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Abstract 

In this thesis, the potential of enhanced geothermal system to provide adequate energy to a 10 

MW electricity power plant from Prairie Evaporite Formation of Williston Basin was 

investigated. This formation partly consists of halite with low thermal resistance and high 

thermal conductivity, which translates into a lower drilling length to reach the desired 

temperature, comparing to other rock types. 

To this end, two numerical models with experimental data in south-west Manitoba (i.e. Tilston) 

and south-east Saskatchewan (i.e. Generic) were designed. The thermal reservoirs were located 

at 1.5 km (Tilston site) and 3 km (Generic site) with approximate thicknesses of 118 m. 

Considering an injection brine of 6% NaCl at 15°C, the final derived temperature at wellhead of 

the production wells were 43°C and 105°C respectively.  

Finally, the Generic site was concluded as a suitable candidate for electricity production by 

providing higher surfaced fluid temperature than the minimum of 80°C. 
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Ȧ Distance between the formations, m 

ΔA Thickness of the formations, derived by kriging method, m 

b Boltzmann constant, J/K 

bc Corresponding boundary condition 

c Average specific heat capacity of solid and liquid phases, J/kg/K 

cf Specific heat capacity of fluid, J/kg/K 

cp,n Normalized value of specific heat capacity, °C 

cs Specific heat capacity of solid, J/kg/K 
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Chapter 1. Introduction 

Overview 

Geothermal energy is the use of thermal energy from interior parts of the earth. Geothermal 

systems are divided into various types based on specific thermal properties of their reservoirs. 

In this chapter, the principal of the geothermal energy as a renewable source of power is 

introduced. Then the geothermal systems’ types, specific fields’ criteria, and applications are 

proposed. Lastly, the objective of this research considering the geothermal potential of Canada 

and specifically Manitoba being presented.  
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 Geothermal Energy  1.1

Humans’ life depends on natural energy resources. By increasing the population, the demands 

for energy has been raised as well. The application of fossil fuels, as the main source of energy, 

has been increased proportionally since 1960, which led to enormous environmental hazards 

such as greenhouse effects.  

Based on the statistical review of world energy, the highest energy consumption is attributed to 

the fossil fuels (e.g. oil, gas and coal) which provided more than 45000 TWh per year in 2014 

(Con-struc, 2015). The limited source of fossil fuels cannot provide adequate energy for the 

increasing demand continuously. Therefore, other types of energy resources have been 

introduced to supply the growing demand. The application of the renewable energies, which 

provide an unlimited source of energy with minimum environmental impacts, commencing in 

1990 with a high growing pace within the recent decade (Con-struc, 2015). 

As a renewable source of energy, geothermal has been applied for various purposes worldwide. 

The foundation of the geothermal energy is heat. The extracted heat is either produced by nuclear 

reactions within earth’s core for deep geothermal systems, which will last for billions of years, or 

solar radiation for shallow geothermal systems (Ghosh and Prelas, 2011). The inner core of the 

Earth has the potential to generate 42×10
12 

W energy based on the generated heat of 

approximately 4300°C; this heat cannot be trapped and utilized totally due to losses on its path to 

the surface and particular geophysical and geological properties of earth’s formations (Ghosh 
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and Prelas, 2011). Thus, geothermal energy is attributed to the portion of the earth’s core heat 

that could be utilized for energy production. 

 Geothermal systems  1.2

 Geothermal potential 1.2.1

Geothermal gradient refers to the variation of temperature as a function of depth, which 

estimates the geothermal potential of specific sites. The geothermal potential of a site was 

evaluated by vast investigations regarding lithology, topography and geochemical and 

hydrological properties.  

Based on Gupta and Roy (2006) a geothermal potential inspection should provide adequate 

information on the initial qualifications of geothermal fields such as estimation of the shape, size, 

and depth of the reservoir (geothermal source), recharge water and homogeneity of the target 

formation, determination and study of bedrock formation, surface temperature, and accessibility 

of the site (Ghosh and Prelas, 2011, Gupta and Roy, 2006, Lumb, 1981). The existence of a large 

source of heat is the first and the most significant priority for a field to be considered as a 

geothermal source. Several methods are used to evaluate the existence of reservoirs such as 

satellite imagery, aerial photography and geologic and structural mapping (Gupta and Roy, 

2006). After verification of reservoir presence, by using temperature data derived from 

geochemical and geophysical surveys and temperature gradient hole, the reservoir size can be 

estimated.  
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 Reservoir types  1.2.2

Thermal reservoirs have been categorized into five different classes based on: 

 The production fluid’s chemical composition after extraction (whether the fluid was 

injected artificially or presents naturally),  

 Exergy of the system 

 Aquifer thickness 

 Geochemical fluid properties in the reservoir, and 

 Temperature and porosity of the reservoir (Gupta and Roy, 2006).  

The exergy of a system is defined as the maximum usable energy produced through the 

equilibrium process of the reservoir and its surrounding area. Hydrothermal and Conductive (Hot 

Dry Rock) Systems are the two main classes which are based on the existence of hot water/fluid 

within the reservoirs, the reservoir’s formation and trapped heat (Gupta and Roy, 2006). 

Hydrothermal systems: This class has been divided into vapor dominated, hot water, geo-

pressured and magma subcategories. For all these categories, the fluid (vapor) exists at high 

temperature and pressure within the reservoir. Most of the recent geothermal plants like 

Larderello (Italy), Geysers (USA), Cerro Prieto (Mexico), Wairakei (New Zealand), Reykjavik 

(Iceland), Salton Sea (USA) and Otake (Japan) are vapor dominated based on highly active 

tectonic regions with capability of producing fluid with 180°C temperature (Gupta and Roy, 

2006).  

Hot dry rock systems (HDR): Based on the definition of the U.S. Energy Research and 

Development Administration (ERDA) a HDR geothermal resource is “The heat stored in rocks 
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within 10 km of the surface from which the energy cannot be economically produced by natural 

hot water or steam” (Panel, 1977). The absence of a hot aquifer or steam at hot dry rock (HDR) 

systems makes these systems applicable at most of the geothermal fields.  

The working principle of these systems relies on hydraulic fracturing (fracking) and fluid 

circulation within the reservoir. A high-pressure fluid is injected into rock formations at 3-7 km 

depth, depending on the reservoir’s location, and the heated fluid is extracted at the production 

well. The injected fluid can be water or any other kind of fluid e.g. butane, pentane or a 

refrigerant related on the chemical properties of the geothermal system which is also called 

reservoir (Grasby et al., 2012, Li and Lior, 2015)  

Hydraulic fracturing is the other crucial factor for HDR systems application, which increases the 

permeability of rock formations by providing cracks to ease fluid circulation. The pressure 

required for fracturing varies for different sites, based on the formation and location of the 

reservoir. For depths more than 500 meters, the fractures growth will be aligning to the highest 

stress or perpendicular to the least stress; therefore, cracks will be expanding vertically more 

than horizontally (Fisher and Warpinski, 2012). Besides, by increasing the fractures volume, 

more pressure is required to maintain the cracks open. As a result, a large volume of fluid must 

be granted for hydraulic fracturing.  

Although induced fractures increase the efficiency of applied systems in HDR fields, some 

concerns regarding earthquake activities limit the application for specific regions with seismic 

potentials. Any earthquake hazards from geothermal applications or development would result in 

ceasing the project e.g. the case in Basel, Switzerland, in which incentive of the reservoir caused 

a 3.4 magnitude earthquake (Karvounis et al., 2014). Considering potential seismic reactions 
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requires knowledge regarding the fractures size and openings at the geothermal field. Therefore, 

operating geothermal plants at HDR fields required determination of appropriate locations where 

the chemical properties, permeability, and potential seismic criteria are met. Based on these 

criteria, the regions with recent volcanism, high heat flow, and localized radiometric heat source, 

are the most obvious regions where HDR systems can be used (Gupta and Roy, 2006). 

 Direct applications and electricity production 1.2.3

The most important factor in power generation for any geothermal field is related to the stored 

heat in the reservoir. In HDR systems and hydrothermal systems, the stored heat is depending on 

the depth of reservoir. The stored heat at depths of 3.5 and 10 km was estimated in several 

studies (e.g., Roberts, 1978, Rowley, 1982, Tester, 2005). At depth of 3 km, 42.67×10
6
 EJ stored 

heat was estimated for continental regions, including 34.14×10
6
 EJ (80%) from HDR and 

8.53×10
6
 EJ (20%) from hydrothermal resources (Roberts, 1978). The stored heat increased 

exponentially by the depth and at 10 km it was approximated as 403×10
6
 EJ (Rowley, 1982). 

Although the stored heat can provide considerable energy for various applications, only a 

percentage of it is accessible due to technical difficulties and high drilling costs.  

Temperature of the reservoir defines the application of a geothermal system. Based on the 

temperature, geothermal sources are classified into three categories. Low, intermediate and high 

temperatures, which cover ranges less than 80°C, 80-150°C and more than 150°C temperature. 

Electricity production requires intermediate to high temperature; hence, the minimum of 80°C is 

required within geothermal fields to be considered for electricity power generation. Lower 

temperatures cannot provide adequate energy for electricity production; however, they still can 
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be used for direct applications such as heating/cooling systems and heat pumps (Grasby et al., 

2012). 

Enhanced Geothermal Systems (EGS) are designed for HDR systems where no fluid exists and 

the reservoir is impermeable or has low permeability. It is anticipated that for most of the 

geothermal fields using HDR systems, EGS will provide more than 100,000 MW electricity for 

each field within the next 50 years (Ghosh and Prelas, 2011). 

In this research, the study area is located in a sedimentary basin and the thermal reservoir is 

comprised of low permeable rock; therefore, EGS was applied in this study, which is going to be 

discussed in  Chapter 3.  

Although electricity generation has been the main concern of geothermal applications, 

nowadays, direct applications of low thermal sources are increasing. Hot water from low 

temperature resources can be directly used for various purposes such as residential regions’ 

heating and cooling system operation to heating of greenhouses for growing vegetables and 

flowers (Ghosh and Prelas, 2011). Geothermal heat pumps are the most functional direct 

application of low temperature geothermal sources for home heating and air conditioning 

purposes. The principal of the heat pumps is transferring heat from the house to the warmer 

outdoor during the summer and spring (warming seasons) and vice versa for the cold seasons 

(Ghosh and Prelas, 2011). The ground heat pumps (GHPs) are electrical utilities that transfer 

heat from the cool place to the warm one that makes the warm place warmer and cool space 

cooler. The GHPs are installed in the buildings and they consist of several plastic or metal pipes, 

which are placed for several hundred meters into the ground. For the application of GHPs at 

extremely cold conditions, anti-freezing additives need to be added to the heat exchange fluid. 
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 Open/close loop systems 1.2.4

Open and close loop systems both are used for direct applications of geothermal energy; 

however, they have some initial differences. Open loop systems circulate hot water directly from 

the geothermal source in which plenty of vertically accessible space is required. For close loop 

systems, a combination of vertical or horizontal pipes would be applied to the outdoor space. The 

pipes orientation is in proportion to the amount of available space outside of the building, and the 

geothermal heat exchanger is placed inside the building (Ghosh and Prelas, 2011, Grasby et al., 

2012). The most significant reason for applying the closed loop system for a building is the 

chemical property of the groundwater. Close loop systems require a minimum 1-2 m depth 

trenches for installing the system in contrast to 20-120 m requirements of vertical space for open 

loops. This system of closed loop are designed for the lowest temperature of 0°C, for colder 

environments more excavation is required to place the loops in deeper elevations. The direct use 

of geothermal systems is economically beneficial specifically for residential locations (Ghosh 

and Prelas, 2011). 

 Geothermal potential of Canada and Manitoba 1.3

Canada has a large potential for geothermal energy production (Grasby et al., 2012). High 

thermal resources are recognized at the volcanic belt within the Canadian Cordillera due to 

difference between the oceanic and the continental heat flux which creates a border with high 

heat flow ( as high as 150°C/km) along the volcanic belt (Meer et al., 2014, Lewis and 

Hyndman, 1976). The Canadian Cordillera covers the west ocean shore of the British Columbia 

from US border to Yukon. At the center and in the north-west of Canada, the Western Canadian 
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Sedimentary Basin (WCSB) covers most of the territories from Alberta to north-east British 

Columbia (BC), southern Saskatchewan and south-west of Manitoba.  

Despite the low to medium thermal gradient within sedimentary basins, they are recognized as 

great sources of geothermal energy due to the vast accessible data regarding the basins’ 

geological formations and temperature, which have been gathered through years of oil and gas 

industrial operations. The minimum required temperature for intermediate enthalpy thermal 

reservoirs for electricity production purposes was 80°C, which could be found at a minimum 

depth of 3 km within the WCSB (Grasby et al., 2012). 

The Williston Basin is an epicratonic Phanerozoic basin with 800 km diameter covering south-

west Manitoba (Osadetz et al., 2002). As a sedimentary basin, it develops low thermal gradients 

of 25-40°C/km. The studies on geological formation and lithology of Williston Basin showed the 

presence of halite, potassium salts and carbonate wedges within the Prairie Evaporite Formations 

(Bezys and McCabe, 1996, Nicolas and Barchyn, 2008). Halite is the mineral form (salt) of 

sodium chloride (NaCl) which decreases thermal resistance providing paths of heat transfer to 

the surface and has 2-3 times higher thermal conductivity comparing to other types of minerals 

(Kent and Christopher, 1994). Additionally, in contrast to most types of rocks, increase in 

temperature would increase the thermal conductivity of single crystalline halite as well 

(Abdulagatova et al., 2009). Considering the capabilities and thermal properties of the Williston 

Basin, the objective of this study is presented in the following section.  
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 Objective 1.4

As a part of the WCSB, the Williston Basin demonstrates high geothermal potential within its 

halite formation. Halite is a suitable thermal reservoir due to low thermal resistance and higher 

thermal conductivity in comparison to other types of rock at the same depth, which decrease the 

length and time of drilling and increases the economic efficiency of the geothermal system. 

Besides the economic advantageous, less environmental impacts like carbon dioxide emission 

and groundwater contamination and the sustainability nature of geothermal resources improve 

the environmental efficiency of these systems.  

Geothermal systems have been used in Manitoba for direct applications; however, electricity 

production within these systems is still untouched, and a comprehensive investigation regarding 

its electricity generation potential is appreciated. Therefore, the focus of this study is to 

determine the geothermal feasibility of halite as a thermal reservoir to provide adequate energy 

for electricity production in the Manitoban part of the Williston Basin using EGS. 

In addition of the primary objective, the effect of depth on the thermal potential of halite is going 

to be investigated by developing a Generic model, which is a vertical extension of the primary 

model.  
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Chapter 2. Literature Review 

Overview 

The hot dry rock system of the Williston Basin leads to the use of an enhanced geothermal 

system for geothermal application with determination of its feasibility. Enhanced/engineered 

geothermal systems are defined as systems, where the aperture size of the existence fractures is 

increased by injection of high-pressure fluid, which consequently results in higher hydraulic 

conductivity of the reservoir. In this chapter, previous applications of EGS for sedimentary 

basins and temperature simulations are introduced. Then the importance of the saline formations 

as thermal reservoirs is explained, and difficulties in the process of simulation and real life 

application are discussed.  
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 EGS application for HDR systems 2.1

Engineered or enhanced geothermal systems are the most efficient geothermal systems that do 

not require hot water in place or high permeable reservoir’s rocks. EGS is applicable to regions 

with medium to low enthalpy e.g. northern territories of Canada, where the high price of 

electricity could be effectively decreased by the usage of any amount of geothermal energy 

(Majorowicz and Grasby, 2010). 

Enhanced geothermal system is the main technology of producing energy from the hot 

subsurface rocks of the earth. The application of EGS has been expanded through recent decades 

by targeting the sedimentary basins as thermal reservoirs. Besides, the fractures patterns, density, 

and porosity of the hosting rock affect the development of EGS systems proportionally (Stober 

and Bucher, 2013). Within most HDRs, the fractures are filled with hot fluid that is mainly a 

saline brine which results in the injection of water with high pressure in order to increase the 

permeability of the host/reservoir rock (Stober and Bucher, 2013). The feasibility and 

productivity of EGS depend on various factors e.g. heat flow, fractures aperture, flow rate, fluid 

type, fluid pressure, and pumping duration.  

In the 1980s, the feasibility of the EGS concept was evaluated for the first time by the ground 

backing of the “Fenton Hill” project. In this research, the well system was able to provide the 

constant temperature of 234°C at the depth of 3500 m for 11 months, using hydraulic stimulation 

as a heat exchanger (Duchane and Brown, 2002). Despite the high temperature production, this 
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case was economically inefficient due to a low flow rate and pumping pressure, which led to the 

partially opened fractures.  

The Fenton Hill project provided information regarding the nature of fractures within the 

reservoir’s formation. Based on this study, crystalline rocks’ formations are mainly impermeable 

and mostly dry (no fluid). Natural fractures in crystalline rocks cannot provide adequate 

permeability for fluid circulation that was assumed to be impermeable. For the crystalline basins, 

the volume of the natural fractures was increased by injection of the high pressure fluid without 

the creation of any extra fractures. These expanded fractures were displaced due to the applied 

shear stresses, which conducted into the improvement of fractures average size and hydraulic 

conductivity. For the sedimentary basins, the hydraulic fracturing includes the creation of extra 

fractures along with the expansion of existence fractures (Pine and Batchelor, 1984, Stober and 

Bucher, 2013). The high pressure of the injection fluid is not only expanding the fractures 

aperture but is avoiding the fluid blowout within excavations as well for hydrothermal systems. 

The production rate could be estimated by seismic techniques which are used to determine the 

reservoir growth and its approximate dimension (Grasby et al., 2012). In addition to the 

production rate, the fluid’s type is critical in using EGS. An EGS includes a single or multiple 

sets of wells, which are targeting the thermal reservoir. At the production well, a considerable 

amount of hot water or steam is produced to provide adequate energy for power production at the 

power plant. Then the cooled fluid is re-injected into the reservoir at the injection well. The re-

injection fluid has approximately constant temperature; however, its concentration could be 

varied due to the dissolution of the reservoir’s rock into the fluid; thus, selection of the transfer 

fluid is significant in applying EGS.  
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Brown (2000) introduced carbon dioxide brine mixture as a transfer fluid instead of water for 

EGS for the first time at the Los Alamos National Laboratory, Fenton Hill. The feasibility of 

using any transfer fluid instead of water had been investigated, and the results demonstrated the 

positive consequences of using selected transfer fluid considering the reservoir chemical 

properties. Further investigations provided information regarding electricity production and 

efficiency of the EGS using mixtures of CO2 and brine as transfer fluids (Mohan et al., 2013, 

Spycher and Pruess, 2010). In Mohan et al. (2013) research, the process of CO2 sequestration 

was facilitated along with the geothermal energy production. Four fluids were used to simulate 

the Organic Rankine Cycle (ORC) performance. The most appropriate fluid, which developed 

the least environmental and greenhouse effect with the highest efficiency, was neopentane. This 

system was capable of producing 49 MWe and demonstrated an efficiency of 23%. Use of a 

second Rankine cycle improves the efficiency of the system for fluids at even lower 

temperatures. Therefore, the appropriate selection of transfer fluid would affect the efficiency 

and even the feasibility of EGS directly. In a case study from the North Eastern German Basin, 

water opted as the injection fluid for a saline basin. The extracted water after cooling must have 

been re-injected to the basin for circulation due to high salinity of the extracted water and for 

sustainability issues (Ondrak et al., 1998). However, the water was re-injected into the ground, 

but the environmental effect of reservoir dissolution is not negligible.  

