefit from neglecting temperature dependence, which in turn 

increases the computational efficiency significantly by avoiding dynamic thermo-mechanical 

parameters. 

Several studies discussed the spalling and collapse of the overburden and its extent in the 

surrounding rock strata due to the increase in stresses as a result of the gasification process 

(Suchowerska et al., 2012; Sury et al., 2004; Vorobiev et al., 2008; Yang et al., 2014). The authors 

showed that the dramatic stress increase is limited to reactor vicinity, whereby the reactor roof 

stability mechanism benefits from the stress-arching effect (Elahi and Chen, 2016; Yang et al., 

2014). For some clay-rich strata, even a self-sealing capability was observed, which means that 

fractures will be repaired as the clay naturally swells (Camp and White, 2015; Wolf et al., 1992). 

Simulation results of the stress increase around the reactor show that shear and tensile failure 

occur at multiple locations in the reactor near-field under the given stress-regime, but also with 

limited extent in the surrounding rock (Figure 13 and Figure 14). A significant temperature 

increase (≥ 200 °C), which results in high decrease of rock strength is only induced in the close 

reactor vicinity. In the considered scenarios, the region of failure in lateral direction is about three 

times the coal seam thickness (4 m), since a stress-arching effect develops with time. At the 

reactor top, a field of pure tensile failure is observed in the sandstone for the temperature-

dependent simulation results (Figure 14). However, to study the shear and tensile rock failure 

extent in detail, different initial stress states should have been investigated, which was not the 

focus of the considered simulations. 

Nowadays, it is possible to develop and apply 3D models of varying complexity due to the 

significantly lower demand in computing time with the availability and advancement of innovative 

modeling and coupling techniques as well as parallel computations. There are few 3D models 

developed so far in the context of UCG with varying levels of complexity (Biezen, 1996; Daggupati 

et al., 2011; Nitao et al., 2011; Nourozieh et al., 2010; Seifi et al., 2011; Shirazi et al., 2013; Yang 

et al., 2014). They used computational fluid dynamics (CFD) software tools to obtain 

time-dependent reactor growth. However, applicability of these models is limited to specific and 

isolated cases and the models can hardly be used to predict the performance of UCG trials (Khan 

et al., 2015). The model for reactor growth developed by Biezen (1996), which appears to be the 

first 3D UCG model, was limited due to the absence of heat transfer. Nourozieh et al. (2010) 

developed a multilayer 3D model to study CRIP-based UCG operation in deep coal seams, including 

the corresponding chemical processes and heat transfer, but without considering thermo-

mechanical failure. Validation or comparison with experiments was not reported for Biezen (1996) 
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and Nourozieh et al. (2010). Shirazi et al. (2013) developed a small-scale 3D packed-bed model, 

which revealed the effect of different parameters on reactor growth as well as reactor shape and 

size. According to Shirazi et al. (2013) led a higher coal seam permeability to faster growth of the 

reactor and resulted in a much wider reactor, which was in good agreement with experimental 

results from Cui et al. (2014). However, all models compromised between model complexity and 

simplicity in order to get faster computation runtimes (Khan et al., 2015). Regardless of the 

approach of the models, there is so far not a single model that includes all the important physical 

and chemical models for the successful prediction of UCG. Although thermo-mechanical failure is 

documented by field trials, there are only very few models that consider this phenomenon with 

unrealistic and simple assumptions (Khan et al., 2015). 

In order to enhance the features of a 3D model and to apply the model for the assessment and 

prediction of UCG performance considering thermo-mechanical impacts, it is imperative to 

incorporate coal seam properties and geology of the target site into the model. Hereby, the 

previous findings from the 2D model emphasize that model simplifications with regard to the 

consideration of thermo-mechanical parameters in far-field numerical models can significantly 

reduce the computational time, while preserving the validity of the numerical results. Taking into 

account these findings, 3D modeling was applied to assess complex site-scale geological models 

with regard to potential environmental UCG impacts. Detailed knowledge on site geology as well 

as permeability of potentially existing discontinuities is generally not available (Burton et al., 

2006). Hence, coupled numerical models allow for the assessment of potential permeability 

changes and mechanical integrity of UCG reactors, which is of uttermost importance for an 

efficient and more environmental-friendly UCG operation. 

The first 3D UCG model based on real structural geological data was developed to investigate a 

hypothetical UCG operation at the Polish Wieczorek mine. This complex 3D regional-scale model 

was employed to assess the impacts of using isothermal and non-isothermal simulations, different 

pillar widths and varying regional stress regimes on the spatial changes in temperature and 

permeability, ground surface subsidence and the potential formation of hydraulic short circuits 

between single UCG channels. Simulations further show the impact of high temperatures on 

failure at a fault plane, comparing isothermal and non-isothermal scenarios (Figure 24 and Figure 

25). In addition, stress states at fault elements, permeability changes in UCG channel vicinity and 

fault integrity in terms of hydraulic short circuit formation were considered. Since sedimentary 

rocks have generally low values of heat conductivity and heat capacity compared to igneous rocks, 

a significant temperature increase is induced in the close reactor vicinity only. Further, the reliable 

prediction and management of mining-induced surface subsidence is one of the environmentally 

challenging issues in the context of coal mining. Luo et al. (2009) developed a UCG subsidence 

prediction methodology and showed that overlying strata and ground surface subsidence 

behavior in UCG operation is relatively similar to that in conventional longwall coal mining. 

Depending on UCG panel design, channel dimensions and coal seam depth, the maximum surface 

subsidence determined in the literature (Li et al., 2015; Sirdesai et al., 2015) is in the same range 

of the simulation results in this study. Even if the strength of overlying strata above a gasified coal 

seam can increase under the influence of temperature as suggested by Li et al. (2015) and 

observed in experiments by Liu et al. (2016b) at temperatures between 100 and 450 °C due to 

cementation reactions effecting weakening, increasing temperature induces a general decrease 

in rock strength (Evans and Kohlstedt, 1995; Feng et al., 2017; Liu et al., 2016a; Tian et al., 2015). 
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However, microstructural changes in mineralogy and the associated variation in strength are not 

considered in the simulations. In fact, vertical displacements at the ground surface calculated in 

the simulations are about 50% higher in the isothermal scenario and notably less homogeneous 

compared to those in the non-isothermal one at the end of the operational time. At that moment, 

the non-isothermal simulation has not achieved a thermo-mechanical equilibrium state due to 

sustained thermally-induced stresses, whereby the high temperatures effect a thermal expansion 

of the heated surrounding rocks in the affected strata. Considering the development of high 

vertical displacements in the UCG channel vicinity, it becomes obvious that the simulated 

displacements are related to thermally-induced stresses. 

Thermo-mechanical stresses due to coal extraction and thermal loading induce permeability 

changes. These permeability changes show significant deviations in the close UCG channel vicinity, 

comparing the isothermal and non-isothermal simulations, due to the absence of 

temperature-induced stress effects. Permeability, in consideration of the difference between 

hydrostatic and UCG reactor pressure, controls fluid in- and outflow into and out of the reactor, 

respectively (Blinderman and Anderson, 2004; Otto and Kempka, 2015a). Here, fluid flow is likely 

to be affected by the local permeability increase, which is of relevance in the determination of the 

temporal and spatial steam jacket extent, emerging due to water evaporation in the close UCG 

reactor vicinity (Blinderman and Anderson, 2004; Blinderman and Jones, 2002). Nevertheless, 

both simulated 60-m pillar width scenarios show that permeability changes only occur in close 

UCG channel vicinity, whereby hydraulic short circuit formation between single channels is not 

observed in the absence of geologic faults. Therefore, the increase in local permeability due to 

mechanical and thermal stresses (Figure 21) does not compromise UCG operation for a pillar width 

of 60 m. Simulation results rather suggest that pillar widths of 30 m (equals a coal-seam-thickness-

to-pillar-width-ratio of about 1:3) would suffice to avoid hydraulic short circuit formation between 

single UCG channels for the investigated study area. Najafi et al. (2014) presented an approach to 

estimate the required protection pillar width in CRIP-based UCG operation and compared purely 

mechanical with thermo-mechanical simulations. They show that temperature induces thermal 

stresses and reduces pillar strength, what is also demonstrated in the present thesis (Figure 24). 

However, Najafi et al. (2014) focused on side abutment stresses occurring around the pillars, 

whereby a maximum lateral failure zone of about 3.25 m in a 3.5 m thick coal seam was observed. 

The authors did not consider fault planes as regions of mechanical weakness and potential fluid 

migration pathways in their model. From the UCG process performance perspective it is obvious, 

that an ideal UCG region would have no minor and major faults (Camp and White, 2015). However, 

the absence of faults and fault segments in a geologically complex area of coal-bearing formations 

is very unlikely (Ligtenberg, 2005). Therefore, the presence of faults complicates UCG projects, 

because faults may act as UCG fluid migration pathways (Camp and White, 2015; Ligtenberg, 

2005). 

Simulations on fault integrity show that shear and tensile failure significantly increase due to 

thermal stress propagation, what may result in a coalescence of shear failure. If distances between 

UCG channels are not sufficiently high, this behavior can trigger fault reactivation, and therefore 

form potential hydraulic short circuits between single UCG channels but also generate mining-

induced seismicity (Hasegawa et al., 1989; Sen et al., 2013). 
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In addition to variation in pillar width, different stress regimes were considered in the coupled 

thermo-mechanical simulations to assess their impact on fault integrity in terms of hydraulic short 

circuit formation. The results show a significant influence of the stress field and SHmax orientation 

on fault integrity. Even for a pillar width of 140 m, a coalescence of reactivated fault areas is 

feasible as shown for the scenario based on a strike-slip stress regime with the SHmax orientation 

parallel to the fault plane (Figure 27). Simulation results exhibit a high uncertainty if only limited 

data on the local stress regime is available. Additionally, non-detectable sub-seismic faults of 

various orientations can create hydraulic conduits between UCG reactors and shallower strata, 

and thus generate environmental hazards related to UCG operation, such as migration of UCG 

pollutants into shallow freshwater aquifers. In this context, thermo-mechanical processes are the 

key for quantification of potential leakage pathway formation (Vorobiev et al., 2008). A large 

regional fault, as implemented in this 3D model, would be highly undesirable and can impede UCG 

in practice. As a result, a higher resolution mapping effort may be needed for UCG site evaluation. 