Due to high costs of EGS design, operation and tests, the best way to examine and design a 

geothermal plant is numerical modeling. The accuracy of numerical models depends on the 

available data and their accuracy. Following proposed some of the numerical models that had 

been developed for estimation and design of geothermal fields and plants.  
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 Temperature and pressure simulation for EGS  2.2

 Temperature estimation of doublet well 2.2.1

Determination of temperature within injection or production well is an effective procedure in 

designing the well system and the selection of a production fluid. Valberg (2005) determined the 

final derived temperature of a doublet EGS well using two steady state and one non-steady 

simulations. The outcome of his research proposed the similarity of the steady equation and non-

steady model results. He proposed two case studies, considering one actual well at the Ormen 

Lange gas field (outside of the western parts of Norway) and one imaginary well with 4000 and 

6000 m depth for each of the cases. Based on the simulation results, the higher flow rates lead to 

lower final derived temperature due to higher transfer velocity and shorter transportation time. 

Besides, the injection fluid with the constant temperature demonstrated larger temperature 

increase through the first simulation days. This temperature increase shortened after longer time 

periods which was the result of approaching the steady state. In contrast, at the production well, 

the final derived temperature was increased by time due to less heat loss along the well. One of 

the temperature drops caused the pressure drop at the production well, including the expansion of 

the fluid and lowering the hydrostatic pressure (Joule-Thompson cooling). Therefore, Valberg 

(2005) exposed the effect of flow rate and heat loss on the temperature and pressure of the 

transport fluid at short time periods (1 day) to longer periods (16 years).  

 Temperature simulation in the North Eastern German Basin 2.2.2

In a case study in the North Eastern German Basin (NEGB), a numerical model was established 

to determine the effect of various geothermal driving processes of an open loop system on 
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thermal structure and fluid system within the sedimentary basin. The main aim of Franco and 

Vaccaro (2014), was establishing a geologically consistent model of the NEGB considering the 

present temperature in full lithospheric scale. The interesting feature of their case study was the 

presence of rock salt at sedimentary deposits (Franco and Vaccaro, 2014).  

A three-dimensional (3D) geologically consistent conceptual model with 13 sedimentary layers 

from the Lower Permian to the Cenozoic Strata was set up based on conduction energy equation 

at steady state from Fourier’s Law. The layers classification is based on the information gathered 

through 40 years of hydrocarbon explorations which demonstrate the location and thicknesses of 

various rock types (Scheck and Bayer, 1999). For this case, Dirichlet condition as fixed 

temperature for the upper boundary and Neumann condition as heat flow for the bottom 

boundary conditions (BCs) were set. The main aim of this deep open loop system was to 

determine the derived temperature from deep formations. However, they did not demonstrate the 

presence of saline formations and specific effect of this low thermal resistant layer on the 

thermal gradient.  

 Groß Schönebeck reservoir (Germany) 2.2.3

Blöcher et al. (2010) worked on simulations of an EGS for a deep geothermal system in the Groß 

Schönebeck reservoir in north-east Germany. The geological formation of the region provided 

information regarding the reservoir’s depth and formations. The reservoir is located 3-4 km 

beneath the sea level and six geological formations configured within the study area. The target 

layers for electricity production are two sandstone layers at 4 km depth.  
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A numerical model was set at FEFLOW (Diersch, 2002) and run for both steady state and 

transient condition. Based on the steady state, the initial condition of hydraulic head and 

temperature were obtained for dynamic model considering EGS wells operation. For steady state, 

the initial conditions were defined as the reservoir’s temperature (137.5°C) and constant 

hydraulic head (-185 m) for the entire model. The constant temperature and heat flux were 

applied as upper and bottom BCs as well. 

The temperature gradient derived from the steady state simulation was used as an initial 

condition for the transient model. The top boundary condition was removed, and a system of 

doublet well including one injection and one production well designed for this geothermal field 

with pumping rate of 75 m
3
/h at 150°C and injection of the same rate but 70°C was assigned to 

the model. Artificial hydraulic fracturing through injection of high-pressure fluid enhanced the 

efficiency of the system. This method was used for increasing the efficiency of impermeable or 

low permeable rock formations by inducing fractures through high pressure pumping fluid 

(Stober and Bucher, 2013). 

The model was run for 30 years, according to the life cycle of geothermal utilities. The results 

from FEFLOW simulations demonstrated the higher hydraulic head at the injection well within 

the reservoir that decreased on its path towards the production well. The final temperature 

derived from FEFLOW simulation showed approximately the same sequence as the study of the 

well doublet which was proposed at  2.2.1. The temperature in the fractures decreased after 30 

years of operation by 25°C, and the final derived temperature was 150°C within the simulation 

time.  
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In  Table 2.1, the similarities and differences between the Williston Basin case study and German 

case study at the Groß Schönebeck reservoir are presented. A comprehensive understanding of 

geothermal systems behavior as the effect of saline formations and working fluid on the final 

derived temperature is worth to be investigated. 

Table 2.1. Similarities and differences between the Groß Schönebeck reservoir and Williston 

Basin case study.  

Similarities Differences 

Modeling process Hydrothermal vs. HDR 

Initial and boundary condition identification Sedimentary vs. Saline thermal reservoir 

Assumptions made for transient state modeling 

and parametrization 

Water vs. brine 

 

 Saskatchewan geothermal studies 2.2.4

A study at the University of Regina investigated the feasibility of geothermal water. In this 

study, a set of injection and production well at depths of 2,044 and 2,088 m were drilled through 

the sedimentary formations with high salinity (Jessop and Vigrass, 1989). To vanish the potential 

environmental hazards, the production water with a high salinity of 4-5 times of seawater, was 

reinjected to the target formations. The temperature at the target layers located at the Winnipeg 

Formation and the Deadwood Formation were 72-74°C. However, the achieved temperature was 

less than expected value of 80°C.  
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Based on Vigrass et al. (2007), a production of 100 m
3
/hr at 60°C is possible considering 131 m 

drawdown after seven years. The lower depth formations were introduced in this research as 

possible shallower reservoirs, which could provide temperatures of 60°C or less. 

The recent DEEP project focuses on an open loop geothermal system for electricity production at 

Saskatchewan part of the Williston Basin within a hot aquifer of 150 m thickness at 3 km depth 

(DEEP, 2014). The geothermal field is located in the south-east Saskatchewan with 5920 acres 

area. The electricity generation potential of this site was estimated as slightly over 50 MW in 

near future. DEEP project had been designed for 10 MW gross geothermal energy production 

with an expected output of 5 MW. Each 1 MW produced electricity, will remove 1200 houses 

from carbon based power system which is approximately equal to the omission of 5600 tons of 

carbon dioxide from the atmosphere each year (DEEP, 2014). There are similarities and 

differences between the DEEP project and this research, in DEEP project, the geothermal system 

is based on the extraction of brine from the reservoir (hydrothermal system); however, in this 

research, the EGS system was used. EGS is more accessible and environmentally friendly, due to 

its independence to the hot aquifer existence and selective production fluid. 

 EGS potential in Canada and Manitoba 2.3

EGS could be applied to regions with medium enthalpy where the temperature of 150 to 200°C 

could be achieved at depths of approximately 10 km. Majorowicz and Grasby (2010) proposed 

exponential functions ( Eq.1 and  Eq.2) of cost and depth for single and doublet well systems.  
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Single well cost = 3.23 exp (0.2359 z)     Eq.1

Doublet well cost= 7.81 exp (0.22 z)    Eq.2

Based on these equations, the cost of drilling a 5 km well is 1.65 times of a 3 km well. The maps 

of heat flow for depths of 3.5, 6.5, and 10 km within Canada were developed by Grasby et al. 

(2012). These maps demonstrated the high EGS potential for the sedimentary basins at middle 

and western territories of Canada. For deep formations where no measured data are available, an 

analytical method   Eq.3 was established by (Lachenbruch, 1970). This equation is based on the 

geological and physical properties of the main four formations within Canada (Craton, Canadian 

Shield, Atlantic and Cordillera).  

 T(z) = Tb + Qr z λ−1 +  A0 D2 λ−1  (1 − e(−z
D⁄ )) 

    Eq.3

Tb  is the temperature of crystalline basement surface (°C), Qr  the reduced (deep) heat flow 

(W/m
2
), z is the depth (m), λ thermal conductivity (W/mK), A0 is the surface heat generation of 

the crystalline basement (μW/m
3
), D is the slope of the empirical/statistically derived heat flow 

Q vs. heat generation and relation A0 (km).  

The Western Canadian Sedimentary Basin provides the appropriate heat flow for EGS 

application and electricity production. In south-west Manitoba, within the Williston Basin, large 

halite deposits with potash inter-beds and a minor amount of anhydrite were found ( Chapter 4). 

As it was mentioned in section  1.3 0, the saline formations provide paths of lower thermal 

resistance that would lead to a higher temperature at lower depth. The cost of drilling increased 

exponentially by depth; thus, shortening the drilling length would increase the efficiency of EGS 
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incrementally (Grasby et al., 2012). The heat flow within this region was estimated at 70-90 

mW/m
2
 that equals to a thermal gradient of 30°C/km.  

 Saline formations as thermal reservoir 2.4

The management and development of thermal reservoir require exact estimation of reservoir 

behavior which could be only achieved by investigations regarding rock properties and structural 

features (Chen et al., 2015). As it was mentioned at introduction ( 1.3), saline formations provide 

paths of lower thermal resistance and develop high thermal conductivities (2-3 times more than 

other rock types) that enhance the thermal efficiency of saline formations as geothermal 

reservoirs. The temperature of the sediments surrounding the saline formations is higher than the 

sediments far from the salts apexes (Petersen and Lerche, 1995). Hence, the saline formations are 

potential to be considered as a thermal reservoir.  

A disadvantage about saline reservoirs is the high solubility of the formations with water, as the 

most common transfer fluid, and its environmental impacts. Plummer et al. (1988) presented a 

computer program for calculation of geochemical reactions in various brines. The saturation 

index is the representation of the mineral status e.g. SI of zero means the equilibrium condition 

achieved and the mineral is totally saturated, negative SI is the under saturated and positive SI 

values demonstrating the supersaturated condition. Based on Plummer et al. (1988), for halite, 

MgCl2 has the smoothest slope of SI variation with temperature comparing to carnallite, kainite, 

sylvite, brucite, and bischofite. Based on his study, within 90°C temperature difference, the SI 

varied between -0.5 to +0.5.  
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In addition, of the reservoir solubility, the minerals precipitation must be studied as well. The 

extracted fluid with high pressure and the temperature is under saturated condition, after losing 

the absorbed temperature and pressure at the surface, the cooled low pressure brine is reinjected 

to the reservoir as super saturated brine which results in precipitation of its minerals (Petersen 

and Lerche, 1995). 

Therefore, saline formations are introduced as great geothermal resources with considerations 

regarding the selection of the production fluid type. In this research, the capability of energy 

production and fluid and heat transfer from the saline formation will be reviewed. Further 

investigations, to opt the most efficient fluid are recommended for future studies. 
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Chapter 3. Methods 

Overview 

This chapter introduces the methods to locate the most appropriate geothermal field in the 

Williston Basin. The geology and morphology of the Williston Basin from late Paleozoic 

formation to the surface formation are investigated to demonstrate the sequence of sediments and 

rock formations. The specific physical properties of the Manitoban part of the basin are 

determined using Geographic Information System (GIS) maps. Following the geological 

characterization, the applied methods to determine the generic temperature data set and hydraulic 

and thermal properties of the selected site at the ambient condition and by considering the effect 

of pressure and temperature are explained. Then the governing equations for heat and fluid 

transfer along the wells and reservoir are proposed. In the last section of this chapter, the 

principals of numerical modeling with FEFLOW and the defined mesh systems, thermal and 

hydraulic initial and boundary conditions are introduced.  
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 Study area 3.1

A geothermal potential was recognized within the Williston Basin in the south-west of Manitoba 

(Nicolas and Barchyn, 2008). As it was mentioned in the introduction, the geothermal potential 

of any specific region depends on its geological formation and thermal gradient. In this section, 

the potential of the Williston Basin as a geothermal field was evaluated based on previous 

studies and history of the basin’s heat flow.  

 Geology and lithology of the Williston Basin 3.1.1

Kent and Christopher (1994) exposed the subsidence and geographical positioning of formations 

as the primary origins of the Williston Basin creation. Subsidence occurred due to the initial 

erosion of lithospheric layers, thinning rock layers, densification of metamorphic rocks and 

excess horizontal stress. Initial erosion of the lithospheric layer was determined as the primary 

cause of the subsidence. Through this purely thermal process, heated uplifted layer contracted 

within the cooling period which resulted in subsidence of the lithospheric layer (Kent and 

Christopher, 1994). The positioning of the formations developed the composition of the 

Williston Basin’s basement (Meek, 1958).  

The basement was categorized into three structural compositions as Archean in the east, 

Wyoming and Churchill in the west and collision zone of the lower Proterozoic as a separator 

between east and west (Kent and Christopher, 1994). In each section, various structural features 

and geographical positioning occurred due to different periodic activities, especially in the 

Cambrian, Mississippian and Jurassic-Cretaceous of the Phanerozoic eon.  
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Six high stratigraphic reliefs and various ages within the Basin’s formation based on the early 

Paleozoic events in the Williston Basin have been introduced in literature (Osadetz et al., 2002, 

Kent and Christopher, 1994). 

The first temporal interval in the issued sequence is the Middle Cambrian to Upper Ordovician 

Sauk, in which the first sedimentation records were investigated due to cycles of contraction and 

expansion. Sandstone and shell comprise the principal formation of this interval which has been 

determined as the first reflection of the Williston Basin by the curvature of their isopach (Kent 

and Christopher, 1994). 

Following the Cambrian interval, Ordovician and Silurian, Middle Devonian-Mississippian, 

Triassic- Jurassic and Jurassic to Cretaceous and Quaternary comprise the other five sequences 

of the Williston Basin (Osadetz et al., 2002). Each of these sequences developed individual 

geological formations that resulted in identical thermal behaviour. For example, the Devonian-

Mississippian interval rock formation includes halite, potassium salts and carbonates wedges as 

its main components. Based on the introduction, halite provides lower paths of resistance and has 

2-3 times higher thermal conductivity which would increase heat flow which is one of the 

primary criteria of geothermal field identification as mentioned in the introduction. 

Bezys and McCabe (1996) studied the formations of the Williston Basin within Manitoba. In 

their studies, a range of thicknesses and possible components of each formation were proposed 

along with regional and geological maps from Middle to the Lower Paleozoic era. Ordovician 

strata had been divided into three sub formations, Lower and Upper units of Ordovician, Red 

River Bed and Stony Mountain. The Lower Ordovician consists mainly of shale in the south and 

changes to sandstone in the northern area. The Upper Ordovician contains impermeable 
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anhydrite. This impermeable bed along with Gunn Shale of the Red River strata affected later 

dolomitization and evaporate solutions. The Red River Bed thickness is varying from 170 m in 

the south to 40 m in the north. The southern section comprises mainly of dolomitic limestone, 

which transforms into dolomite in the northern parts. The Stony Mountain formation is mainly 

constant and provides shale formations. Silurian carbonates have the approximately same 

thickness and lithology within the Williston Basin, which comprises the tectonic stability of this 

stratum. The main component of this formation is dolomite, surrounded by argillaceous sand. 

Devonian strata have the highest significance in this study due to the presence of halite within its 

Prairie Evaporite Formation in the Elk Point group. The Dawson Bay formation, which 

comprises of four units, is one of the most significant formations within this period. Unit 1 is the 

lowest unit containing highly oxidized dolomite and grey-green silty shale while unit 4 is the 

upper unit containing siltstone, dolomite, and dolomitic siltstone. The oxidization percentage 

decreases from unit 1 to unit 4 and the potential of reservoir performance increases (Karasinski, 

2006). The Devonian formation had been underlying by collapsed evaporates (mainly halite) of 

the Prairie Evaporite within the Elk Point time. The estimation of the salt thickness was 

challenging due to a cover of the Devonian reef, underlies about 60-100 m of salt within the 

western sections of the Williston Basin in Manitoba and Saskatchewan (covering southern 

Manitoba to Lake Manitoba). The Prairie Evaporite had been dissolved from the entire surface 

and large area of the subsurface, following the burial of Dawson Bay. The salt solution 

commenced from the late Paleozoic to Mesozoic period. The brine outflow of numerous salt 

springs along Devonian outcrop belt shown the continuity of salt decomposition (Bezys and 

McCabe, 1996). Multiple horizontal zones due to salt collapse (with various causes) complicated 
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the configuration of the salt thicknesses. Thus, Bezys and McCabe, considering the dominant salt 

and potash inter-beds and some minor anhydrite, have suggested the thickness up to 128 m for 

this formation.  

The Target Geoscience Investigation (TGI) project investigated the architecture and hydrocarbon 

potential in the Williston Basin. The study area of this project is given in  Fig. 3.1. This region 

contains the Williston Basin and the WCSB which is located between Lake Winnipeg until the 

Saskatchewan border east-west and is restricted by US border in the south (coordinates:  49°- 96° 

N and 49°-101.4° W). 
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Fig. 3.1. Study area of the TGI project (within red border) and Manitoban part of the Williston 

Basin (green area)  
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The result of the TGI project provided essential data regarding structural and isopach maps, 

hydrocarbon maps, the hydraulic regime and hydrogeology considerations. The data provided 

from the TGI project was used to create shapefiles within ArcGIS 10.1 (McCoy et al., 2001) to 

discover the thickness of all formations that compose the basin. These shapefiles were converted 

to raster maps in order to allow the use of geostatistical methods, which is ordinary kriging in 

this study. The ordinary kriging assumes that the distance or direction between sample points are 

reflecting a spatial correlation that can be used to explain variations in the surface. Detailed 

information on the kriging method can be found in Royle et al. (1981). The tool Kriging of 

ArcGIS 10.1 fits a mathematical function  to a specified number of points, or all points within a 

specified radius, to determine the thickness for each location (Law and Collins, 2013). 