For a large-scale UCG project operating for decades, mine-plan layouts may need to be adjusted 

accordingly. Thereby, large seismic surveys but also information on one or more of the in-situ 

stress magnitudes (SV, SHmax, Shmin) for a certain depth range, e.g., by use of hydraulic fracturing, 

leak-off tests, overcoring, undercoring, core-based methods and source mechanisms of 

earthquakes (Zang et al., 2013), are crucial for a candidate UCG area. The risks include gas losses, 

contaminant migration and uncontrolled water inflow (Burton et al., 2006). However, recent 

numerical simulations on fault reactivation are mainly associated to hydraulic fracturing (Rutqvist 

et al., 2013), CO2 storage (Cappa and Rutqvist, 2011; Tillner et al., 2016) and geothermal heat 

recovery (Jacquey et al., 2015), whereas the process of fault reactivation has not been adequately 

represented in the field of UCG (Khan et al., 2015). 

As stated in advance of the present study, water in- and outflow in the reactor vicinity is a highly 

variable phenomenon that depends on thermal and hydraulic coal seam and overburden 

properties as well as UCG operation conditions. In order to prevent or significantly minimize 

environmental impacts such as groundwater pollution, UCG reactors are generally operated 

below hydrostatic pressure to limit the outflow of fluids from the reactor and to avoid overburden 

aquifer contamination (Burton et al., 2006). Evolving high reactor temperatures result in the build-

up of a steam jacket in the close reactor vicinity. Prediction of steam jacket dynamics and 

accompanying optimization of UCG water balances is of substantial importance to achieve a 

maximum coal-to-synthesis gas conversion efficiency (Blinderman and Jones, 2002). Progress on 

understanding the complex and strongly coupled thermal-hydraulic processes in UCG has been 

achieved by several studies. Those focused either on the time dependent pure temperature 

distribution (Sarhosis et al., 2013) or additionally on concentrations of different gas species after 

a UCG operation in the close reactor vicinity (Akbarzadeh and Chalaturnyk, 2013, 2014b; Buscheck 

et al., 2009; Nitao et al., 2011). 

To improve the understanding of the role of the steam jacket in UCG operations, coupled thermo-

hydraulic 2D and 3D models were developed to assess the occurring multiphase fluid flow 

processes. This newly developed modeling approach allows quantifying and predicting the steam 

jacket dynamics as well as water flows into and out of a UCG reactor. Therefore, it helps to 

optimize the calorific synthesis gas value by balancing the steam-char reaction and heat losses 

due to water evaporation, and enables the design of an optimum UCG operation. The employed 

multiphase flow numerical simulations presented in this thesis are suitable for high temperatures 
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to address the influence of reactor pressure dynamics as well as coal and overburden permeability 

on water inflow and steam jacket dynamics. 

The U.S. field trials Hanna and Hoe Creek were applied for 3D model validation by comparing 

observed and simulated water inflow. The very good agreement between the model calculations 

and field tests observations (Figure 29 and Figure 30) show that the relevant physics and processes 

of non-isothermal multiphase flow can be reproduced with the presented modeling approach, 

validating it at the same time. 

The model developed by Camp (1980) to assess water balances under consideration of reactor 

growth is limited to the special case of uniform, isotropic permeability and isothermal single-phase 

flow. Nevertheless, that model reproduces the water production observed in both U.S. field tests 

reasonably well (Gunn and Krantz, 1987), using data on time-dependent reactor pressure and coal 

consumption in the semi-analytical modeling approach for spalling-enhanced drying of coal and 

overburden rock as well as water balance calculations. Compared to water production from coal 

and rock drying, water in- and outflows are relatively low for the Hanna trial (Gunn and Krantz, 

1987). This is mainly due to the low Hanna coal seam permeability and the moderate pressure 

gradients between the reactor and overburden aquifer. For that reason, my modeling approach 

was also validated against the Hoe Creek field test, exhibiting significantly higher permeabilities 

as well as water in- and outflows. Also for this field test, the simulation results are in a very good 

agreement with the data from the literature (Figure 30). In general, demonstrating model 

reliability by validation against published operational and/or experimental data is often neglected 

in literature on UCG modeling as discussed by Khan et al. (2015). 

To discuss the effect of coal seam permeability and UCG reactor pressure on the dynamic 

multiphase flow processes in the reactor’s vicinity, different simulation scenarios had to be 

analyzed. In this context, a 2D numerical model with a less complex geometry offers a sufficient 

accuracy to provide a quantitative analysis and description of the thermo-hydraulic processes 

(Khan et al., 2015; Kühn et al., 2005), while 3D effects were not relevant for this specific issue. The 

simulation results (Figure 32) show that from the UCG process performance perspective, low 

permeability in the coal and overburden rock as well as reactor pressure below the hydrostatic 

should be preferred because of reduced water inflow. Usual, excessive water enters into the 

reactor due to the combination of inflow through coal and adjacent strata as well as drying of 

surrounding rocks and of wet rock collapsing into the reactor (Camp and White, 2015). 

These different water sources generally supply enough water for the gasification chemistry. From 

a contaminant transport perspective, low permeability and reactor pressures below the 

hydrostatic one are also preferred. Low permeability strata and avoiding overpressure in the 

reactor can limit the steam jacket extent, and thereby potential contaminants from migrating over 

large distances away from the reactor. Also, a lower inflow rate of water into the reactor will 

reduce the volume of water produced during gasification. The simulation results indicate that 

when the reactor is operated with overpressure, the steam jacket will expand many times beyond 

the coal seam thickness (Figure 32). Escaping fingers of gas are more likely than in a uniform 

outward flow and will tend to move preferentially up due to buoyancy and hydrostatics (Camp 

and White, 2015). However, this was not observed in the simulation results due to the isotropic 

and homogenous permeability distribution. Modeling of hypothetical gas finger flow would be 
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technically feasible; however, it requires detailed knowledge of permeability distribution, fracture 

networks of coal and/or implementation of potential faults with higher permeability for validation 

purposes. 

Synthesis gas and UCG by-products will be contained within the reactor and area of maximum 

steam jacket extent, if operators maintain sub-hydrostatic reactor pressures. For that purpose, 

the thermo-hydraulic modeling approach provides an efficient method to support the design and 

operation of pressure and temperature monitoring in pilot- to commercial-scale UCG operation, 

and thus an efficient tool to tackle hydrogeological and operational uncertainties. Hence, the 

modeling approach allows for a thorough quantification and prediction of steam jacket dynamics 

and non-isothermal multiphase flow processes in the UCG reactor vicinity, and thereby enables 

especially in view of water balances avoiding aquifer contamination during an entire UCG 

operation lifecycle. Sustainable and economic UCG site development requires the integration of 

numerical modeling. 

In conclusion, application of numerical models led to specific new insights into thermo-mechanical 

rock behavior and fluid flow dynamics in UCG reactor vicinity. The proposed and newly developed 

2D and 3D thermo-mechanical models as well as the employed multi-phase fluid flow modeling 

approach were proven appropriate for determining thermo-mechanical and thermo-hydraulic 

impacts at different scales. At the same time, the simulations are of great benefit to identify and 

reveal the factors, relevant to mitigate high negative environmental impacts, and thus to protect 

groundwater resources from contamination. With respect to the formulated objectives of this 

thesis and the findings gained thereof, it can be summarized that a more environmental-friendly, 

efficient and sustainable UCG operation is realizable in compliance with the following 

requirements: 

 Sufficient pillar width between the UCG reactors, mainly depending on coal seam 

thickness and regional stress field. Here, the presence of (high permeable) faults and/or 

sub-seismic faults in the vicinity of a UCG panel is crucial and yet highly underestimated 

in all UCG publications. 

 Reactor pressure below the hydrostatic pressure during the UCG operation is highly 

recommended to avoid a large extent of the steam jacket, and therefore the increase in 

probability of escape of synthesis gas as well as UCG by-products and contaminants. Low 

coal and overburden permeabilities are helpful in the light of controlling the subsurface 

water flow around as well as into and out of the UCG reactor. Steam jacket dynamics in 

UCG reactor vicinity were completely out of consideration in previous UCG literature. 

These general findings are certainly site-specific, but will have a determining influence if UCG 

becomes economically feasible in the next decades as expected by several authors (Mostade, 

2014; Sarhosis et al., 2016). However, since all the conclusions and findings of this thesis are based 

on numerical simulations and the corresponding input parameters, further field and laboratory 

tests are required to verify the accuracy of the present numerical results as well as implemented 

temperature-dependent rock properties. 

In order to enable more precise predictions of UCG performance, future work should be directed 

towards implementing non-isotropic permeability into a multilayer model system as well as matrix 

and cleat permeabilities. Coal permeability is controlled by fractures that encompass natural 
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systems and any induced fractures (Thompson, 1978). In the presented MUFITS model approach, 

matrix permeability was used only. Fluid flow in porous media is often through conductive 

fractures surrounded by relatively stagnant porous volume into which contaminants can diffuse 

(Camp and White, 2015). Any oscillatory flow (e.g., various reactor pressure, barometric pumping) 

will spread contaminants. Once UCG fluids have diffused onto the dead pore volume and/or 

sorbed, it takes much longer contact with clean water to desorb them. Transport models that have 

dual permeability (fracture and matrix) are helpful in representing such transport (Camp and 

White, 2015). 

Moreover, it is recommended to consider mechanically and thermally-induced permeability 

changes in the close reactor vicinity by a thermo-hydro-mechanical coupling in future 

investigations, to account for changes of groundwater flow behavior after potential UCG reactor 

collapses. In this context, also the effect of hydraulic short circuits and presence of high permeable 

faults including their potential reactivation, which may introduce preferential migration pathways 

for UCG fluids and contaminants, needs to be addressed. However, this coupled thermo-hydro-

mechanical modeling approach was consciously not taken into account for the third part of the 

present study for the following reasons. Many of the published sequential hydro-mechanical 

coupling approaches are error-prone if inter-loop equilibration is not considered in the coupling 

(Akbarzadeh Kasani, 2016), since neglecting the undrained fluid-mechanical response effect 

introduces errors proportional to fluid diffusivity and inversely proportional to the rate of 

mechanical change (Taron and Elsworth, 2009). Consequently, a much more complex hydro-

mechanical sequential coupling procedure than the so-called ‘leapfrog coupling’ as discussed by 

Kim et al. (2009; 2012; 2013), is required to produce reliable simulation results in presence of 

highly compressible fluids, e.g. the fixed-stress approach. Therefore, the high complexity of the 

coupled thermo-hydraulic processes requires a proper understanding of the heretofore largely 

neglected steam jacket dynamics and UCG water balances first, before considering thermo-hydro-

mechanical coupled models. 