 Eq.4 demonstrates the kriging formula, where �̂� is the measured value of the ith location, 𝜔 is 

the unknown weight for the ith location, 𝑆0 the prediction location and N the number of 

measured values.  

�̂�(𝑆0) = ∑ 𝜔𝑖 �̂�(𝑆𝑖)

𝑁

𝑖=1

 
   Eq.4

The thickness of each layer (ΔA) was found using the tool Raster Math of ArcGIS 10.1 in which 

the distance between the formation of interest ( �̇�𝑛 ) and the formation located below the 

formation of interest (�̇�𝑛−1) will result in the thickness of the formation.  

∆A = �̇�𝑛 − �̇�𝑛−1   Eq.5
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Finally, the maps were clipped to exclude territories that were not in the remaining context of the 

Manitoba surface and classified into subsections to visualize the thickness of the layers on an 

adequate scale (Amaral, 2014). 

TGI data contain 44 geological formations from the surface to the Precambrian formation, which 

is located at the bottom of the sedimentary deposits in the Williston Basin within Manitoba and 

Saskatchewan ( Table 3.1). These formations contain six main geological periods and some 

subsections to establish a comprehensive demonstration of depth and thicknesses of the 

formations. For simplification, only subsections of the Devonian period were considered during 

the map development. GeoCando (Feigie et al., 2008), which is a computer program to allow for 

3-dimensional visualization of geodata and geomodels, was used to generate final maps of 

formations’ thicknesses. Input data of this analysis were the processed ArcGIS data based on the 

TGI group preliminary data sets (Nicolas and Barchyn, 2008).  Fig. 3.2 shows the plan view of 

the study area based on processed data.  
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Table 3.1. Sequences of geological periods and formations used to generate thickness maps 

of the Williston Basin within Manitoba and Saskatchewan  

Era Period Formation 

Cenozoic Quaternary 
Glacial draft 

Turtle Mountain 

Mesozoic 
Cretaceous 

Belly River 

Manville 

Jurassic Amaranth 

Paleozoic 

Mississippian 
Lodge Pole 

Bakken 

Devonian 

Torquay 

Birdbear 

Duperow 

Souris River 

Dawson Bay 

Prairie Evaporate 

Winnipegosis 

Ashern 

Silurian Interlake 

Ordovician 

Stonewall 

Stony Mountain 

Red River 

Winnipeg 

Precambrian 
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Fig. 3.2. Plan view of the study area considered by the TGI group showing the top view 

(surface formation) and two locations of cross sections A-A’ and B-B’. 

Cross sections A-A’ and B-B’ were used to identify each formation’s location, depth, and 

thickness.  Fig. 3.3 and  Fig. 3.4 show the 3-dimensional and 2-dimensional views of the cross 

sections A-A’ and B-B’. The depths of the formations are increasing from north to south and east 

to west. Higher temperatures can be found at deeper elevations; in this case study, the deepest 

elevations were at the most south-west region of the study area. Therefore, these locations are 

expected to have a high potential for geothermal applications specifically considering the saline 

components within the Devonian period. 
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a) b) 

 

 

Fig. 3.3. (a) 3-dimensional (3D) view of the Williston Basin along cross section A-A', all the layers and formations are based on data 

presented in  Table 3.1. (b) 2-dimensional (2D) view of cross section A-A’ demonstrates the deepening of the formations from east 

to west. 
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a) b) 

 

 

Fig. 3.4. 3D view of study area along the cross section B-B', all the layers and formations are based on data presented in  Table 3.1.  

(b) 2D view of cross section B-B’ demonstrates the deepening of the formations from north-north-east to south-south-west. 
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 Thermic 3.1.2

Temperature data 

Drilling log reports from gas and oil companies are the main sources of actual temperature 

measurements within most of the sedimentary basins. However, in most drilling operations, the 

temperature had not been recorded along the borehole and only the maximum temperature of the 

bottom hole was archived. Additionally, the longest drilling operation with recorded temperature 

attributed to the depth of 1200 m and no further data was found for deeper formations.  

Therefore, a generic temperature data set was prepared as a combination of accessible 

temperature data from various wells at different locations for lower formations and the calculated 

values from the analytical method ( Eq.3) for the formations with more than 1200 m depth. 

The borehole logs and temperature resources are from Government of Manitoba gas and 

petroleum website and TGI group project data (Government of Manitoba and Manitoba Mineral 

Resources, 2014, Nicolas and Barchyn, 2008). For the analytical method, Grasby et al. (2012) 

showed D, 𝑄𝑟, A0 and 𝜆 parameters for the four main geological formations of Canada which are 

presented in  Appendix (a). Between the four major formations, Craton was opted which covered 

the middle territories of Canada. Then, by having the constant Qr and D, different λ and A0 were 

used to estimate the temperature with analytical method. The selected parameters led to the 

minimum error between the measured and calculated data within the lower depths. These 

parameters were further used to calculate the temperature of the deeper formations.  
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Thermal Gradient 

As a sedimentary basin, the Williston Basin provides a thermal gradient of 25-40°C/km within 

its formation (Grasby et al., 2012). The temperature of the Williston Basin’s basement surface is 

increasing from the north-east to south-west align with increasing the Paleozoic succession 

thickness. Basement temperatures for out rising regions, which are in contact with the surface’s 

cold temperature, are around 5°C, which gets to the highest point of 100°C for regions with 3.5 

km thicknesses. This demonstrates the relatively low temperature of less than 70°C for most of 

the basement’s surface within the depth of less than 2.4 km (Osadetz et al., 2002). 

Thermal gradient and heat transfer within rock formations depend on the lithology, the thermal 

and hydraulic properties, and the heat transfer mechanisms. Rock properties including porosity, 

thermal conductivity, thermal diffusivity, specific heat capacity, and specific heat storage as a 

function of pressure and temperature were investigated considering the formations of the 

proposed geothermal field.  

The heat transfer mechanisms are known as advection, conduction, and radiation. Radiation only 

affects the surficial soils’ temperature, which is influential for shallow systems operations, but 

has a minor effect on the subsurface soil’s heat absorption. Therefore, it was neglected in the 

simulation of heat transport within deep formations. Advection and conduction are the main heat 

transport mechanisms for sedimentary basins. Advection is based on water circulation through 

the permeable aquifers and absence of water within most of the sedimentary rocks, led to having 

conduction as the main heat transfer mechanism (Cacace et al., 2010). Conduction is an internal 

energy, which transfers by microscopic diffusion and collisions of particles due to a temperature 

gradient. The calculation of the transferred heat is based on Fourier law ( Eq.6), which is a 3-
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dimensional time-dependent formula and can be applied in rectangular, cylindrical or spherical 

coordinate systems. 

∂T

∂t
− α∇2 T = 0    Eq.6

 Eq.6 is the general expression of heat transfer where α (m
2
/s) is the thermal diffusivity which is a 

function of thermal conductivity, pressure, thermal capacity and density and T (°C) is 

temperature difference as a function of time and space. Based on the type of reservoir and 

conditions within the geothermal field,  Eq.6 was used for a rectangular system. 

Thermal conductivity 

Thermal conductivity is the ability of rocks to conduct heat through their formations. The 

thermal conductivity of the rock formations has a critical impact on the thermal gradient and 

efficiency of a geothermal system. Higher thermal conductivity leads to lower resistance and less 

temperature loss.  The thermal conductivity is a function of rock type, pressure, and temperature. 

The thermal conductivity of each formation based on their most common composition was 

determined at ambient condition based on previous studies (Grasby et al., 2012, Jessop, 1990). 

Then, the effective thermal conductivities as the function of pressure and temperature were 

calculated.  Table 3.2 demonstrates the effective thermal conductivities of typical sedimentary 

rocks for various ranges of temperature and pressure. For dolomite, thermal conductivity would 

not change as the effect of temperature within the specified range; however, by increasing the 

pressure, thermal conductivity would increase linearly in the beginning and then passes to 

saturation in the regression of pressure P = 80 MPa. A general equation for sedimentary rocks 
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within a temperature range of 0-300°C was introduced as well to consider the effect of 

temperature on thermal conductivity of other types of sedimentary rocks. 
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Table 3.2. Effective thermal conductivity of various rock types considering temperature and pressure variation. 

Rock Type 
Temperature 

Range, T (K) 

Pressure 

Range, P(MPa) 

Effect Of 

Temperature 
Effect Of Pressure Reference 

Siltstone 275-523  0-250  𝜆(𝑇, 𝑃) = 𝐶(𝑃)𝑇𝑛(𝑃) 1 
(Ramazanova 

and Emirov, 

2012b) 

Sandstone 273-523  01-400  𝜆(𝑇, 𝑃) = 𝐶(𝑃)𝑇𝑛(𝑃) 2 
(Ramazanova 

and Emirov, 

2012a) 

Dolomite 275-523  0-250  No impact {
𝜆 = 0.02𝑃 + 3.14   𝐿𝑖𝑛𝑒𝑎𝑟

𝜆 = 3.243𝑃0.0677 𝑅𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛
 

(Ramazanova 

and Emirov, 

2012b) 

Salt 0-353  ------- λ (T)= a0+a1(T) 
3
 ------- 

(Eppelbaum et 

al., 2014) 

Limestone 0-1073 0-70 𝜆(𝑇) = 𝐴 +
𝐵

350+𝑇
  4 

𝜆(𝑃) = 𝜆 (1 + 𝑏 ∗ 𝑃) 

b=319e4 1/MPa 
 

(Arora et al., 

2011, 

Robertson, 

1988) 

Shale 0-318 0-70 ------- 
𝜆(𝑃) = 𝜆 (1 + 𝑏 ∗ 𝑃) 

b=145e4 1/MPa  

(Robertson, 

1988) 

General equation 

for sedimentary 

rocks 

0-573 ------- 

𝜆(𝑇) =
𝜆(0)

0.99+𝑇(𝑎−
𝑏

𝜆(0)
)
 5 ------- 

(Vosteen and 

Schellschmidt, 

2003) 
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1,2)
 С = 0.14 W/mK

2
 and n = 0.47 under normal conditions (Ramazanova and Emirov, 2012b).  

P (MPa) 0.1 50 100 150 200 250 300 350 400 

n (Sandstone) 0.47 0.22 0.13 0.12 0.12 0.11 0.47   

n (Siltstone) –0.28 –0.23 –0.20 –0.20 –0.20 –0.19 –0.19 –0.19 –0.19 

3)
 λ is the thermal conductivity at ambient temperature and a0 and a1 are the constant values of the experiment. 

 
a0 (m °C/W) a1× 10

-4
(m/W) 

Salt 0.1605 7.955 

   

4)
 A and B for limestone at proposed temperature are equal to 0.13 W/mK

2
 and 1073 W/m respectively.  

5)
 (T) = 0.54λ(25) +

1

2
∗  √1.16(λ(25))2 − 0.39λ(25) , a = 0.0034±0.0006 and b = 0.0039±0.0014. 
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Specific heat capacity of solids 

Specific heat capacity is the ratio of heat capacity to unit mass (c =
Q

M∆T
 ). Heat can be stored and 

transferred as sensible heat or heat required by phase change. The required energy would be a 

function of f (degree of freedom), Avogadro’s number (Na=6.0221409× 10
23

 1/mol) and 

Boltzmann constant (b=1.38064852 × 10
-23

 J/K) ( Eq.7). For solids, f = 6 attributed to the three 

degrees of freedom for potential and kinetic lattice vibration energy in three dimensions.  

Q = (
M

m
) (

f

2
) b ΔT =  

f

2
 b Na∆T 

  Eq.7

Specified heat capacity of substances would be equal to the heat capacity divided by mass (M). 

This property is directly influenced by temperature, pressure, porosity, and saturation. Various 

statistical and steady state and transient calorimetric methods were introduced by researchers to 

investigate the most accurate value of effective specific heat capacity (Arora et al., 2011). 

 Eq.8 is a statistical approach to determine the effective specific heat capacity of various rock 

types and minerals considering temperature variation and its compatibility to be rescaled 

(Waples and Waples, 2004). In this equation, the temperature effect is estimated by the 

application of the normalized specific heat capacity (cp,n(T))  

cp,n(T) = 0.716 + 1.72 ×  10−3T − 2.13 × 10−6T2 

                    +8.95 × 10−10T3 

   Eq.8
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 Eq.8 is adaptable to all kinds of minerals and nonporous rocks at any temperature.  Eq.9 

demonstrates the value of specific heat capacity at a temperature T2 by having the value of 

specific heat capacity at T1.  

c(T2) = c(T1)
cp,n(T2)

cp,n(T1) 
   

   Eq.9

In this study, c (T1) was assumed to be the specific heat capacity at ambient condition and T2 

represented the temperature of each formation based on temperature data. The unit of specific 

heat capacity for this equation is cal/g°C that further was transformed into J/kg K.  

Specific heat capacity of a brine 

The transfer fluid for EGS was selected as a brine of 6% NaCl due to its higher volumetric heat 

capacity comparing to water. The specific heat capacity of brine of as the selected transfer fluid 

does not demonstrate significant variation due to temperature increase. The effective specific 

heat capacity for brine was calculated based on Fasina et al. (2002) at the proposed temperature 

of the target formation (halite of the Prairie Evaporite). 

Volumetric heat capacity of solids 

Volumetric heat capacity (VHC) or thermal capacity is the ratio of heat capacity to the unit 

volume instead of mass (J/m
3
°C). This parameter could be representing as the product of density 

and specific heat capacity or thermal conductivity and diffusivity. In this research, the volumetric 

heat capacity was estimated as the product of effective specific heat capacity and density  Eq.10. 

VHC = ρc = λ/ α 
   Eq.10
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The thermal volumetric expansion coefficient of rocks and minerals are considerably very small 

(~ 10
-5

 1/K) which leads to a minuscule variation of density with temperature. Thus, the effect of 

temperature on density could be readily ignored (Eppelbaum et al., 2014).  

Note: diffusivity is another important parameter in modeling the heat transfer and geothermal 

systems that equal the ratio of thermal conductivity to volumetric heat capacity.  

Expansion and compression of a brine 

The thermal properties of the production fluid in response to the pressure and temperature were 

determined at the maximum applied temperature and pressure (reservoir’s location) by 

estimation of the expansion and compression coefficients.  Eq.11 and  Eq.12 are representing the 

volume thermal expansion (γ) and compressibility (β) of any fluid as the function of pressure 

and temperature (Eppelbaum et al., 2014).  

γ =

(
∂V
∂T

)
p

V0
    Eq.11

β =
(
∂V
∂T

)T

V0
    Eq.12

The density, thermal expansion and coefficient of the brine NaCl 6% (production fluid) were 

derived at the temperature equal to the target formation’s temperature based on Engineered 

Solution Guide report of Tetra Technologies (2014) charts. 
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Porosity 

Porosity is a fraction of void space (Vv) to the total volume (VT) (φ =
Vv

VT
.). Void space attributes 

to air and liquid phases at unsaturated condition; and liquid phase for saturated medium. The 

porosity of various rock formations was estimated based on the literature review at ambient 

condition (Grasby et al., 2012). 

By evaluation of the expansion and compression factors of saturated rocks, the effective porosity 

was estimated. The expansion factor of the solid phase is considerably low and due to increasing 

compression (by enhancing the pressure) and resistance force against volume expansion from 

surrounding rocks, rock formation would not encounter volume changes as the effect of pressure 

and temperature. Hence, the liquid phase has the only impact on porosity (Eppelbaum et al., 

2014).  

Due to negligible effect of expansion on volume of the solids’ phase, the effective porosity was 

estimated as the function of fluid’s expansion. Eppelbaum et al. (2014) provided graphs of 

volume change versus temperature and pressure for water which follows an approximately linear 

function. Although the production fluid was opted as brine NaCl 6%, due to similar density and 

thermal conductivity, the water volume expansion was used for the production fluid.  

 Hydraulics 3.1.3

Hydraulic head 

In a study from Palombi (2008), 19 aquifers and 13 aquitards were identified across the 

Manitoban and Saskatchewan parts of the Williston Basin. Chemical dissolution and properties 
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of flow within this region conducted into four hydrochemical categories. Vertical and horizontal 

flows were distinguished within the basin, and the hydraulic pressure of each formation was 

provided individually.  

The pressure sampling at various locations (Palombi, 2008) and comprehensive maps with 

detailed information on the bedrock topography and Manitoba’s geology (Klassen et al., 1970) 

were used to estimate the hydraulic head based on  Eq.13.  

hh =  hp + Z  
   Eq.13

hh represents the hydraulic head (m), hp pressure head (m) and Z the elevation of groundwater 

from the specific datum (m).  

The hydraulic head considering the hydrostatic head at each depth and pressure depth would be 

equal to -10 m by having datum at the surface and minus Z direction from top to bottom of the 

formations for steady and transient models within Williston Basin. 

Hydraulic fracturing 

Hydraulic fracturing is the technique to develop new and to increase available fractures and thus 

the conductivity of the reservoir rock by injecting high-pressure fluid. The high-pressure fluid 

would extend the fractures of thermal reservoir towards the highest stress directions. For deep 

wells (more than 600 m depth), the largest stress is attributed to the vertical direction, and the 

maximum horizontal stress is aligned with the fluid direction from injection to the production 

well. Therefore, fractures must have an empirical shape with the highest porous volumes at 

injection and production wells’ bottom holes which gradually decreasing by flow pressure 

reduction (Fisher and Warpinski, 2012). The constant increase in the pressure enhanced the 
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porous volumes around the wells bottom holes which created more fractures and kept the 

previous fractures open. The effect of fracturing on hydraulic conductivity can be estimated 

using Dehkordi et al. (2014) assumptions on fractures’ openness, connections, and 

frequency.  Table 3.3 is the categorization of the fractures considering their openness. Most of the 

fractures assumes to be of the very tight category for this research with the openness of less than 

0.1 mm. For laminar fluid flows, Hagen-Poiseuille equation ( Eq.14) is used to estimate the flow 

rate Q (m
3
/day) in a cylindrical tube (well) as a function of the head drop along the well’s axis 

(m). The effect of fractures on the fluid flow was derived based on  Eq.15 by assuming the 

laminar flow between two parallel surfaces. 

Q =  
πr4

8μL
∆P  

   Eq.14

Q =
ρg

12μL
s3ḣ∆P  

   Eq.15

Where Q is the flow rate (m
3
/day), ΔP is the pressure drop (MPa), L is the fluid’s path (m), r is 

the well radius (m), ρ is the density (kg/m
3
), g the gravitational constant (m/s

2
), ν the kinematic 

viscosity of the fluid (m
2
/s), s the fracture width (m) and the ḣ fractures’ height (m). 