Besides the application in the special context of UCG, the presented numerical modeling approach 

can be used to investigate and evaluate regions with potentially suitable host rock formations for 

geologic nuclear waste repositories in the near- and far-field (Alexander et al., 2015; Gomez et al., 

2016; Min et al., 2005; Stephansson and Min, 2004; Zang et al., 2012, 2013). The requirements of 

the modeling approaches as well as the implementation of boundary conditions and rock 

properties are highly similar. Compared to UCG, these may differ in the time scales of the relevant 

processes, but need to consider lower temperatures at the same time. Here, numerical 

simulations with temperature-dependent rock properties could improve quantification and 

predictions of deformations, damage and healing behavior of rock as well as safety margins 

against failure. Due to the high safety requirements, the search for a repository is still an ongoing 

process. Additionally, sinkhole formation in the context of in situ leaching (Kinscher et al., 2015), 

resulting from dissolution and mechanical erosion of rocks and sediments in the subsurface is a 

geological phenomenon, which can be investigated with similar modeling approaches (Al-

Halbouni et al., 2017; Holohan et al., 2011). Due to the growing global energy demand and 

increasingly limited availability of conventional or easy-to-produce crude oils, extensive attention 

is being paid to the exploitation of unconventional heavy and extra-heavy oils (Guo et al., 2016). 

The existing in situ heavy oil recovery techniques fall into three categories of thermal injection, 

chemical injection and gas injection (Guo et al., 2016). Within the framework of the thermal 
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injection research topic similar modeling approaches are used in order to improve the pressure-

volume-temperature performance of heavy crude oil (Dong et al., 2015), to study the influence of 

injection parameters on the profiles of superheated steam in the wellbore (Sun et al., 2017) and 

to optimize the injection temperature for enhanced oil recovery (Bordeaux Rego et al., 2017). 
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A. THERMO-MECHANICAL SIMULATIONS CONFIRM: 

TEMPERATURE-DEPENDENT MUDROCK PROPERTIES ARE 

NICE TO HAVE IN FAR-FIELD ENVIRONMENTAL 

ASSESSMENTS OF UNDERGROUND COAL GASIFICATION 

ABSTRACT 

Coupled thermo-mechanical simulations were carried out to quantify permeability changes in 

representative coal measure strata surrounding an underground coal gasification (UCG) reactor. 

Comparing temperature-dependent and -independent rock properties applied in our simulations, 

notable differences in rock failure behavior, but only insignificant differences in spatial 

permeability development are observed. Hence, temperature-dependent parameters are 

required for simulations of the close reactor vicinity, while far-field models can be sufficiently 

determined by temperature-independent parameters. Considering our findings in the large-scale 

assessment of potential environmental impacts of UCG, representative coupled simulations based 

on complex thermo-hydro-mechanical and regional-scale models become computationally 

feasible. 
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A. 1. INTRODUCTION 

A.1.1 UNDERGROUND COAL GASIFICATION (UCG) 

UCG can increase world-wide coal reserves by utilization of coal deposits not mineable by 

conventional methods and has a long history (Klimenko, 2009). The process of underground coal 

gasification is based on in situ, sub-stoichiometric coal combustion for production of a high-

calorific synthesis gas, which can be applied for electricity generation or as chemical feedstock 

(Bhutto et al., 2013; Blinderman et al., 2008; Burton et al., 2006; Friedmann et al., 2009; Nakaten 

et al., 2013, 2014c). Figure 35 presents a schematic view of the in-situ coal gasification principle 

using the Controlled Retracting and Injection Point (CRIP) configuration (Sarhosis et al., 2013). 

However, UCG can induce environmental impacts such as ground subsidence and groundwater 

pollution (Burton et al., 2006; Durucan et al., 2014; Hewing et al., 1978). Changes in the hydraulic 

conductivity of the hanging wall may generate potential pathways for UCG contaminant migration 

(Humenick, 1978; Kapusta and Stańczyk, 2011; Liu et al., 2007; Walters and Niemczyk, 1984). 

These changes are associated with mechanical stress changes resulting from the UCG reactor 

growth as well as thermal stresses (Wolf and Bruining, 2007). Permeability controls fluid in- and 

outflow into and out of the reactor, respectively, considering the pressure gradient between the 

hydrostatic fluid and UCG reactor operating pressure (Blinderman and Anderson, 2004; Seifi et al., 

2011, 2014). Mitigation of potential environmental UCG impacts can be achieved by improving 

the understanding of coupled thermo-hydro-mechanical processes in the rocks surrounding the 

UCG reactor at different scales. Thereby, near-field models considering the close UCG reactor 

vicinity can be employed to represent temperature-dependent processes, while far-field models 

are required to assess environmental impacts at regional scale. However, far-field models become 

computationally expensive, if processes taking place in the close reactor vicinity are involved, 

especially in the assessment commercial-scale multi-channel UCG operations. 

Hence, a coupled thermo-mechanical model has been developed in the scope of the present study 

to assess near-field temperature-dependent and -independent rock behavior and permeability 

changes in mudrocks as previously carried out for a sandstone based coal measure strata (Otto 

and Kempka, 2015a). 
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Figure 35: Principle of in situ coal gasification based on the CRIP method (modified after Sarhosis et al., 2013). 

A. 2. METHODOLOGY 

A.2.1 NUMERICAL MODEL GEOMETRY AND BOUNDARY CONDITIONS 

The model used in the present study has been introduced by Otto and Kempka (2015a) for 

simulation of UCG processes considering, thermo-mechanical coal and sandstone properties. To 

assess these simulation results in view of a different host rock type, thermo-mechanical material 

properties of claystone and mudstone, hereafter called mudrock, were implemented into the 

given numerical model. 

The size and grid discretization of the numerical model were adapted to calculation time and the 

impact of the chosen boundary conditions on the simulation results. The implemented numerical 

model uses the UCG reactor symmetry present along its vertical axis, assuming that a half-radial 

symmetric reactor develops along the UCG panel (Figure 36). The two-dimensional geometry of a 

coal seam of 4 m thickness was uniformly expanded towards the model boundaries, with the 

reactor bottom located at a depth of 250 m below the ground surface. The model size was set to 

40 m × 110 m and discretized by about 3,000 elements, with sizes of 0.16 m to 5 m in all directions. 

The finite-difference thermo-hydro-mechanical simulator FLAC3D (Itasca, 2014) was employed to 

analyze thermo-mechanical stress changes, displacements and volumetric strain increments in the 

UCG reactor vicinity, using the unstructured grid presented in Figure 36. 
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Figure 36: Geometry of the coupled thermal-mechanical UCG model. The model comprises two mudrock 
layers (colored in light brown) and one coal seam (colored in dark brown) with four geometric reactor growth 
steps considered in the simulations (light brown, green, red and turquois) (modified after Otto and Kempka, 
2015a). 

A.2.2 MODEL PARAMETERIZATION AND MATERIAL PROPERTIES 

Thermo-mechanical data on claystone and mudstone specimens exposed to high temperatures 

were derived from literature (Tan et al., 2008; Tang et al., 2015; Tian, 2013; Tian et al., 2014). We 

incorporated both rock-type properties in one rock layer (mudrock), since the available data on 

thermo-mechanical properties of pure claystone and mudstone is limited. Temperature 

dependent thermo-mechanical properties of mudrock assigned to the present model include the 

elastic modulus (𝐸), cohesion (𝑐), friction angle (𝜑), linear thermal expansion coefficient (𝛼), 

specific heat capacity (𝐶𝑃) and thermal conductivity (𝜆) (Figure 37).  

In contrast to sandstone, whose elastic modulus generally decreases with increasing temperature 

(Tian et al., 2012), Tian et al. (2014) found that the trend is slightly increasing for claystone 

(at 5 MPa confining pressure), what is in good agreement with the experimental results presented 

by Wolf et al. (1992). The normalized trends of friction angles and cohesion of the claystone 

specimens after high temperature treatment are always higher than those at room temperature, 

but also strongly alternating with increasing temperature (Tian, 2013). 

Temperature-dependent thermal properties for the linear thermal expansion coefficient, specific 

heat capacity and thermal conductivity are not yet experimentally determined for claystone (Tian 

et al., 2014). In this study, the normalized trends of mudstone properties are used in the model 

instead. Tan et al. (2008) reported that the linear thermal expansion coefficient of mudstone 

increases in a continuous linear manner, until a temperature of 575 °C is reached. This is due to 
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the α–β quartz phase inversion as reported also for other sedimentary rocks (Somerton, 1992). 

Thereafter, the linear thermal expansion coefficient is slightly decreasing up to temperatures of 

1000 °C. In accordance with other studies on sedimentary rocks (Clauser and Huenges, 1995), Tang 

et al. (2015) reported a generally decreasing trend in thermal conductivity with increasing 

temperature for mudstone. Furthermore, the test results of Tang et al. (2015) show that both, the 

specific heat capacity and the thermal conductivity, decrease with the increase in temperature 

when the testing temperature is below 400 °C. The specific heat capacity is almost constant and 

the thermal conductivity still continues to decrease for testing temperatures above 400 °C (Tang 

et al., 2015). 

The claystone density (ρ) (Wolf et al., 1992) and the Poisson’s ratio (𝜈) for mudstone (Tan et al., 

2008) was maintained constant for both geological units (coal and mudrock). The tensile strength 

of claystone (0.19 MPa) was also taken from Wolf et al. (1992) and maintained constant with 

increasing temperature for the mudrock. Min (1983) reported a generally decreasing trend of the 

tensile strength of rock (oil shale and igneous rocks) with increasing temperature; however, no 

data for claystone or mudstone are yet available. 