Considering  Eq.14 and  Eq.15 and the significance of apertures on hydraulic conductivity is more 

than the hydraulic gradient, the hydraulic conductivity of the fracture (Kfr) would be as following 

(Dehkordi et al., 2015): 

Kfr =  
ρg

12μ
s2  

   Eq.16



47 

 

There is limited information regarding fractures geometry. Bruno and Nakagawa (1991) 

determined the impact of pore pressure on rock fractures in sedimentary rocks. Based on their 

theoretical analysis and experimental results, the fractures orientation is a function of pore 

pressure magnitude at the local scale and pore pressure gradient at a global scale. The fractures 

were distributing as spherical shapes with higher magnitude at the highest pore water pressure 

sources (wells’ location). The fractures’ volumes were decreased by reduction of pore water 

pressure. 

Table 3.3. Fractures classification based on aperture size (Dehkordi et al., 2014, Lim et al., 

2007, Barton, 1973). 

Category Aperture (mm) 

Non-Permeable 0 

very tight <0.1 

tight 0.1-0.25 

Partly open 0.25-0.5 

Open 0.5-2.5 

Moderately wide 2.5-10.0 

Wide >10.0 

 Pressure data 3.1.4

The solid pressure and fluid pressure affect the thermal properties of rock formations and the 

fractures efficiency directly. The solid phase pressure was estimated as total stress, the 

accumulative weight of formations from top to the bottom of the model, which affect the 

effective thermal properties of each formation. The pressure within each formation is a function 

of depth and density of the above formations. For each depth, the total vertical stress (weight) of 

above formations was considered as the pressure on the formation. Palombi (2008) proposed the 

hydrostatic pressure of various locations in the Williston Basin within Manitoba and 
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Saskatchewan. He estimated the hydrostatic pressure for various rock blocks within the Basin. 

For Manitoban section, a linear gradient between depth and hydrostatic pressure represented the 

hydrostatic pressure from 400 to 1600 m depth. For south parts of the basin, the hydrostatic 

pressure was estimated as approximately 16 MPa at a depth of 1600 m.  

Densities of formations were presented at Applied Geothermic by (Eppelbaum et al., 2014) and 

were presented in  Appendix (f). The pressure at the bottom of each layer was estimated as the 

density of the main component multiply by the thickness of the layer.  

The fluid’s pressure is the function of hydraulic head that was constant in the steady state model 

and variable at transient due to wells’ operation that is going to be explained in section  3.4.3. The 

hydraulic head drop and rise, as the function of wells operation, is the fluid phase pressure which 

affects the final derived temperature of the extracted fluid and efficiency of the system. 

The hydraulic head calculations have been completely described in section  3.1.3, and the 

pressure drop/ rise was calculated based on Harrison et al. (2013) considering a doublet well. In 

the transient state model, the total pressure drop in the production well was estimated 

considering the surface overpressure (ΔP0), static formation pressure (Pop), frictional pressure 

(ΔPfp), and dynamic pressure (ΔPdp). The effect of well interface pressure (ΔPip) came into 

consideration if multiple productions were designed for the field and the skin effect was 

neglected for simplicity.  

 Appendix (b),  Eq.37,  Eq.38,  Eq.39, and  Eq.40 show the frictional pressure and dynamic pressure 

calculations for the production and the injection wells. 
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 Governing equations for heat transfer  3.2

The principal of EGS is based on the fluids circulation along the wells and through the reservoir 

from the injection to the extraction point. The injected fluid absorbs heat on its path from the 

injection point at the surface to the filter screen at the bottom of the production well. The heated 

fluid provides energy for electricity production at turbines. The heat transfer of the soil and fluid 

phase were estimated by continuum laws of mass, momentum, energy and entropy at the 

macroscopic level within the reservoir and along the wellbores (Diersch, 2013). For HDR 

systems due to the absence of fluid phase, the key transfer process is conduction through the 

solid phase at the beginning of the system’s operation, and the only fluid phase of the system is 

attributed to the production fluid. 

Reservoir heat transfer: 

For a saturated non-deforming media at the macroscopic level, the heat flow can be calculated 

using Fourier law and  Eq.17 considering constant density and viscosity for the reservoir (as solid 

phase). 

∂

∂t
[(1 − φ)ρscsTs] − (1 − φ)(λs∇Ts) = 0    Eq.17

The heat transfer of the fluid phase can be described by  Eq.18.  

∂

∂t
[φρfcfTf] + ∇(ρfcfTfq) − φ∇(λf∇Tf) = 0   

    Eq.18
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Where, s indicates the solid phase and f the fluid phase; so, Ts and Tf are the temperature of the 

solid and fluid phase (K), φ is the porosity (-), ρ is the mass density (kg/m
3
), c is the specific 

heat capacity (J/kgK), and λ is thermal conductivity (W/mK) (Saeid et al., 2013). Note that for 

liquid phase the density and viscosity were changing. Density of a liquid was a function of 

pressure and temperature ( 3.1.2). 

By defining a local volume average for thermal conductivity and volumetric heat capacity 

considering the thermal equilibrium and energy balance law for porous media, the heat transfer 

equation was proposed as  Eq.19: 

∂

∂t
[ρcT] + ∇. (ρfcfTq) − φ∇(λ∇T) = 0    Eq.19

 

Wellbore heat transfer: 

Wellbore heat transfer is a conductive-convective process; however, in this study, the heat 

transferring between fluid and pipe material (casing) and pipe materials and surrounding soil 

were neglected, and only the fluid and soil heat transfer has been considered in order to minimize 

the heat loss and simplify the calculations. The indices “i” and “p” indicate injection and 

production well representations.  Eq.20 and  Eq.21 are governing equations for heat transfer of the 

production fluid at the injection and the production wells (Saeid et al., 2013): 

ρfcf
∂Ti

∂t
dνi − λf

∂2Ti

∂z2 dνi + ρfcfui
∂Ti

∂z
= 0  

   Eq.20

ρfcf
∂Tp

∂t
dνp − λf

∂2Tp

∂z2
dνp − ρfcfup

∂Tp

∂z
= 0  

   Eq.21
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In the above equations, ρf and ρs are the fluid and solid densities (kg/ m
3
), λf is the fluid’s thermal 

conductivity (Wm/K), Ti and Tp related temperature of the injection and production fluid (°C), νi 

and νp kinematic viscosity of the injected and pumped fluid(m
2
/s), cf the specific heat capacity 

(J/mK), and ui and up the average fluid’s velocity at injection and production well (m/s). 

 Governing equations for fluid flow 3.3

For EGS, the fluid transfer is mainly attributed to the production fluid circulation within the 

wells and the reservoir. As discussed earlier, the maximum pressure at the bottom hole of the 

production well for EGS must be less than the minimum required pressure for the fluid’s phase 

change. Therefore, no steam or vapor is produced at the EGS and the flow transfer is calculated 

based on the mass, momentum, energy and entropy equations for single-phase liquid.  

The governing equations for the fluid flow within the reservoir and along the wellbores are 

presented in the following sections.  

Reservoir fluid flow: 

For a single-phase liquid, the fluid flow at the reservoir was estimated using  Eq.22 where q is the 

Darcy flow velocity (m/s).  

φ
∂ρf

∂t
+ ∇(ρfq) = 0  

   Eq.22

q = −
k

μ
(∇P − ρfg∇z) = 0  

   Eq.23

In Darcy’s flow,  Eq.23, k is the intrinsic permeability (m
2
) of porous media, which is the 

property of the solid phase to conduct water. Hydraulic head is defined as a function of intrinsic 
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permeability k (m
2
), g as gravity (m/s

2
), ρf as the density (kg/m

3
), 𝜇 dynamic viscosity(N-s/m

2
) 

and P hydraulic pressure (MPa) (Saeid et al., 2013) 
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Wellbore fluid flow: 

To determine the flow behavior within the phase changes and energy/momentum/ mass 

exchange, continuity, momentum and energy equations were used (Kjartansson, 2011). For a 

single phase liquid along the injection and production well, the continuity, momentum, and 

energy equations, considering constant pipe diameter, are provided as  Eq.24 to  Eq.26 (Pálsson, 

2011): 

 
d

dz
(ρu) = 0  

   Eq.24

(ρu)
du

dz
+

dp

dz
+ ρg +

ρf̃

zd
|u|u = 0  

   Eq.25

(ṁu)
du

dz
+ ṁ

dh

dz
+ ṁg + Q̇ = 0  

   Eq.26

Where, u is the velocity (m/s), ṁ is the total mass flow in the well (kg/s), Q̇ heat loss (W/m) and, 

f̃  is the friction factor. The momentum equation consists of inertia terms, pressure change, 

hydrostatic pressure and head loss due to friction.  Eq.27 is the Blasius equation which was used 

to determine the head loss due to friction for smooth pipes where Re is the Reynolds number 

and, f̃ is the friction factor.  

f̃ = (100 Re)1/4     Eq.27

 Eq.26 corresponded to the kinetic, enthalpy and potential energy of the porous media considering 

the heat loss per unit of pipe’s length. The final wellbore fluid flow would be the system of all 

three equations ( Eq.24,  Eq.25, and  Eq.26) through the length of z. 
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 Numerical modeling with FEFLOW 3.4

The efficiency of geothermal energy relies on a well-designed power plant suited to the specific 

geothermal system (Franco and Vaccaro, 2014). In this research, a numerical model was 

designed to simulate and predict the outcome of the EGS operation. A conceptual model for a 

saturated porous media, considering the hydraulic and thermal properties, geological 

characteristics, and restrictions of the selected site were designed. The numerical scheme of 

conceptual model was produced by mathematical representations, and the modeling process was 

finalized using simulation software. 

Finite element method (FEM) opted as the numerical method to represent the conceptual model 

due to its flexibility and accuracy of boundary conditions assignment to the model. Additionally, 

FEM is known as a better representation of the conceptual model’s characteristics in comparison 

to finite difference and finite volume methods (Diersch, 2013). 

FEFLOW is capable of modeling coupled flow, mass and heat transport at complex conditions 

including variable saturation, free surfaces, multispecies reaction kinetics, non-isothermal flow, 

and multi diffusive (thermohaline) effects (Diersch, 2013). In this research, FEFLOW was 

proposed as the simulation software to solve the coupled flow and heat transport equations in a 

three-dimensional condition for saturated porous media. 

The numerical analysis of the geothermal system consisted of steady state and transient analysis. 

The simulation results of the steady state model provided the initial condition of transient 

modeling. Additionally, the calibration of the thermal gradient of the simulation results vs. the 
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generic temperature data set after steady state decreases the misstatement of the preliminary 

parameters.  

In the following part, a brief description of the FEFLOW meshing systems, the initial and 

boundary conditions for fluid and heat transfer and simulation’s error tolerance and time steps is 

provided.  

 FEFLOW meshing system 3.4.1

A finite element mesh is a fine representation of the domain including numbers of nodes, which 

are creating triangular, tetrahedral or rectangular elements. The nodes are selected to form dense, 

but not overlapping sets of elements, which assure the computational efficiency, and robustness 

of the model (Diersch, 2013). The appropriately refined mesh would enhance the accuracy of the 

numerical analysis.  

Three main characteristics have been defined to distinguish the mesh systems, which provide 

specific information regarding the positioning of the nodes and element’s shapes within the 

system.  

1) Conformity: the adoption of the edges and faces of neighboring elements, 

2) Alignment: the matches of boundary and elements’ surfaces, and  

3) Topology: defines the structured or unstructured mesh system, considering the 

surrounding points’ indexes of each individual system.  

In FEM, most of the meshes are unstructured, conforming, surface aligned meshes to represent 

dense, but not overlapping, numerical approximations of the model with the highest accuracy of 
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the computational approximation. In this research, Advancing Front Method was opted to 

generate the finite element mesh.  

Advancing Front Method (AFM): 

AFM generates unstructured triangular meshes in 2D. The numbers of generated elements vary 

based on the complexity of the model and the geometry of the boundary condition. The 

discretization process commenced from the initial front (super mesh) and followed by three main 

patterns which are corresponding to the angle (δ) between two consecutive parts of the 

supermesh (George, 1992). Based on these patterns, two edges with the angle of δ ≤ 
π

2
 would 

create a single triangle. Two triangles would be generated with an internal point and two 

segments while the angle between sections is between 
π

2
 and 

2π

3
. For a single retained segment, a 

triangle would be generated with an internal point while δ > 
2π

3
 (George, 1992). The most 

appropriate internal point is inside the model and in the position to generate an equilateral 

triangle. The discretization of the domain continues until the domain completely fills up with 

triangles (Diersch, 2013). 
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Fig. 3.5. Top view of the mesh system for Tilston site. The finer meshes are regulated to the 

wells’ locations and hydraulic fractured areas. The flags represent the wells locations. 
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 Initial condition 3.4.2

Pressure distribution, thermal gradient, and hydraulic head are the fundamental initial conditions 

in temperature and flow transfer simulation. By adding constraints on acceptable minimum and 

maximum values of the initial conditions, the range of the simulation results will be restricted 

(Franco and Vaccaro, 2014). The thermal gradient is one of the most significant initial conditions 

in heat transfer modeling. As it was discussed in  3.1.2, the heat transfers of the HDR systems are 

based on conduction and can be calculated by  Eq.6. 
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The initial condition for the hydraulic head in the transient model was the result of the steady 

state simulation. The steady state model used the summation of pressure head and hydrostatic 

pressure, which was constant while no extraction or injection occurs. The fluid transfer 

simulation results at the steady state condition is expected to show constant values due to no flow 

condition and no well operation.  

 Boundary conditions 3.4.3

Boundary conditions are set to define the model interactions with the fluid, mass or heat flow 

system (Franco and Vaccaro, 2014). For geothermal models, it presents the flow and heat 

entering the reservoir.  

Four types of boundary conditions are introduced to numerical models. First kind or Dirichlet 

condition assigns fixed values to specific locations within the boundary and borders. Second kind 

or Neumann condition defines specific flow or flux across the boundary. Third kind or Cauchy 

condition introduces transfer coefficients, which reduce the inflow/outflow into/out of the 

domain, and well boundary condition defines a single point source, usually as injection or 

production wells in hydrogeology. For each specific site, one or all of the mentioned boundary 

conditions can be applied.  

The hydraulic head and constant temperature boundary conditions were applied to the model. 

Both of these conditions are from the first kind or Dirichlet conditions. The thermal boundary 

condition for the steady state was assumed to be the constant temperature of 6°C at the top and a 

constant temperature of the Precambrian layer at the selected sites. The constant hydraulic head 
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of -10 m applied to the west and east sides of the model from top to the bottom of the model 

( Fig. 3.6). 

 

Fig. 3.6. 3D view of the model showing the hydraulic head boundary condition at the top, 

bottom and edges of the model. 

For the transient state, the same hydraulic and upper thermal BCs were applied. The only 

difference between the BCs at the transient state and steady state was related to the application of 

single nodes as wells and heat flux, from simulation results at steady state, as the bottom thermal 

BC. A doublet well was applied to the EGS in order to simulate the flow and heat transfer within 

the geothermal field. To design the well BC, appropriate flow rate, well distance and well 

diameter were estimated based on the following section.  
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Flow rate 

The power generation is mainly based on the flow rate of the EGS wells operation. As it was 

mentioned in the introduction, the geothermal power plants have varieties of production rates. In 

this research, the power plant was designed to provide the minimum 10 MW electricity 

considering a reservoir life time of 30 years. To estimate the required flow rate to provide this 

capacity,  Eq.28 was used (Agemar et al., 2014). 

Ċ (e) = ρf(cf)Q (Tin − T0)   
   Eq.28

In this equation, Ċ is the electricity production capacity (W), ρf is the fluid density (kg/m
3
), cf 

specific heat capacity of the fluid at constant pressure (J/kgK), Q is the flow rate (m
3
/s) and 

Tin, To input and output of the plant (K). 

Well distance 

The assignment of multiple wells reduces the pressure and temperature drop at the bottom hole 

of the production well. For this research, a doublet well including one injection and one 

production well were designed for the simulation of the heat transfer. 

The appropriate distance between injection and production well/wells based on the reservoir 

lifetime would provide vital information regarding thermal breakthrough of cold water from the 

injection to the production well(s) (Ferguson and Grasby, 2014). Gringarten and Sauty (1975) 

determined the well distances using equation ( Eq.29) which is the analytical solution of a 

differential equation for heat transport including enthalpy and internal energy estimations. For 

this equation the densities are ρf and ρs (kg/m
3
), specific heat capacities cs and cf (J/kgK), the 

thickness of aquifer (for hydrothermal systems) or reservoir h (m), injection/production rate Q 
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(m
3
/day), the thermal conductivity of reservoir λs (W/mK), and life time of the reservoir or the 

time before the thermal breakthrough Δt (years).  

Dw = √
2Q∆t

[(φ+(1−φ)h+(φ+(1−φ)
ρscs
ρfcf

)2h2+2
λsρscs

(ρfCf)
2∆t)0.5]

    
   Eq.29

Well diameter 

Well diameter values for EGS systems could be varying from 20 to 34 cm (Polsky et al., 2008). 

The well diameter does not affect the capacity and production rate of the wells significantly. In 

an example from Handbook of groundwater development (Roscoe Moss Company, 1990), 

doubling the well size, increased the specific capacity by only 9% . However, with the same flow 

rate, by decreasing the well’s diameter, the velocity of the fluid transfer increases, which results 

in less heat loss at the production well. 

 Simulation 3.4.4

In addition to the defined parameters and boundaries, FEFLOW has some default assumptions, 

which control the simulation. These assumptions are surrounding the groundwater behavior, 

aquifers status, numerical parameters, anisotropic and transport parameters, equation solve and 

field line computation.   

To control the time stepping and the iteration of non-linear problems, the dimensionless error 

was calculated at FEFLOW using error tolerance. This method is the average absolute error 

divided by the maximum value of initial condition or boundary condition and is equal to 0.001 

for the primary variable. Euclidian L2 integral (root-mean-square) norm was applied to calculate 
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the average of absolute error ( Eq.30), where x is the primary variable (temperature) and n 

indicates the number of steps (Diersch, 2013). 

|𝑥| = √
1

𝑛
∑ |𝑥𝑛|2

𝑛

𝑛=1

 
   Eq.30

If the error of the simulation exceeds the defined maximum number of iteration, the simulation 

will be stopped without convergence. 

In addition to the mentioned simulation assumptions, the solver type, and time series selection 

are highly important. Between the direct and iterative methods, the iterative methods are superior 

to large systems (Diersch, 2013).Among the iterative solvers, Preconditioned conjugate gradient 

(PCG) for symmetric and Preconditioned Lanczos BiCGSTAB for nonsymmetric linear systems 

are preferred as the solver types by FEFLOW for less complex problems with lower simulation 

time.  

In FEFLOW, the system of simultaneous linear algebraic equations after simplifications is given 

as  Eq.31, where R is the system’s matrix with Neq (number of equations) rows and columns, ξ is 

dimensional solution vector, and bc is the corresponding Dirichlet BC terms.  

𝑅 ×  ξ = bc 
   Eq.31

A preconditioning term defines a transformation type, which reduces the number of iteration 

required for convergence by leading the ratio of maximum to minimum eigenvalues to one 

(ε (R) → 1) (Diersch, 2013). If the number of iterations which are required to minimize the error 

by factor of a is S ̇ (a), the smaller 𝜀 values, decrease the iteration steps as shown at  Eq.32. 



64 

 

S ̇ (a) ≤  
1

2
√ε(R) ln(2

a⁄ ) + 1    Eq.32

Conjugate gradient, as an iterative method with enhanced convergence, which is used for 

deriving the numerical solution of a symmetric system of linear equations with positive defined 

matrix (Herbert et al., 1988). The limited number of iterations required for convergence 

(proportional to the number of equations) makes CG a preferred method for solving linear 

symmetric systems. An alternative method was introduced by applying the precondition 

transformation to CG method and enhancing the convergence pace (PCG). 

Conjugate Gradient Square CGS method is an iterative method for solving linear non-symmetric 

equations, which is based on squaring the residual polynomials. On one hand, the advantage of 

this method is rounding the errors due to squaring the polynomials; on the other hand, it lacks in 

decreasing the error within simulation progress (Diersch, 2013). The Preconditioned Lanczos 

BiCGSTAB is an alternative robust and high efficient technique, which requires a small storage 

demand and low computational cost (Diersch, 2013). BiCGSTAB shows superior behavior 

comparing to (CGS) at systems breakdowns (where R is not positive) which led it to become the 

first priority as a non-symmetric system solver (Diersch, 2013).  

After selection of the method for fluid (symmetric) and heat (non-symmetric) transfer systems 

simulation, the appropriate time series for transient state modeling opted. 

The automatic time step defines the temporal discretization of the simulation in this research. To 

use the automatic time series, the initial time step length, final simulation time, growth factor and 

time step size were required to be defined for the model. Predictor-corrector method (GLS) is a 

time integration method used to control the time stepping based on monitoring the solution 
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process by estimating the error reduction at specific time, in which, the time step length varied 

according to the temporal accuracy requirements (Diersch, 2013) which consequently results in 

increase or decrease of the time steps length when is necessary.  

The accuracy of time steps at automatic time series was controled with two defined schemes at 

FEFLOW. GLS 1
st
-order Forward/Backward Euler (FE/BE) and GLS 2

nd
-order forward Adams-

Bashforth/ Trapezoid rule (AB/TR) are defined to solve the simplified system of temporal 

equations. The 2
nd

-order AB/TR method shows a higher probability of oscillation error when 

large time steps are used. Therefore, FE/BE was used to diminished the error possibility from 

time step section. The initial time of 1E-5 day was opted to avoid long periods and quicker 

convergence,  which was increased after several days of wells’ operation to 0.1 day. 

The simulation was run with the following assumptions with the mentioned simulation factors: 

1. Free upper layer and confined formations from layer 2 to the end of the model. 

2. Constant mass 

3. Variable viscosity and nonlinear density as a function of temperature. 

The temperature effect on the density and viscosity of water at atmospheric pressure is shown 

in  Fig. 3.7. It was assumed that density changes proportionally to the temperature when the 

temperature difference between the fluid at the ambient condition and the final derived 

temperature is below 30°C. However, for higher temperature differences comprehensive relation 

between temperature and the viscosity and/or density were required.  
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Fig. 3.7. Temperature dependency of density and viscosity at a constant pressure of 10 MPa. 

At FEFLOW variable viscosity has been introduced as  Eq.35. 𝜏 and 𝜏0 are demonstrated at  Eq.33 

and  Eq.34 which represent the temperature of the fluid at the ambient condition and as the 

function of derived temperature at each time step.T0 is the temperature at ambient condition (°C), 

and 𝜇0 is the dynamic viscosity at ambient condition (N-s/m
2
). 

τ0 =
T0 − 150

100
    Eq.33

τ =
T − 150

100
    Eq.34
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μ

μ0
=

1 + 0.7063 τ0 − 0.04832 τ0
3

1 + 0.7063 τ − 0.04832 τ
 

   Eq.35

 

The fluid’s density assumed to have nonlinear relation with temperature as well. FEFLOW 

estimates the temperature-dependent fluid density of water by a 6
th

 order accuracy as  Eq.36: 

ρ(T) = a1 + a2T + a3T2 + a4T3 + a5T4 + a6T5 + a7T6 
   Eq.36

The effect of pressure and mass fractions on the fluid’s density were neglected to simplify the 

simulation and considering the temperature as the main factor in density variation. The constant 

coefficients are given at  Appendix (i).  

 Calibration 3.4.5

The simulation results of the steady state were based on assumptions made for deriving the 

thermal properties e.g. thermal conductivity, porosity, and volumetric heat capacity of the 

selected site. These assumptions increased the uncertainty of the simulation and consequently 

enhanced the error of the results. Thermal properties of the formations were calibrated to 

diminish the error possibility. The RMS method ( Eq.30) was used to calculate the error of 

thermal gradient between the simulation results and the generic data set. 

Target formations with the highest uncertainty were chosen for data calibration. For some rock 

types, an increase in temperature increases thermal conductivity, and for other types the opposite 

is true; therefore, new sets of thermal conductivities were estimated, by taking the rock types into 

consideration. At first, the thermal conductivity at ambient condition (temperature of 20°C and 1 
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atmosphere pressure) were re-estimated. Then the effective thermal conductivity was 

recalculated and applied to the model for several times.  

Each new data set was generated by trial and error, with a focus on the target formations and 

considering thermal conductivity sensitivity analysis. For the layers with higher simulated 

temperatures than the measured data, thermal conductivities were decreased, and for layers with 

lower temperatures, it was increased. Higher thermal conductivity resulted in lower temperature 

differences between layers, and vice versa. The final calibrated data was used for the transient 

state modeling.  
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Chapter 4.  Parametrization 

Overview 

In this chapter, the appropriate site at the Tilston area is selected using well logs and provided 

map from  3.1.1. The site shows a halite formation at a depth of 1499 m having 118 m thickness. 

Based on the geological formation of the Tilston site, the thermal and hydraulic properties are 

determined at ambient condition and by considering the effect of pressure and temperature. After 

completion of the formations’ parametrization, a numerical model is set up using FEFLOW for 

both steady state and transient simulations. Following the Tilston site, a Generic model is set up 

to determine the depth impact on the final derived temperature of the EGS considering halite as 

thermal reservoir. 
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 Tilston site selection 4.1

Considering the Prairie Evaporite as the thermal reservoir for this study, the appropriate location 

for the geothermal application required a thick halite formation at low depths. The geology of the 

Williston Basin was introduced in  3.1.1. Halite, potassium salts, carbonates wedges and layers of 

Evaporite have been recognized within the Devonian-Mississippian and the Elk Point group 

(Nicolas and Barchyn, 2008). The Hubbard Evaporite was found within the Dawson Bay 

formation in the middle of the Devonian period, which overlies the Neely member of the 

Manitoban part of the Williston Basin ( Fig. 4.1). This formation is comprised of dolomitic 

mudstone at its base overlain by fossiliferous limestone capped by anhydrite and dolomite. The 

thickness of the formation is rather uniform from -40 to -50 m from the outcrop in Manitoba to 

west-central Saskatchewan; however, the thickness of salt varies between 0 and 18.9 m (Amaral, 

2014).  
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Fig. 4.1. Thickness of the Hubbard formation within the Dawson Bay formation; the 

formations’ thicknesses increase from green to red colour. 

At the lower part of the Devonian period, thick halite beds containing occasional potash zones at 

the top and minor anhydrite at the bottom exist within the Prairie Evaporite (Nicolas and 

Barchyn, 2008). Thin layers of potash have been recognized at the border of Manitoba and 

Saskatchewan at the most south-west regions. Considering the dispositioning and dissolution 

procedure of salt formations, the maximum recent thickness of Prairie Evaporite is 140 m near 

the boundary with Saskatchewan, which is decreasing to 10 m along the border of the formation.  
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Fig. 4.2. Thickness of the halite within the Prairie Evaporite Formation; the halite`s thicknesses 

increase from green to red colour  

Based on the map provided in  Fig. 4.2 and the depth of Prairie Evaporite in  Fig. 3.2,  Fig. 3.3 

and  Fig. 3.4, two preliminary regions opted at the south-west of Manitoba for further 

investigations regarding geothermal potentials, which are presented in  Table 4.1 and  Fig. 4.3. 

Table 4.1. Coordination of region 1 and region 2  

 COORDINATES 

Section 1 49° 0̍ 0̎ N-101°0 ̍ 0 ̎ W, 49° 43̍ 35̎ N-101° 34 ̍ 8 ̎ W 

Section 2 49° 43̍ 35̎ N-101 ° 0 ̍ 0 ̎ W , 50° 36̍ 15̎ N-101° 34 ̍ 8 ̎ W 
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Fig. 4.3. Appropriate regions for geothermal application investigations are shown as R1 and 

R2 within south-west of Manitoba.  

The most appropriate location for the site selection attributed to the region with the maximum 

recorded temperature for its lowest formation. The drilling reports of the wells with lower 

bottom hole elevations than the Prairie Evaporite layer was used to achieve the temperature 

data.  Table 4.2 represents the wells information regarding the bottom hole temperature (BH), 

total vertical depth (TVD) and regions (R1 and R2).  

The drilled wells have identical license number following the drilling and production 

regulations set by the government of Manitoba and Dominion Land Survey (DLS), which 

demonstrates the wells location. The DLS method is widely used to divide fields in Western 

Canada into one square mile areas for various purposes. DLS comprises of the meridian, 

township, range, section, and east or west section representations. For example, SE 20-12-05-



74 

 

W4 is the location of a field at the south-east of township line 12 and range 5 at section 40 on 

the left side of meridian 4.  

Table 4.2. Well log information regarding the highest temperature of wells’ BH within the 

regions. 

DLS Licence number TVD (m) BH Temperature (°C) Region 

100/16-33-005-24W1/00 9 1566.1 49 R1 

100/16-16-001-27W1/00 486 2084.8 57 R1 

100/02-17-018-22W1/00 2502 1172.9 53 R2 

100/16-34-006-29W1/00 2523 1955.9 49 R1 

100/02-14-018-29W1/00 2534 1332.3 51 R2 

100/11-29-001-25W1/00 2543 1947.7 57 R1 

100/09-06-002-26W1/00 2610 1986 61 R1 

100/01-28-005-24W1/00 2612 1575 52 R1 

100/08-13-005-29W1/00 2696 2060 65 R1 

100/05-24-002-26W1/00 2766 1950 58 R1 

100/01-25-004-23W1/00 4859 1670 53 R1 

 

Finally, the most appropriate geothermal field, satisfying the geological and thermal 

specifications, along with the actual data accessibility was selected at Tilston from region 1. 
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 Thermal parametrization 4.2

After selection of the geothermal site, the lithology and temperature were estimated using 

drilled well logs at the site. As it was mentioned in  3.1.2, the generic temperature data set will 

be set as the site’s temperature as a combination of observed temperatures and analytical 

derived temperature method. 

Various technical reports were investigated to derive the most comprehensive information 

regarding the Tilston region. In the following sections, the geology, temperature, pressure, 

thermal and hydraulic properties of the selected site are determined specifically.  

 Geology & Lithology 4.2.1

The formation’s compositions were identified by the 002523 drilling report, done by 

Asamera Oil Corporation Ltd (Government of Manitoba and Manitoba Mineral Resources, 

2014), to estimate the specific lithology of the selected site. In this report, the formation and 

their thicknesses were described from the surface to the Precambrian formation. Each 

formation is comprised of various rocks such as Dolostone, Limestone, Shale to simplify the 

modeling only the most common component opted as the formation's main composition and 

thermal and hydraulic properties of that formation were estimated based on that specific 

component.  Appendix (c) shows the Tilston site lithology and formations from the surface to 

the Precambrian. 

 Model discretization 4.2.2

The mesh system was generated for the Tilston site with 1600×1600 m
2
 area, using AFM, 

and ~0.9 m length between each two nodes.  Fig. 4.4 is the representation of the meshing 
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system and elevation distribution for the Tilston model. The formations’ geology, numbers of 

layers and their thicknesses are presented in  Appendix (c).  

 

Fig. 4.4. 3D view of Tilston model, the elevation is descending from red to purple.  

 Temperature data 4.2.3

The temperature data set was derived following the method mentioned in section  3.1.2. For 

the measured section, the actual data was gathered from the drilling reports of wells 007394 

and 6705 for depth of 4 to 600 m and 800 to 1200 m respectively. The ground surface 

temperature was assumed to be at 6°C based on the average annual surface temperature of 

Manitoba (Government of Canada, 2015). The Precambrian formation was opted as the last 

layer of the simulation model with a temperature of 60°C based on  Table 4.2 and temperature 

data provided by Nicolas and Barchyn (2008). 
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Various scenarios were carried out to estimate the formations’ temperature based on  Eq.3, 

and the one with the minimum error had been selected. In each scenario, with the same Q and 

D values, A0 and λ were changed to improve the calculated temperature  

Therefore, the temperature data set for Manitoban part of Williston Basin from the surface to 

the depth of 1960 m was generated as a combination of actual and calculated temperature 

data.  Fig. 4.5 shows the resulting temperature log and  Appendix (d) represents the 

temperature values for each specific depth at the Tilston site. 
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Fig. 4.5. Temperature data set as a combination of measured and analytically calculated 

data based on selected parameters at  Appendix (e) 
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 Thermal properties of solid phase: 4.2.4

For each of the layers, thermal conductivity, specific heat capacity and porosity were 

identified at ambient condition (Grasby et al., 2012). Then, by applying the methods 

described in  Chapter 3 ( Table 3.2,  Appendix (g)),  Eq.8 and  Eq.9, the effective thermal 

properties as a function of temperature and pressure were calculated. The effective porosity 

had the same value as the porosity at ambient condition due to negligible effect of pressure 

and temperature on its value. The thermal properties of the Tilston region are presented 

in  Appendix (g) and  Appendix (h).  

 Thermal properties of the liquid phase: 4.2.5

Due to the lack of ground water, the only liquid phase was the production fluid, which was 

selected as brine having a NaCl concentration of 6% (brine NaCl 6%). Based on  Chapter 3, 

the density of the brine at a temperature of approximately 47°C and at a pressure of 31 MPa 

was 1100 kg/m
3 

with a thermal conductivity of 0.54 W/mK. The expansion and compression 

coefficients for this density were 49.8 kg/(m
3
°C) and 9.93 kg/(m

3
kbar) respectively. The 

volumetric heat capacity was set to 4.18 MJ/ (m
3
K), which was the product of specific heat 

capacity of brine at the proposed temperature (3.81 kJ/kgK) and density (1100 kg/m
3
). 

 Hydraulic conductivity 4.3

Hydraulic conductivity is the ability of a saturated or unsaturated area to transfer fluid within 

its void spaces and fractures. The EGS depends on the fluid circulation between the injection 

and production wells through the reservoir and the temperature radius around the wells, 

which are directly related to the hydraulic conductivity of the layers in all directions. In this 
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research, it was assumed that each formation is homogeneous and anisotropic which led to 

various values of conductivities in horizontal and vertical directions.  

 Table 4.3 provided the hydraulic conductivities of the Tilston site formations for their main 

components from the surface to the bottom of the halite layer (reservoir) based on Domenico 

and Schwartz (1998). In-situ hydraulic test on undisturbed bedded halite proposed a hydraulic 

conductivity of 1×10
-14 

m/s for saline formation (Ingebritsen and Ward, 1998) These 

parameters were attributed to non-fractured rocks only considering the natural porosity of the 

formation.  

Table 4.3. Hydraulic conductivity of the main components of the Tilston site’s formations  

Formation components Kx=Ky (m/s) Kz (m/s) 

Clay 1E-11 1E-12 

Glacial Draft 1E-10 1E-11 

Shale 1E-13 1E-14 

Limestone 1E-9 5E-10 

Fine Grained Sand 2E-7 2E-8 

Sandstone 5E-13 5E-13 

Dolomite 1E-9 1E-9 

Halite 1E-14 1E-14 
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 EGS well boundary condition 4.4

In section  3.4.3, the well BC was determined based on the flow rate, well distance and well 

diameter. To estimate the adequate flow rate for generating 10 MW electricity, specific heat 

capacity of the injected fluid and temperature of injected and extracted fluid were required. 

The brine was assumed to have constant temperature of 15°C at the injection point and final 

temperature of 47°C at Tilston site based on the reservoir depth ( Fig. 4.5), assuming no heat 

loss for the fluid from the reservoir to the surface to achieve the maximum capacity. The flow 

rate considering  Eq.28 and the mentioned assumptions were calculated as approximately 

7000 m
3
/day.  

To calculate the most appropriate distance between wells, various life times for the reservoir 

(from 5 to 30 years before the thermal break through) have been used.  Table 4.4 represents 

the well’s distances for a constant flow rate of 7000 m
3
/day and various reservoir life time. 

Well distance was at 253 m for a reservoir’s lifetime of 5 years and increased to 620 m at a 

lifetime of 30 years. In this study, 560 m was opted as the appropriate distance between the 

injection and production well to simulate the thermal and hydraulic transfer for the Tilston 

site. This referred to a reservoir lifetime of approximately 28 years; however, the simulation 

was run for 30 year operation to assess the effect of the geothermal system overuse.  
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Table 4.4. Doublet well’s distance for a constant flow rate of 7000 m
3
/day and various 

thermal breakthroughs. 

Dw (m) Q (m
3
/day) Reservoir life time (years) 

253 7000 5 

358 7000 10 

506 7000 15 

566 7000 20 

506 7000 25 

620 7000 30 

 

The selected distance between the wells must be studied in terms of hydraulic fractures height 

and length as well. Due to lack of information regarding the fractured salts formations, the 

fractured Barnett shale mapping, presented by Fisher and Warpinski (2012), was used for the 

salt formation in this study as well. Based on their measurements, the maximum height of 

fractures was 600 m and the average value was approximately 400 m. Hence, it is 

theoretically feasible to fracture 500 m of the reservoir from the injection to the production 

well.  