 

Figure 37: Trend of normalized thermo-mechanical properties of claystone and mudstone as a function of 
temperature. The normalized values of specific heat capacity and thermal conductivity are plotted on the 
secondary vertical axis. All data are normalized using the initial values presented in Table 8. 

The normalized trends of thermo-mechanical coal properties after high temperature treatment 

are derived from literature (Badzioch et al., 1964; Min, 1983; Shoemaker et al., 1977; Singer and 

Tye, 1979) and discussed in Otto and Kempka (2015a). Changes in thermo-mechanical material 

properties affecting the coal behavior are mainly related to the various reactions in the different 

temperature zones (Couch, 2009): the drying zone (up to 200 °C), the drying and pyrolysis zone 

(200-900 °C), the reducing zone (550-900 °C) and oxidation zone (above 900 °C). 

Temperatures above 1500 °C can be achieved in the UCG reactor and its close vicinity. However, 

the maximum testing temperature of the properties used in the present study is limited to 800 °C 

for the mechanical and 1000 °C for the thermal material properties. Hence, an overall temperature 

limit of 1000 °C is applied in the present simulations. The initial model parameters are presented 

in Table 8. 
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Table 8: Initial thermo-mechanical rock properties applied for model parameterization. 

Input parameter  Unit Mudrock Coal 

 

Mechanical parameters 

    

Young’s modulus (𝐸) 

Tensile strength (𝜎𝑡) 

Friction angle (𝜑) 

Cohesion (𝑐) 

f(T) 

Constant for rock, f(T) for coal 

f(T) 

f(T) 

GPa 

MPa 

° 

MPa 

2.1 

0.19 

32.19 

1.51 

2 

0.275 

20 

0.1 

Poisson’s coefficient (𝜈) 

Density (𝜌) 

 

Constant rock and coal 

Constant rock and coal 

 

- 

kg/m³ 

0.23 

2300 

0.44 

1300 

Thermal parameters     

Linear thermal expansion 
coefficient (𝛼) 

Specific heat capacity (𝐶𝑃) 

Thermal conductivity (𝜆) 

f(T) 
 

f(T) 

f(T) 

K-1 

 

J/(kg K) 

W/m/K 

7.92x10-6 

 

1187 

1.19 

5.0x10-6 

 

2000 

0.23 

 

A.2.3 DERIVING PERMEABILITY CHANGES FROM VOLUMETRIC STRAINS 

In the present study, the approach discussed and introduced by Otto and Kempka (2015a) is 

applied, where deformation is associated with volume changes affecting the host rock and coal 

permeability. The rock compaction behavior in the UCG reactor vicinity was simulated using an 

isotropic elastoplastic constitutive law with the material properties shown in Table 9. For 

modeling thermal and mechanical stress-induced permeability changes, permeability is related to 

volumetric strain increments (Chin et al., 2000): 

𝜙 = 1 − (1 − 𝜙0)𝑒−Δε𝜈  (13) 

𝐾 = 𝐾0 (
𝜙

𝜙0
)

𝑛

 (14) 

 

where 𝜙 is the porosity at a given volumetric strain ε𝜈, 𝜙0 the initial porosity, 𝐾 the permeability 

at a given ε𝜈 , K0  the initial permeability, and 𝑛  a power-law exponent (porosity sensitivity 

exponent) with a value range of 2 to 25 depending on stress and lithology (David et al., 1994). 

A.2.4 SCENARIO ANALYSIS 

Simulations of coupled thermo-mechanical processes for a UCG process duration of 50 days were 

carried out in two steps. First, the initial model is run to achieve a mechanical equilibrium and 

then applied as starting model for all further simulations. The UCG reactor is excavated stepwise, 

depending on the pre-defined coal consumption rate (0.654 t/day/m). A constant temperature of 

1000 °C is applied at the reactor boundary, while the model is calculated to mechanical 

equilibrium after each reactor slice excavation. The temperature-dependent rock and coal 

properties are updated for each element during the entire simulation. 
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A. 3. SIMULATION RESULTS 

A.3.1 PRINCIPAL STRESS DISTRIBUTION 

During the UCG process, the experienced high temperatures generate a high thermal gradient of 

limited spatial extent for temperature-dependent as well as -independent material properties, 

and thus induce thermal stresses in the surrounding rock mass. Rock strength and behavior under 

high temperatures differ from those at initial conditions (Figure 37). In both simulations, the 

maximum distance of the 200 °C isotherm to the reactor boundary is almost identical (Figure 38). 

However, the temperature dependent simulation results exhibit a significantly larger spatial 

distribution of tensile stresses in the reactor vicinity. 

 

Figure 38: Tensile minimum principal stress (in MPa) with (a) temperature-dependent and (b) -independent 
properties after 50 days of simulation. The grey solid line represents the 200 °C isotherm. Blue colors indicate 
compressive stresses. 