Considering the insignificant effect of well diameter on the flow capacity, in this research the 

well diameter was opted as 10cm (half of the mentioned diameter in section  3.4.3). Therefore, 

the well BC was designed for 30 years of reservoir’s life time, with 7000 m
3
/day capacity, 10 

cm diameter, and 560 m distance between injection and production well which is shown 

in  Fig. 4.6. 

The constant lengths for the production and injection wells was assumed from the surface to 

the center of the reservoir. The location of the bottom hole was selected in the center of the 

reservoir to simulate the fractures impact that was directed in vertical and horizontal 
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directions. FEFLOW assigns the well to the nodes at each slice, which restricts the capability 

of defining the length to the middle of a layer. Therefore, an arbitrary layer was defined in the 

middle of the Prairie Evaporite layer for wells assignment. The estimated fractured areas have 

been applied to this layer as well. 
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Fig. 4.6. The multilayer wells set up in FEFLOW.  

After designing the wells, attributed hydraulic head rise and drop (as pressure changes) were 

calculated based on  Eq.37, Eq.38,  Eq.39 and  Eq.40 at  Appendix (b). The pressure drop is a 

summation of the surface over pressure, dynamic pressure changes, and friction pressure 

drop. The surface over pressure was approximately assumed as 0.1 MPa (Harrison et al., 

2013). The total pressure drop equaled to the accumulative value of pressure changes mins 

the static pressure. The static formation pressure for non-artesian wells was negative and for 

artesian wells positive, considering the effective head at the production well (Harrison et al., 

2013). The total pressure drop and total pressure rise for designed wells considering the 

parameters mentioned in  Table 4.5. 
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Table 4.5. Defined parameters for pressure drop calculation. 

DTp 1430.74 m 

𝜇 0.00108 N-s/m
2
 

d 0.10 m 

k 1E-20m
2
 

h 118 m 

DDp 0 m 

 

The permeability of uncompacted crystalline salts was determined as 10
-7 

m
2
,
 
which 

decreased incrementally after 500 m of burial to 10
-21 

m
2
. This extreme change in 

permeability is due to the plasticity of salts under deformation and the tremendous propensity 

of salts to recrystallize under increasing pressure and temperature (Ingebritsen and Ward, 

1998). Unfortunately, there is not enough information regarding the exact permeability of the 

saline formation at 1500 m; therefore, a range of pressure rise or drop with considering the 

minimum and maximum permeability was estimated. The most appropriate value for 

permeability considering previous studies opted as 10
-21 

m
2
 which led to pressure drop and 

rise of 0.5 GPa approximately. 
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 Fractures set up 4.5

Hydraulic fracturing due to very low hydraulic conductivity of the halite (10-14 m /s) 

enhanced the fluid circulation. The accuracy of the fluid flow simulation results highly 

depend on the spatial discretization and hydraulic head variation at the injection and 

production wells. Based on section  3.1.3, the hydraulic conductivities values were decreasing 

from the wells’ location to the surrounding area. Therefore, four zones of various hydraulic 

conductivities have been assumed for the fractured area with finer meshes from zone 4 to 

zone 1.  

Table 4.6. Fluid properties, fractures size and hydraulic conductivities for zones 1 to 4. 

Zone Aperture size (mm) ρ (kg/m
3
) 𝜇 (N-s/m

2
) Kfr (m/s) 

1 ---- 1100 0.00108 1E-14 

2 1.09E-9 1100 0.00108 1E-12 

3 1.09E-5 1100 0.00108 1E-10 

4 1.09E-4 1100 0.00108 1E-8 

Based on  3.1.3 and the difficulties regarding the identification of the fractures geometry, the 

fractured area assumed to have approximately empirical shapes with the highest hydraulic 

conductivity and mesh densities at the wells’ locations. The fractures zones at the reservoir, at 

the arbitrary layer containing the well screens, are given in  Fig. 3.2. The largest hydraulic 

conductivity was at the wells’ location which is presented in red colour. The higher mesh 

density can be observed in the figure as well. 
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Fig. 4.7. The fractures zones hydraulic conductivities and mesh density of the reservoir of 

the Generic model. 
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 Generic model 4.6

The reservoir’s (Prairie Evaporite) temperature at a depth of approximately 1500 m was 

estimated at 47.28°C for the Tilston site. Based on the Introduction ( Chapter 1), there is a 

linear relation between depth and temperature. In the Williston Basin, formations’ depths are 

increasing from east to west (Nicolas and Barchyn, 2008)which leads in temperature increase. 

The lowest depth of the Prairie Evaporite as the reservoir was determined in Saskatchewan at 

approximately 3 km ( Fig. 4.9).  

A second model was developed using the approximate location of the deepest point within 

the Williston Basin to consider the effect of depth on the feasibility of a geothermal 

application. This model is so called Generic model. On one hand the same formations in the 

Manitoban and the Saskatchewan part of the Williston Basin led to the same thermal 

properties and temperature gradient; on the other hand, the provided maps of Grasby et al. 

(2012) showed a higher thermal gradients of 0.3 to 0.35°C/ m in south-east Saskatchewan. 

Therefore, a combination of the measured and calculated temperature based on  Eq.3 and 

thermal properties of Craton presented in  Appendix (a) was used to estimate the temperature 

log of the Generic site. As shown in  Fig. 4.8, the calculated temperature has good 

compatibility with the measured data until the depth of 1000 m; however, the higher thermal 

gradient in Saskatchewan led to lower temperature difference at a lower depth. The final 

temperature data set for the Generic model is presented in  Appendix (m). 
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Fig. 4.8.  Temperature vs.depth at the Tilston and Generic sites. 
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modeling. The thermal properties of solid and liquid phases were recalculated based on new 

temperature and pressure data sets. The critical part in setting up the Generic model attributed 

to the thickness, elevation, and temperature of the layers. The formations and their 

thicknesses were estimated using GeoCando. The number of layers was reduced to 16 since 

the Duperow formation was represented only by one layer. The comprehensive information 

regarding the elevation, lithology, and layering are presented in  Appendix (l). Thermal 

properties, temperature, and pressure of each layer were re-calculated using the updated 

temperature and pressure ( Appendix (m), and  Appendix (n)). 

 

Fig. 4.9. The reservoir’s location at the Saskatchewan part of Williston Basin.  

This location assumed to be capable of producing a maximum temperature of 110°C at the 

bottom of the Prairie Evaporite. Therefore, the study area was modeled using FEFLOW at 

steady state conditions to reproduce the thermal gradient and at transient conditions to 

estimate the final derived temperature at the wellhead of a production well. The exact same 

Prairie Evaporite 
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flow rates, simulation time, simulation equations, error estimation and meshing system were 

according to the Tilston model as well. 
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Chapter 5. Results 

Overview 

In this chapter, the simulation results of the steady and transient state simulations for both 

Tilston and Generic models are presented, and the calibrated parameters are presented. The 

fluid flow simulation contained the hydraulic heads over time for the bottom hole of the 

injection and production well. The heat transfer simulation exposes the final derived 

temperature of the production wellhead, the fluid temperature along the injection and the 

production wells, and the increased temperature of the fluid within the reservoir.  
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 Calibration, Tilston model 5.1

The calibration procedure was explained in section  3.4.5. Three sets of calibration were 

carried out, and the final simulation results were presented at  Appendix (j) 0. The RMS was 

calculated between the calibrated simulation thermal gradient and the generic thermal 

gradient (using the generic temperature data set) with the lowest error of 0.03. The calibrated 

thermal properties (thermal conductivities) of this set were applied to the transient model 

containing temperature of each formation and thermal conductivities ( Appendix (k)). The 

calibrated thermal conductivities varied from 1.36 to 7.14 W/mK. The halite formation had 

the highest effective thermal conductivity of 5.20 W/mK from the surface to the bottom of 

the thermal reservoir.  

 Fig. 5.1 shows the generic temperature data set, as a combination of measured and 

analytically derived temperature, and calibration. The simulated temperature of the halite 

formation was 1.90°C higher than the generic temperature data set. The fewer temperature 

differences were observed from 800 to 1000 m depth with approximately 0.29°C temperature. 

At 1220 m the temperature difference was at the maximum of 4°C which gradually decreased 

within the next 400 m.  
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Fig. 5.1. Temperature vs. depth at the Tilston site and the calibration. 
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 Heat and fluid simulation results, Tilston 5.2

The heat and fluid transfer simulation results for the proposed doublet well in section  4.4 are 

presented in sections  5.2.1 and  5.2.2.  

Based on the heat-transfer simulation, the feasibility of the geothermal application for 

electricity production at the Tilston site was determined. Temperature-depth at the well 

locations, temperatures at the injection and production wellheads, and the effect of the 

thermal reservoir on the production fluid’s temperature were proposed. The hydraulic heads 

within the injection and production wellheads and well bottoms were investigated in the fluid 

transfer section to determine the accuracy of flow circulation within the well systems. Thirty-

six observation points were used to track the systems’ behaviour along the injection and 

production wells and at the neighboring nodes within the thermal reservoir. The well screens 

were located in the middle of the thermal reservoir, and the simulation results were regulated 

to the observation points at this level. The model was run for 30 years, and the heat and fluid 

simulation results were recorded after 1, 10, 30, 90, and 365 days, as well as at 2, 10, 20 and 

30 years. The intensive changes on hydraulic head and temperature occurred during the first 

days of wells operation; therefore, the recorded temperature were presented for the smaller 

time intervals for the first 365 days of operation.  

 Fluid transfer 5.2.1

The fluid transfer results by FEFLOW are the changes in hydraulic heads. At steady state, the 

hydraulic head was constant and equal to -10 m due to no flow conditions and no well 

operation. By commencing the wells’ operation and pumping in the fluid, the pressure was 

increased at the surrounding nodes of the injection well, which led to an increase of the 
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hydraulic head. For the injection well, within the first 90 days of operation, the hydraulic 

head increased from -10 m to 96 m; then it decreased to 91 m with no further changes. The 

sharp changes during the first two months of the simulation demonstrated the instability of 

the system at the beginning of the operation. At the production well, the hydraulic head 

encountered a sharp drop to -540 m through the first 90 days. After 2 years it reached to the 

maximum hydraulic head of -428 m and after a short drop of 24 m became constant for the 

next 28 years ( Fig. 5.2). Steady state hydraulic heads of 91 m and -451 m derived after 90 

days of operation at the injection and the production wells. The difference between the 

hydraulic heads at the injection and the production well reached to approximately 544 m after 

5 years.  

 

Fig. 5.2. Hydraulic head at the production and the injection wells for the Tilston site for 30 

years of operation. 
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 Heat transfer 5.2.2

Fluid flow along the injection well 

The injection fluid was assumed to have a constant temperature of 15°C throughout the 

system’s operation at the wellhead of the injection well. The temperature of the formations, 

from the surface to -138 m, was less than the injection fluid’s temperature (15°C). Therefore, 

by injecting the warmer fluid, the fluid loss heat to warm the cooler formations and reached 

the minimum temperature of 12.9°C at a depth of 30 m after 30 days of operation. By 

stabilizing the system, the fluid’s temperature increased to 14.54°C and became constant 

afterward. From the second layer to the bottom of the injection well (at the well screen’s 

location), the formations’ temperature were greater than the injected fluid and consequently 

led to increasing the fluid’s temperature ( Fig. 5.3). The fluid temperature increased to a 

maximum of 27.45°C at the first day of operation at the well screen; however, this 

temperature reduced to a temperature of 15°C from day 1 to day 90 and became constant for 

the rest of simulation. 

After 30 years of operation, the fluid temperature at the well screen of the injection well 

reached to the minimum of 15°C, which is the same value as the injection fluid’s temperature 

at the wellhead. 
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Fig. 5.3. Fluid temperatures along the injection well.  
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Reservoir thermal effect 

Halite as the thermal reservoir had a temperature of 47.30°C. The higher temperature of 

halite, compared to the injected fluid (15°C) along with its identical thermal properties (low 

thermal resistance and high thermal conductivity), enhanced the temperature of the injected 

fluid on its path from the injection to the production well.  

The fluid temperature at the injection well screen decreased from the maximum of 27.45°C to 

15°C after 90 days of operation. The fluid absorbed heat on its path to the production well 

and reached the maximum temperature of 46.63°C within the first 90 days of wells operation. 

After 90 days of the operation, the injected fluid reached to the temperature of 47.28°C with 

no further changes ( Fig. 5.4)  

At the production well screen, the fluid’s temperature dropped by 0.4°C within the starting 

time of the operation and then increased to a constant value of 47.28°C after 90 days of 

operation.  
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Fig. 5.4. Effect of the thermal reservoir on the fluid’s temperature, from the injection to the 

production well.  

Fluid temperature along the production well  
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Fig. 5.5. Effect of atmospheric boundary condition on the simulated temperature of the 

production fluid at various simulation times.  

The temperature of the fluid at the production well screen versus time is presented in  Fig. 5.4. 
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.  

Fig. 5.6. Production fluid temperature log along the production well. 
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 Steady state calibration, Generic model 5.3

The Generic model was introduced as an extension of Tilston model, with the same 

geological formations, hydraulic head and upper thermal BC, which was located in the 

Saskatchewan part of Williston Basin. The target formation was at a depth of 3 km having a 

thickness of 118 m. The method for estimation of the Generic site’s temperature vs. depth 

was introduced in section  4.6. A thermal gradient of the Generic model based on the 

formations temperature was compared to the steady state simulation results with and without 

calibration using RMS method.  
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Fig. 5.7.  Formations’ temperature and simulation results for the Generic model located in 

Saskatchewan.  
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Table 5.1. RMS values between the Generic model temperature data and simulation results 

without calibration. 

Formations 
Generic temperature 

gradient (°C/m) 

Simulated temperature 

gradient (°C/m) 
RMS 

Clay 0.029 0.028 4.25E-05 

Shale 0.018 0.018 1.13E-04 

Shale 0.006 0.006 1.89E-05 

Sandstone 0.001 0.001 1.47E-08 

Shale 0.005 0.005 3.58E-06 

Limestone 0.002 0.002 2.68E-08 

Anhydrite 0.001 0.001 2.51E-06 

Shale 0.000 0.000 2.93E-09 

Anhydrite 0.005 0.005 1.72E-07 

Dolomite 0.003 0.003 3.50E-08 

Shale 0.007 0.007 5.30E-08 

Limestone 0.001 0.001 2.61E-08 

Limestone 0.001 0.001 1.97E-08 

Dolomite 0.001 0.001 9.71E-09 

Salt 0.001 0.000 3.60E-06 

Dolomite 0.006 0.006 4.86E-07 

Total RMS 0.00339 

 

The resulting temperature from the calibrated model is presented in  Fig. 5.8. The temperature 

is increasing from top to the bottom of the model following the indicated isolines. The 

temperature of the reservoir showed 110°C.  
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Fig. 5.8.  3D view of the Generic model showing temperatures along the domain.  
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 Heat and fluid simulation results, Generic model 5.4

The results of the fluid and heat transfer simulations are presented in the following section. 

Results are given at 20 observation points in a distance of 0.93 m to the actual well location 

(at the neighboring nodes) and they are presented for reservoir lifetime of 30 years, similar to 

the Tilston site.  

 Fluid transfer 5.4.1

A constant hydraulic head of -10 m, same as Tilston site, was observed from the steady state 

simulation due to no flow condition. The injection of the fluid raised the hydraulic head, 

while pumping the fluid decreased the hydraulic head significantly. In the Generic model, 

injection of maximum 7000 m
3
/day into the reservoir raised the hydraulic head to 0.52 m 

within the first hours of the operation, while at the production well the extraction of the same 

volume of the fluid led to a head drop of -116 m. By continuing the wells performance, the 

hydraulic head at filter screen of the injection well raised to the maximum of 0.74 m within 

the next 10 days and stayed constant. At the production well, the head was constantly 

dropping to -1730 m after 90 days and dropped to -2970 m by year 1. After first year of 

operation, the hydraulic head stayed constant at the production well screen.  Fig. 5.9 

demonstrates the hydraulic head rise and drop at the injection and the production wells 

screens through 30 years of simulation time.  
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Fig. 5.9. Hydraulic head versus time for 30 years of operation at the injection and the 

production well screens.  

 Heat transfer 5.4.2
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screen and 66.5°C at the well screen location. This temperature difference increased to 0.8°C 

after 1 year of operation and decreased to zero through the next 9 years.  

 

Fig. 5.10. Temperature log along the injection well in the Generic model.  
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The effect of the thermal reservoir in increasing the injected fluid temperature is shown 

in  Fig. 5.11. The provided temperature logs are attributed to the production and the injection 

well screens for the lifetime of the reservoir. Through the first year of the operation, the 

temperature at the production well dropped from 110°C to 53°C due to injection of cold 

water and then increased to 108°C. Due to the increase of the injected fluid temperature, the 

production fluid temperature increased as well and became constant (110°C) after 2 years of 

the operation.  

 

Fig. 5.11. Temperature along the fluid path from the injection to the production well in the 

thermal reservoir. 
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At the production well, the extracted fluid lost some portion of the absorbed heat along its 

path to the surface. This heat loss decreased due to an increase of the production well’s 

surrounding temperature and the high temperature of the fluid at the production well 

screen.  Fig. 5.12 represents the fluids temperature along the production well. A drop within 

the first 10 days of operation was observed due to pressure drop. The temperature increased 

from day 10 to 10 years of operation and stayed constant for all the formations. In the halite 

formation, the temperature increased from 53°C to 110°C and stayed constant with no further 

alteration. The final derived temperature at the surface within 0.45 m of the production 

wellhead was 70°C. 
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Fig. 5.12. Fluid temperature along the production well for 30 years. 
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The temperature was decreasing from the wellhead to the surrounding nodes where the 

observation points were located. At the surface of the model, the wellhead is surrounded by 

fixed temperature of 6°C, which led to a sharp reduction of the temperature from the 

wellhead to the neighboring nodes. The temperature at the wellhead of the production well 

through the simulation time is given in  Fig. 5.13. After 2 years of the operation, the 

maximum temperature of 105°C was derived at the wellhead of the production well and 

became constant afterward.   

 

Fig. 5.13. Fluid temperature versus time at the production wellhead of the Generic model.  
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Chapter 6. Discussion  

Overview 

In the following section, the mesh consistency, hydraulic head changes, transferred heat 

along the wells and the reservoir as well as residency time, generated and lost energies, the 

impact of temperature on density and viscosity, the effect of halite as a thermal reservoir and 

thermal gradients within the formations being discussed. 
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 Mesh consistency 6.1

The mesh size affected the accuracy of the simulation results significantly. Well distributed 

meshes, decreased the error of the simulation, specifically for simulation of the hydraulic 

head during the well performance. The wells operations resulted in the head drop at the 

production well and rise at the injection well. To determine the consistency of the meshes, the 

temperature of a selected node at 1.85 m of the injection and 1.66 m from the production 

wells at the top of the second layer (shale) and the reservoir were compared to the simulation 

results of a model with refined mesh system with 0.4 m element length. The current mesh 

was called M1 with an average element length of 0.93 m, and the refined mesh was called 

M2. The comparison was carried out for the first 3 years of operation due to the higher 

instability of the system.  Table 6.1 shows the comparison between the mentioned nodes’ 

temperatures for M1 and M2. As it can be deduced, the temperatures for both models with 

various mesh sizes were approximately the same, which approved the consistency of the 

mesh and accuracy of the results. The highest difference of ~1°C was attributed to the 

production well’s temperature at the reservoir due to severe pressure changes. The error 

between the fluid temperature at the wellhead of the injection well was 0°C at the first day of 

operation and the maximum error at this point was 0.01°C. The finer mesh distribution (M2) 

led to a higher temperature for the fluid at production well screen; however, the temperature 

differences decreased by time. Thus, the defined mesh was well distributed which 

consequently led to accurate estimation of the temperature and minimized the simulation 

error considering the wells operation. 
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Table 6.1. Hydraulic head and temperature at 1.86 m from the injection and production wells at the top of the second formation of the Generic 

model.  

   

 

T= 1 day T= 10 days T= 30 days T= 60 days T= 90 days T= 1 year T= 2 years T= 3 years 

 
  

Depth 

(m) 

Temperature 

(°C) 

Temperature 

(°C) 

Temperature 

(°C) 

Temperature 

(°C) 

Temperature 

(°C) 

Temperature 

(°C) 

Temperature 

(°C) 

Temperature 

(°C) 

M1 

Injection 

well 

590 22.58 22.08 21.48 21.16 21.00 20.56 20.37 20.29 

3108 108.53 98.79 88.35 82.27 77.97 69.88 65.72 64.07 

Production 

well 

590 22.49 21.51 22.72 23.35 24.01 24.99 25.15 25.19 

3108 108.08 94.43 89.19 98.93 104.94 105.01 105.01 105.01 

M2 

Injection 

well 

590 22.58 22.07 21.48 21.16 20.90 20.55 20.38 20.29 

3108 108.53 98.51 88.31 82.24 76.97 69.59 65.66 63.99 

Production 

well 

590 22.57 22.07 22.82 23.56 24.1 24.58 24.72 24.78 

3108 108.51 95.72 90.19 99.35 105.89 105.89 105.89 105.89 
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 Hydraulic head and temperature change along the wells 6.2

Hydraulic head changes occurred due to wells performance. The wells operation versus time 

was categorized into three phases from unstable to stable condition.  

 Phase 1 (starting phase) is the start-up condition when the wells started 

operating (between 6 hours to 1 day). Sharp changes in head and temperature 

were observed within this phase at both injection and production wells.  

 Phase 2 (developing phase) is the developing condition, which the injection 

rate and production rate varied in each time step to achieve the stable 

condition. 

 Phase 3 (stable phase) is the stable condition in which the hydraulic or 

temperature values are constant with time.  

The strong changes in hydraulic head and temperatures observed in phases 1 and 2 were not 

related to oscillation errors as shown by the mesh consistency. Additionally, the initial time 

steps had been selected small enough, (1E-6 day for phase 1 and 1E-4 day for phases 2 and 3) 

to eradicate the probability of the oscillation error. Therefore, the hydraulic head changes 

within the first years of the production and the injection wells were the results of the 

instability of geothermal system and not of the numerical simulation.  

In phase 1, sharp changes of hydraulic head and the temperature was observed at the 

production well and injection well screens. The hydraulic head dropped to -530 m and -116 m 

at production well screen and the temperature reduced to 27.45 and 67.5°C at the injection 

well screens for Tilston and Generic models during the phase 1.  
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The first day of the operation or initially start-up phase led to a decrease the fluid temperature 

from 15 to 13.98°C at the first 10 m depth (for Tilston) and slight increase along the rest of 

the formations. The sudden decrease of the fluid temperature is due to a larger temperature of 

the fluid comparing to the surrounding formations. At a depth of 800 m, the observed 

temperature was ~2°C larger than the below formation which was due to the location of the 

observation point. The nodes distances from the wells varied from 0.93 to 1 m, which led to 

small recorded temperature anomalies. The observation points located closer to the injection 

well, recorded a lower temperature than the ones with further distance due to less heat gain. 

In phase 2, the injection and pumping rates were varying to stabilize the system. The 

injection rate increased gradually after the 1
st
 day of operation and reached to the maximum 

of 91 m after 2 years, which showed the consistent rate of the fluid’s injection to the reservoir 

at Tilston site. At the production well screen, the pumping rate was constant from day 1 to 

day 30 and decreased within the next 60 days. The pumping rate reduction led to an increase 

of the hydraulic head at the well screen to -428 m. The higher thermal conductivity and lower 

thermal resistance of the reservoir was observed for the recorded temperatures of day 10 and 

30 ( Fig. 5.6). The temperature of the fluid is increased for 6°C and 4°C at the well screen of 

the injection well. The heat transfer between the warmer fluid in the first 200 m and cooler 

fluid from 200 to 1430 m with the surrounding formations became constant in phase 3 by 

increasing the pumping and injection rates after 90 days of operation. At phase 3, the constant 

temperature of 15°C was derived at the injection well screen from 90 days to 30 years of the 

operation.  

In the Generic model, the hydraulic head reduction occurred smoothly at the production well 

screen and skipped the sharp changes of phase 1 due to finer mesh distribution at the wells 

locations. The temperature of the injected fluid was more than the formations’ temperature 
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for the first 400 m at phase 1, phase 2, and phase3. The temperature of the fluid was 

constantly increasing after 400m and reached the maximum of 67.5°C in the thermal 

reservoir in phase 1. Phase 2 occurred within the first 2 years of the operation for the 

production well and first 10 days for the injection well. The finer spatial distribution for the 

Tilston model comparing to the Generic model led to faster convergence for the Generic 

model. The heat transfer between the injected fluid and the formations continued in phase 2 

and phase 3 for 10 years. The formations’ temperature was decreasing due to the injection of 

the cooler fluid in each time step. The heat transfer between the fluid and the formations 

became constant due to a constant pumping rate and injection rate in phase 3 after 10 and 20 

years of operation with the lowest temperature of 36.9°C, which was almost double the 

injected fluid’s temperature. The temperature of the injected fluid at 1400 m for the Tilston 

model was 15°C after 30 years of operation and ~32°C for the Generic model. It was deduced 

that the thermal gradient at the Generic site was slightly higher than the Tilston site. 

In addition to the well operation, the hydraulic fractures influenced the hydraulic conductivity 

and consequently the hydraulic head of the reservoir (containing the well screens) as well. 

Based on Darcy’s law, the head drop was decreased by increasing the hydraulic conductivity 

of the reservoir. The hydraulic head dropped within an empirical area of the fractured part of 

the reservoir. In phase 1, the head dropped from -10 to -80 m at a distance of 3.59 m from the 

production well and decreased to -116 m at the well’s location. Within phase 2, by increasing 

the head drop at the production well, the empirical area diameter expanded from 3.59 m from 

the production well to 98 m (at day 90) with the highest and the lowest heads of -175 m and -

1760 m from the perimeter of the area to the production well as shown in  Fig. 6.1. The 

maximum diameter of the fractures with dropped hydraulic head was 85 m, which was 

observed after 10 years of operation and became constant afterward. The large hydraulic 
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conductivity of the fractured area led to developing the empirical area with a lower 

conductivity that consequently resulted into smooth hydraulic head reduction and diminished 

the instability of the wells system.  

 

Fig. 6.1. The hydraulic head drops within the fractured area of the reservoir at 90
th

 day of 

the wells operation. 
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 Pressure changes in the target formation 6.3

The range of pressure rise and drop due to the well operation was introduced in section  4.4. 

In phase 1, the sharp changes of the pressure occurred due to commence of the injection and 

extraction of the fluid. The simulation results showed the hydraulic head drop of 500 m for 

the Tilston and 2970 m for the Generic model at the production wells screens, which led to 

the pressure drop of 5.5 MPa and 32.67 MPa respectively. The allowed pressure drop for the 

wells considering the proposed permeability of the reservoir was 0.5 GPa for both sites, 

which was greater than the maximum drop at the Generic model. The main concern related to 

the pressure drop was the temperature drop and phase changes at the production well. By 

dropping the pressure, temperature decreased as well and resulted in a low thermal efficiency 

of the geothermal system. At the injection wells, the pressure rises were within the acceptable 

calculated range by showing the maximum increase of ~1 MPa at the Tilston site. 
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 Heat transfer- Calibration 6.4

The temperature data for calibration of the simulation result was the combination of the 

actual measured temperatures for the first 1200 m and the analytically derived temperature 

with  Eq.3. Although this method was the only way to estimate the temperature of the deep 

formations, it could not replace the measured data in the sedimentary basins with the same 

accuracy. In order to limit the error of estimating temperature, the Craton formation opted as 

the most similar formation to the WCSB for this research. This limitation increased the 

probability of inaccuracy in the temperature estimation.  

At the Tilston site, the simulation results showed a larger estimated temperatures comparing 

to the measured temperature from 1100 to 1300 m depth, where layers of mainly dolomite 

and limestone exist. The thermal conductivity of these formations were 4.2 and 2.8 W/mK at 

ambient condition respectively. The error of the similartion was diminished by decreasing the 

thermal conductivity of dolomite to 3.1 W/mK. The effective thermal conductivity of 

limestone depended on the temperature and change of the thermal conductivity at ambient 

condition did not change the final value. In addition of the limestone and dolomite, the 

thermal conductivities of anhydrite and shale as main components of formations at depths of 

853 m and 884 m were decreased and increased respectively to decrease the simulation error 

within the first few layers.  

The maximum error was at 1200 m due to the substitution of the measured data with the 

analytical method temperatures. The error within the first 1200 m at Tilston was less than the 

deeper formations associated with the analytically estimated temperature. As shown in  Fig. 

5.1, the calibration results were highly compatible with the measured temperatures. This is 
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due to the assumptions, which were made for estimating the thermal parameters for  Eq.3. 

Therefore, it can be deduced that the calibration results of the models are more reliable 

compared to the analytical estimations.  

For the Generic model, due to the formations similarity with Tilston site and lack of 

information regarding the measured temperature, it was assumed that the same temperature 

was derived in the Saskatchewan part of the Williston Basin within the first 1200 m (for clay 

and shale formations) and for the formations below this depth,  Eq.3 was used. The 

combination of the Tilston measured temperature (transferred data) and  Eq.3 used for 

calibration of the Generic model. The errors between the transferred and the simulated 

temperatures for the first 1200 m layers had the largest values. E.g for the Generic model at a 

depth of 590 m the formation consisted of clay; however, for the Tilston site at the same 

depth the formations main components were clay and shale. Different components led to 

different thermal conductivity and thermal resistance, which increased the inaccuracy 

between the transferred and simulated temperature. Thermal conductivity of the first 590 m 

of the Generic site was assumed to be 1.64 W/mK (clay); however, for Tilston the first 138 m 

was 1.64 W/mK (clay) and the next 362 m was 2 W/mK (shale). Therefore, by increasing the 

effective thermal conductivity of the first 590 m in the Generic model to 4.17 W/mK, the 

error was diminished. The calibrated Generic model represented comprehensive accurate and 

more reliable temperatures in Saskatchewan part of the basin than derived from  Eq.3 due to 

its specific design for the Williston Basin and its geological formations. 
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 Heat transfer within thermal reservoir 6.5

The recorded temperature of the fluid at the production well screen of the Tilston site was 

47°C, equal to the thermal reservoir’s temperature, regardless of the injected fluid’s 

temperature to the reservoir for all phases. The lowest fluid temperature was 15°C (phase 3) 

which reached to the maximum of 47°C in 540 m distance from the injection on its way to 

the production well. No significant pressure drop was observed at the pumping well screen 

through phase 1 and 2; however, the well distance can be optimized.  

The maximum heat provided from the reservoir at the Tilston site increased the fluid 

temperature to 32°C. Assuming the design flow rate of 7000 m
3
/day and the temperature in 

combination with  Eq.28, this heat could provide enough energy for a 10 MW power plant. 

The maximum capacity of the Generic model’s thermal reservoir was 25 MW, considering 

the designed flow rate and temperature increase of 74°C for the injected fluid through the 

reservoir in phase 3. This capacity is 2.5 times larger than the maximum capacity of the 

DEEP project (section  2.2.4) which is underway in Saskatchewan at this moment. This states 

the efficiency of a geothermal system targeting the Prairie Evaporate very well. The fractures 

within the thermal reservoir increased the hydraulic conductivity of the formations that 

increased the fluid’s transport pace from the injection to the production well location. The 

fluid absorbed heat within the first few meters of its path from the injection to the production 

well rapidly and reach to the reservoir’s temperature due to high thermal conductivity of the 

halite (5.6 W/mK). However, the required time for the fluid to reach the reservoir’s 

temperature increased with time due to the growth of the cooler zones around the injection 

well. As shown in  Fig. 5.10, the temperature of the injected fluid was lower in the fractured 
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zone (well screen) than its upper formation in phase 2 due to the faster extension of the cooler 

zone in the fractured area than outside of the fractured zone.  

At the Tilston site, the maximum temperature loss of 23°C occurred in the production well in 

phase 1. The fluid’s temperature drop of 6°C from the target formation to the bottom of the 

first formation and the sharp drop of almost 17°C occurred at 138 m depth to the surface. 

This temperature loss provided enough energy for 5 MW electricity generation using the 

design flow rate. This amount equals the expected energy capacity of the DEEP project in 

Saskatchewan (section  2.2.4). Since DEEP targets a formation at 3 km depth, this attempt to 

target the Prairie Evaporate supplies the same energy at a depth of 1400 m. By considering 

the thermal conductivity of 0.54 W/mK and ΔT = 17°C, the heat flux within the 138 m of the 

formation (first layer with the highest temperature loss) was calculated as 9.18 W/m. The 

appropriate time for the fluid to lose 17°C considering the mentioned heat flux was 16 hours, 

which is 500 times more than the required time for the design flow rate to be pumped out 

from the reservoir. Therefore, the temperature reduction was simulated by FEFLOW was 

overestimated. The overestimation of the temperature reduction was  due to an BC effect, 

which is discussed in section  6.6. 

The temperature at 10 m depth was assumed to be the final derived temperature at the Tilston 

site section ( 5.2.2). The final derived temperature of the simulation in phase 3 was 43°C. The 

maximum temperature of 32°C was achieved after 1 day, which showed temperature loss of 

14°C considering the bottom hole temperature of 47°C. By increasing the temperature of the 

bottom hole to 47°C (at 90 days), the temperature of the wellhead increased as well and 

reached to 43°C with ~4°C temperature loss. The wellhead temperature increased slightly to 

43°C after 1 year and stayed constant afterward ( Fig. 6.2). The heat loss reduction was due to 

the creation of higher temperature plumes around the production well in phases 2 and 3. The 
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plumes size increased from the well screen to the wellhead of the production well along the 

simulation time.  

  

Fig. 6.2. The fluid temperature at the wellhead of the production well at the Tilston site.  

The maximum temperature of 105°C was observed in the 2
nd

 year of operation in the Generic 

Model. Similar to the Tilston site, the temperature loss decreased with time due to higher 

temperature zones around the well log. For example, at 590 m depth, the horizontal 

temperature gradient was 23°C/m after one year of operation and 17°C/m at 30 years of 

operation with almost 90°C at the production well. As presented in  Fig. 5.11, the temperature 

increased after 10 days of operation after a sharp reduction to the maximum of 110°C (year 2) 

and then transferred to constant behaviour in phase 3. The higher duration of phase 2 of the 

Generic model in comparison to the Tilston model was due to the larger hydraulic head drop 
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in the Generic model, which was approximately 5 times of the Tilston site, which led to a 

strong reduction of the temperature within the first 10 days of the operation.  
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 Heat transfer- BC effects 6.6

The temperature was strongly reduced within the first 10 m depth from the surface of the 

Tilston site due to the effect of BC on the simulation results ( Fig. 5.5). The fluid had high 

pressure and temperature at the production well screen. By pumping the fluid, pressure 

dropped due to friction which led to temperature loss. However, the fluid temperature was 

still higher than the formations surrounding the production well, which increased the 

formations temperature consequently. Theoretically, by increasing the formations’ 

temperature, the temperature loss will be reduced, and fluid with higher temperature will be 

derived at the surface. However, at the surface of the model constant temperature of 6°C was 

embracing the wellhead. The constant temperature BC was applied to each node of the 

surface; therefore, the low BC temperature was found at 1-2 m distance from the wellhead 

and induced a large heat flow from the borehole node to the neighboring nodes. At the first 

day of the operation, the fluid at the depth of 10 m had 30°C, which reduced to 23°C at the 

surface. By increasing the fluid’s temperature, the effect of upper BC became more 

significant. At 30 years of operation, 6°C temperature difference was observed at the first 10 

m depth that was almost twice as the temperature loss from the well screen to 10 m depth.  

Besides, the constant hydraulic head BC at the top of the model restricted any flow at the 

upper bound of the model. Therefore, the fluid’s temperature encountered a sharp 

temperature loss due to pressure loss and head drop. Eight sublayers had been used to 

represent the first geological layer at the Tilston site in order to minimize the effects of BCs. 

The average heat loss in the pumping well was 0.002°C/m by considering the fluid 

temperature at 10 m depth and 0.007°C/m at the surface. By selecting the final temperature at 
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a depth of 10 m temperature maximum error 0.05°C was accepted. This potential error was 

much smaller than the final derived temperature from the production well. Thus, determining 

the final derived temperature at a depth of 10 m instead directly at the surface resulted in 

negligible errors and strongly reduced the computation times. However, the accuracy of the 

simulation results was increased using multiple sublayers; the computational time increased 

incrementally.  

In the Generic model, instead of using sublayers, isolines have been applied to the model, 

which showed the temperature reduction from the wellhead to the surrounding area and the 

original temperature at the wellhead was observed and reported as final temperature.  
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 Effect of nonlinear density and variable viscosity 6.7

The simulation results of the Tilston model was obtained by considering the constant 

viscosity and linear density-temperature function due to the low temperature difference 

between the maximum and minimum temperature of the injected fluid. At Tilston, based 

in  Fig. 3.7 for fresh water, the above assumption was accurate enough considering the 

minimum effect of temperature on the density and viscosity variation. The underestimation of 

density would be maximum 1.08 kg/m
3
 that equals 0.11% and the overestimation of viscosity 

would be 74.73 µN-m
2
/s that equals 9.56%.  