A.3.2 ELASTOPLASTIC ROCK BEHAVIOR 

Shear and tensile failure determined by the Mohr-Coulomb failure criterion occur at multiple 

locations in the reactor vicinity considering temperature-dependent and -independent properties 

due to excavation effects and thermally-induced stresses (Figure 39). Shear and tensile failure 

(green) dominate at the reactor wall, followed by a region of pure tensile failure (blue) above and 
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below the reactor. The radius of tensile failure in the over- and underburden around the reactor 

is notably larger (up to 6 m) in the simulation using temperature-dependent parameters. The coal 

seam mainly experiences shear failure (red) in both models. The region of shear failure is 

determined by stress changes induced by excavation effects. 

 

Figure 39: Distribution of shear and tensile rock failure experienced by rocks surrounding the UCG reactor 
after stepwise reactor zone excavation with (a) temperature-dependent and (b) -independent properties 
after 50 days of simulation. The grey solid line represents the 200 °C isotherm. 

A.3.3 PERMEABILITY CHANGES 

Equation 7 is applied for calculating permeability changes in the present models. For that purpose, 

normalized permeabilities with an initially uniform distribution and rock-specific porosity values 

derived from literature were applied (Table 9). 

Table 9: Initial averaged data applied in the permeability change analysis (Min, 1983; Otto and Kempka, 
2015a; Tian et al., 2014). 

Initial Values Coal Mudrock 

𝜙0 0.02 0.0875 

Normalized 𝐾0 1 1 

𝑛 13 13 

Simulation results indicate that the maximum permeability increase by more than one magnitude 

(red elements) is located around the UCG reactor at a distance of up to 2 m for the temperature-

dependent and up to 0.8 m for the temperature-independent simulations (Figure 40). The area 

affected by increased permeability above the UCG reactor is notably larger for the 

temperature-dependent simulation; however, normalized permeability changes in that area in 
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comparison between both simulation cases do not exceed a factor of three. Permeability increases 

in the temperature-dependent simulation are mainly mechanically induced and in good 

agreement with the larger region of tensile failure plotted in Figure 39. 

 

Figure 40: Permeability changes (-) show small differences for temperature-dependent (a) and temperature-
independent parameters (b). The difference in regions of high permeability increase is only marginal. The 
grey solid line represents the 200 °C isotherm. 

A. 4. DISCUSSION AND CONCLUSION 

To investigate the impact of temperature-dependent parameters on rock behavior and 

permeability changes around a hypothetical UCG reactor, we compared coupled thermo-

mechanical simulation results with temperature dependent and -independent claystone and 

mudstone parameters. For the thermo-mechanical numerical model, published data from high 

temperature experimental results was implemented, comprising three geological units as 

discussed in Otto and Kempka (2015a). The UCG reactor excavation was carried out stepwise, 

whereby a constant temperature of 1000 °C was permanently applied at the reactor wall to 

represent the heat flux generated by in situ coal combustion. 

Tensile and shear failure in the rocks surrounding the UCG reactor occur in a radius of up to 6 m 

in the temperature dependent and -independent simulations. The associated volumetric strains 

result in significant permeability changes in the close reactor vicinity. For determination of 

permeability changes, we applied proven relationships between volumetric strain increments, 

porosity and permeability. Even though the formation of fractures is not considered in our 

simulations, the calculated volumetric strain increments achieve maximum values of up to 36%, 
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resulting in a permeability increase by more than three magnitudes in the high-temperature 

regions close to the UCG reactor (> 200 °C). 

Tensile failure dominates in the rocks close to the reactor in the temperature-dependent 

simulation. Compared to the simulations results using sandstone properties (Otto and Kempka, 

2015a), the radial extent of tensile failure is notably higher (up to about 6 m in the present study 

compared with about 2 m). The main reason for these deviations is the lower value of tensile 

strength of claystone (0.19 MPa) compared with sandstone (5 MPa) (Otto and Kempka, 2015a). 

Further, we expect the high alternations in the integrated temperature-dependent friction and 

cohesion data to contribute to this behavior.  

A model verification against laboratory or field data on measured porosity and permeability 

changes is not yet feasible due to limited data availability. David et al. (1994) and Chin et al. (2000) 

developed the formulations applied here for the calculation of porosity and permeability changes 

for different porous and metamorphic rocks using laboratory experiments. However, we expect 

that the conceptual approach is applicable to the mudrock used in the present study, since a 

general increase in permeability due to baking, shrinking and fracturing effects is documented for 

rocks affected by high temperatures as experienced during in situ coal combustion (Wolf and 

Bruining, 2007). In general, any porosity and permeability relationship determined at laboratory 

or field scale can be easily implemented in the presented models. 

Our simulation results demonstrate that the temperature-dependent thermo-mechanical 

properties have a notable influence on stress changes and deformation around the UCG reactor. 

In the close reactor vicinity, the deformations induce positive volumetric strains and zones of high 

permeability (up to three magnitudes increase). However, permeability changes calculated based 

on volumetric strain increments show only small differences between simulations using 

temperature-dependent and -independent parameters for the representative coal measure strata 

investigated here. Hence, our results support our previous findings (Otto and Kempka, 2015a), 

emphasizing that near-field thermo-mechanical UCG simulation models require temperature-

dependent parameters, while far-field 3D models can benefit from neglecting temperature-

dependency to increase computational efficiency. 
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