The adaptability of this assumption for the Generic model was examined due to the higher 

range of temperature variations.  Fig. 6.3 demonstrates the derived temperature at the well 

screen of the injection well at Generic model using constant viscosity-linear density and 

variable viscosity-nonlinear density. Heat transfer for specific fluid is a function of fluid flow 

rate, volumetric heat capacity, and temperature variation. If the density of the fluid decreases, 

considering the constant values for all other parameters, the temperature difference will be 

increased. As shown in  Fig. 4.2, the density-temperature graph was divided into three 

sections. From 0-20°C, the nonlinear density showed smaller values comparing to the linear 

function, which led to higher temperature absorption from the surrounding formations. From 

20-80°C, the linear calculated density was smaller than the nonlinear calculated density with 

a maximum difference of 2 kg/m
3
 at 38°C. At the last section, the density of nonlinear 

function was lower than the linear calculated density with a maximum difference of 6.32 

kg/m
3
 at 100°C. Therefore, the fluid’s temperature was higher at the injection well screen of 

the nonlinear calculated density than linear calculated density as shown in  Fig. 6.3. The 
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temperature difference between the injected fluid at the well screen of the injection well, with 

and without considering the effect of temperature on density and viscosity, was almost 30°C 

within first two years of operation that showed the higher rate of temperature absorption for 

the model with temperature effect. 

 

Fig. 6.3.  Fluid temperature at the well screen of the injection well in the Generic model 

using constant and variable density and viscosity.  

The viscosity mainly affected the pressure or head drop along the wells. Lower viscosity led 

to less pressure or hydraulic head drop and increased the final derive temperature. The final 

temperature at the production wellhead with the constant viscosity of 0.00108 N-s/m
2
 and 

linear calculated density was compared to the final derived temperature of variable viscosity 

and nonlinear calculated density in  Fig. 6.4.  
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Fig. 6.4.  The temperature of the fluid at the wellhead of the production well, for the 

Generic model in phase 2 (developing phase). 

The effect of variable viscosity was observed mostly within 0.5 to 2 years of operation. The 

production fluid reached to 100°C after 1 year of operation; however, the temperature from 

the model with the fluid’s constant viscosity was 96°C.  

Based on the observations, the constant viscosity and variable density cannot be used for the 

simulation with high temperature differences. Additionally, the above figures demonstrated 

the higher efficiency of the system by considering the temperature effect on density and 

viscosity than the other model.  
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 Halite as thermal reservoir 6.8

It was assumed that the lower thermal resistance and higher thermal conductivity of halite 

within Prairie Evaporite increase the efficiency of the geothermal system by providing higher 

temperature and lower heat loss. The lower thermal gradient was the results of less 

temperature difference and lowers thermal resistance, which decreased heat loss and 

increased the heat absorption at the production well. Therefore, the efficiency of the model 

was investigated within two approaches. Approach 1 was carried out for the Generic model 

due to having approximately same (slightly higher) thermal gradients as Tilston along its 

formations and approach 2 was attributed to both models. The temperature of the Generic site 

was estimated as a combination of transferred temperature of Tilston site from 0 to 1200 m 

and analytically estimated temperatures for 1200 m to 3 km depth from  Eq.3. Therefore, the 

Generic model as a vertical extension of Tilston site developed similar thermal as Tilston 

model after calibration at steady state condition.  

In the first approach, the thermal gradient along thermal reservoir was determined using 

thermal conductivity of halite (5.6 W/mK) and average thermal conductivity of all upper 

formations (3 W/mK) as the reservoir thermal conductivity. During the first 90 days of 

operation (phases 1 and 2) the temperature was changing drastically; therefore, the thermal 

gradient along the reservoir considering halite’s thermal conductivity was compared to the 

average thermal conductivity during for this period and presented in  Table 6.2. The thermal 

conductivity of the model considering halite as the thermal reservoir was less than the other 

model that led to the higher efficiency of a system having halite as thermal reservoir due to 

lower heat loss within its thermal reservoir. 
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Table 6.2.  Thermal gradients of the reservoir considering halite and average thermal 

conductivities for phase 1 and phase 2.  

 

Halite as thermal 

reservoir (°C/m)  

Average thermal 

reservoir (°C/m) 

Phase 1- 1 Day 0.04 0.06 

Phase 2- 90 Days 0.004 0.7 

Phase 2-1 Year 0.04 0.74 

Average thermal gradient 0.028 0.5 

 

The derived temperatures for both models at the thermal reservoir are presented in  Fig. 6.5. 

As it is shown, the temperature at the surface of the Prairie Evaporite was 2°C higher than the 

other model. The higher temperature was due to less temperature loss and higher thermal 

conductivity of the halite comparing to other rock formations. This extra 2°C provided 

adequate heat for generating 0.6 MW which is 6% of the designed energy of 10 MW.  

 

Fig. 6.5. Temperature along the thermal reservoirs with a thermal conductivity of halite and 

the average value of all upper formations.  
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In approach 2, the thermal gradients of all the upper formations of the Prairie Evaporite were 

compared to the reservoir’s thermal gradient ( Table 6.3). The lowest thermal gradient of 

0.008°C/m was derived at the thermal reservoirs of Tilston site. At the Generic model, 

thermal gradients remained the same from 1200 m to 3 km due to the application of the 

analytical method in temperature estimation and calibration at steady state. The transferred 

temperature data for the first two layers showed the thermal gradients of 0.035 and 

0.016°C/m. The second layer (shale) and the reservoir showed the lowest thermal gradients of 

0.016 and 0.026°C/m. The potential thermal reservoir must develop low thermal gradients 

and high temperature. 

Table 6.3. Thermal gradients of Tilston and Generic models within their formations.  

Tilston model Generic model 

Formations Thermal gradient (°C/m) Formations Thermal gradient (°C/m) 

Clay & Sandstone 0.049 Clay 0.035 

Shale  0.032 Shale 0.016 

Shale  0.024 Shale 0.067 

Sandstone 0.054 Sandstone 0.033 

Shale 0.022 Shale 0.033 

Limestone 0.016 Limestone 0.033 

Anhydrite 0.031 Anhydrite 0.033 

Shale 0.020 Shale 0.033 

Dolomite 0.027 Anhydrite 0.033 

Limestone 0.038 Dolomite 0.033 

Shale & Sandstone 0.023 Shale 0.033 

Limestone 0.025 Limestone 0.033 

Dolomite 0.027 Limestone 0.033 

Limestone 0.025 Dolomite 0.033 

Dolomite 0.027 Salt 0.026 

Dolomite 0.025 Dolomite 0.034 

Dolomite 0.023     

Salt 0.008     

Dolomite 0.011     
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On one hand, the second layer containing mainly shale had the lowest thermal gradient at a 

depth of 1200 m, but it failed to provide enough heat for electricity production using EGS 

due to its low temperature (34°C). On the other hand, the Prairie Evaporite exposed low 

thermal gradient and high temperature at a depth of 3 km that approved the feasibility of this 

formation to be the thermal reservoir target.  
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Chapter 7. Conclusion 

The main objective of this research was to determine the feasibility of a geothermal 

application for electricity generation using EGS from the Prairie Evaporite Formations the 

Williston Basin. Prairie Evaporite contains layers of halite, which has lower thermal 

resistance and higher thermal conductivity comparing to other types of rocks, which led to 

lower thermal gradients from the reservoir to the upper formations and lower drilling depth, 

as well as a reduction in the total cost of the project.  

Summary of the research 

The thermal reservoir must be able to provide enough energy for heating the production fluid 

up to at least 80°C, for electricity production. Therefore, the temperature at the head of the 

production well is the most important result of the simulation, as it determines the efficiency 

and overall feasibility of the geothermal system. Two sites have been selected within the 

Manitoban and the Saskatchewan parts of the Williston Basin. The geological maps of the 

basin demonstrated an increase in depth and thickness of the basin’s formations from north-

east to south-west. The first study area was at Tilston, due to the high volume of accessible 

information regarding the measured temperature and thick halite formation (180 m) at a depth 

of 1.5 km. The second site (called as Generic) was originally a vertical extension of Tilston 
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site with the Prairie Evaporite Formation at a depth of 3 km and thickness of 118 m. This site 

was located in the Saskatchewan part of the basin with the same geological formations as 

Tilston. Two numerical models were set up in FEFLOW to assess the feasibility of the sites 

to provide adequate heat and flow for a 10 MW electricity production power plant 

At Tilston, the Prairie Evaporite’s temperature was equal to 47°C in the steady state, which 

provided heat to increase the fluid’s temperature up to 43°C at the surface of the Tilston site 

within 30 years of wells operation. However, the minimum required heat for electricity 

production was not derived at this location; the derived energy could be used for other 

purposes such as direct applications for factories or residential complexes, cooling/heating 

systems and heat pumps as discussed in section  1.2.3. By considering the insufficiency of the 

reservoir’s temperature in providing the minimum required temperature for electricity 

production, the Tilston model was run at transient state to simulate the effect of EGS wells 

operation on the hydraulic head, the fractures impact on the reservoir’s hydraulic 

conductivities, and heat losses through the reservoir and the production well.  

The low hydraulic conductivity of thermal reservoir (1E-14 m/s) was increased by hydraulic 

fracturing method at the wells location to the maximum of 1E-8 m/s, which was decreased to 

1E-10 and 1E-12 m/s along the lower pressure line between the wells. The brine of 6% NaCl 

was used as the transfer fluid due to its higher volumetric heat capacity than fresh water. The 

hydraulic and thermal variations became stable after 2 years of wells operation to the end of 

simulation time (30 years). 

The Generic model was able to provide 110°C at a depth of 3 km. Formation depths was the 

only difference between the Tilston site and the Generic model, which affect the formations’ 

temperature and the final derived temperature of the fluid. The final derived temperature at 
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the surface of the Generic model was 105°C, which provided energy for efficient electricity 

production. 

Therefore, the Prairie Evaporite containing halite as its main component, at 3 km depth, was 

supplying adequate thermal energy for electricity production. Besides, the thermal gradient of 

the halite was significantly lower comparing to other types of rocks as presented in  Table 6.3, 

which represented the high efficiency of halite with lower thermal resistance.  

Outcome of research 

The outcome of the research regarding the numerical modeling approaches, assumptions, and 

results were classified as following: 

 By numerical modeling, temperature, hydraulic head, and pressure of saturated porous 

media was determined. The application of an open loop system, which was modeled 

by a multilayer well, depended on the hydraulic conductivity and mesh distribution 

significantly. The mesh system was selected fine enough to lead to the convergence in 

an appropriate amount of time. A very fine mesh could increase the accuracy of 

modeling; however, it increased the simulation time considerably. Therefore, by 

evaluating the mesh consistency, which was described in section  6.1, the appropriate 

mesh size was determined with minimum computational time. Fine mesh system, 

reduced the simulation error in hydraulic head estimation with wells operation.  

 The location of the observation point affected the results in the surface such as 

recorded temperature or hydraulic head. The lengths of meshing elements were not 

exactly the same on various directions. The observation points, which were closer to 

the production well, recorded higher temperature comparing to the ones in further 

distances.  
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 The effect of BCs at the surface on simulation results was not negligible. For 

temperature determination, by accepting an error of 0.05°C, reliable results were 

derived from 10 m depth instead of the temperature at the surface of the model. This 

dependency increased the computation time considerably. 

 On one hand, adding the hydraulic fractures increased the hydraulic conductivity of 

the thermal reservoir at the well screen of the injection and production well and along 

the fluid path from the injection to the production well. Stronger fluid transfer 

consequently led to less heat loss and shorter required distance for fluid to absorbed 

temperature, which reduced the costs of hydraulic fracturing. On the other hand, it 

increased the risks of seismic activities for potential fields, which required continuing 

monitoring. 

 Pressure drop at the production well was controlled to eradicate the fluid’s phase 

change and extensive temperature loss. The hydraulic conductivity of thermal 

reservoir was important in defining the allowable pressure changes. 

 Measured data conducted to fewer assumptions and better simulation results. 

Fortunately, the sedimentary basins are popular in providing information regarding 

the temperature, formations, lithology, hydrostratigraphy, etc. However, the lack of 

information regarding recorded temperature along the drilling length was tangible. 

The applied analytical method for estimating the deeper formations temperature did 

not cover the WCSB, which was a short come of this method. To have a 

comprehensive knowledge of the temperature at deeper formations, the analytically 

derived temperatures at specific depths were compared to the few measured data at 

same depth to increase the accuracy of estimation. 
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 The impact of high temperature and pressure on density and viscosity increased the 

efficiency of the system for the cases which the fluid temperature changes more than 

50°C between 15 to 100°C. However, for smaller temperature changes (15-50°C) the 

density can be assumed as a linear function of temperature and viscosity as a constant 

value.  

 Temperature gradient for formations containing halite with 5.6W/mK thermal 

conductivity was twice the reservoir with a thermal conductivity of 3 W/mK.  

In this research, the numerical modeling provided information regarding the final derived 

temperature and fluid transfer within defined study areas. The mesh distribution, BCs, 

parameters estimation, and ICs influenced the simulation results. It was derived that the 

Prairie Evaporite Formation could be used as geothermal field with capacity of providing 

enough energy for a 10 MW electricity power plant. 
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Chapter 8. Recommendations 

This research presented the geological and lithological formations, numerical modeling 

approaches, calibrations, simulations of heat and fluid transfer and discussion the final 

derived temperature and pressure (hydraulic head) within specific sites. Further investigations 

are appreciated to promote the outcome of this research in the following fronts:  

 Hydraulic fractures modeling 

 Minerals dissolution and precipitation along the wells, and  

 Effective thermal conductivity estimation by experimental approaches. 

The geometry of the fractures along the reservoir is hypothetical in this research. The 

hydraulic head, pressure and temperature changes within the fractured area can be modeled 

using FEFLOW and the fractures size and distribution based on pressure variations can be 

determined. Determining the fractures size and geometry, reduce the cost of hydraulic 

fracturing by hindering the impractical fractures creation and reduce computational time of 

numerical model by optimizing the number and location of the elements.  

The saturated brine will be unsaturated to most minerals at open fractures due to pressure and 

temperature changes which lead to salt dissolution. Mineral dissolution avoids the fractures 
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clogging caused by salt creeping. The effect of different minerals dissolution on the salt 

formation considering the fractures opening can be determined geochemical transport 

modeling e.g. SEAWAT (Guo and Langevin, 2002) and PHT3D (Prommer et al., 2003). The 

candidates of saturated brines have been introduced in the literature review. MgCl2 was 

introduced as the most appropriate brine for heat transfer within saline formations, which can 

be further studied in detail by developing numerical models. The saturated brine at the 

production well screen will become under saturated along the production well due to 

temperature and pressure reduction and results in precipitation of salts. It is important to 

investigate the salts precipitation, its effect on the hydraulics along the production well and 

possible methods to diminish its effects. This technical detail has to be closely studied if 

geothermal energy should be derived from saline formations in the future. 

The thermal properties used to investigate the heat transfer for this study were based on 

literature review and mostly analytical methods. By having experimental approaches to 

determine the thermal conductivity of the main formation’s components at the proposed 

temperature in the laboratory, the simulation’s uncertainties will be reduced. 
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Appendix (a) Key parameters to estimate the depth temperature relationship of four main geological 

formations of Canada (Grasby et al., 2012). 

Region D (km) Qr (mW/m
2
) A0 (μW/m3) λ (W/mK) 

Craton 9.6 33 1.7-3.7 1.8-3.4 

Shield 8-10 33 0.9-2.6 2.6-3.4 

Atlantic 8-12 40 1.6-2.3 2.6-3.4 

Cordillera 10 50-60 2.0-5.0 2.6-3.4 

This study 9.6 0.033 3.4 2 
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Appendix (b) Below equations are the frictional and dynamic pressure terms for non-artesian well design.  

     Production well frictional pressure drop = 1.89 × 10−5 DTp [1 + (
DDp

DTp
)

2

]

0.5
μ0.21Qp

1.79

d4.79
     Eq.37

           Production well dynamic pressure drop =  9.87 × 10−5
Qpμ

kh
log10 [

2z

d
]     Eq.38

Injection well frictional pressure rise = 1.89 × 10−5 DTp [1 + (
DDp

DTp
)

2

]

0.5
μ0.21Qp

1.79

d4.79
     Eq.39

      Injection well dynamic pressure rise = 9.87 × 10−5
Qpμ

kh
log10 [

2z

d
]     Eq.40
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Appendix (c) Tilston geology, lithology, thickness, and hydrostratigraphy information 

Layer number Era Period Formation Lithology Thickness 
Hydrostratigraphy 

(Palombi, 2008) 

1 Cenozoic Tertiary 
Wynyard formation 

Gravel Siltstone 

134 
Aquifer Clay 

Gravel 

Turtle mountain formation Clay & Sandstone Aquitard 

2 

Mesozoic 

Cretaceous 

Boissevian 

Shale (Non-limy) 252 

Aquitard 

Pierre shale (flat white specks) Aquifer 

Niobrara 

Aquitard Modern shale 

3 
Favel 

Shale-Limy 210 
Ashville 

Aquifer 
4 Swan River 

Sandstone 

60 Shale 

Sandstone 

5 

Jurassic-

Triassic 

Waskada Shale 112 Aquitard 

6 Melita Limestone 36 
Aquifer 

7 Reston Anhydrite 45 

8 
Amaranth-Evaporite 

Shale-Teriasic 30 Aquitard 
Amaranth-Red Beds 

9  

 

 

Paleozoic 

 

Mississippian 

Lodgepole 

Dolomite 24 

Aquifer 
10 Limestone 91 

11 Bakken Formation Shale & Sandston  42 
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11 
 

 

 

 

 

 

 

 

 

Paleozoic 

Devonian 

Torquay Formation-Three Forks 

Formation (Lyleton) 
Shale Aquitard 

12 

Birdbear Formation(Nisku) Limestone 

70 

Aquifer 

Duperow Formation 

Limestone Aquitard 

Limestone 

Aquifer 

Limestone 

13 Dolomite 30 

14 Limestone 15 

15 Dolomite 64 

16 

Souris River 

Limestone 15 

Aquitard 
17 Dolomite 73 

18 

Shale 

70 Dolostone 

Dawson Bay Dolomite Aquifer 

19 Prairie Evaporate Salt 118 Aquitard 

20 Winnipegosis & Elm point Dolomite 195 Aquifer 

21 

Ashern Dolomite 

21 

Aquitard 

Silurian Interlake Dolomite Aquifer 

Ordovician 

Stony Mountain Dolomite 
Aquitard 

Stony Mountain Shale Limestone 

22 Red River 

Dolomite 

149 Aquifer 
Limestone 

Dolomite 

Limestone 

23 Winnipeg 

Shale 

70 
Aquitard 

Sandstone 

Shale 

Sandstone 

24 Precambrian Quartz 24 
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Appendix (d) Temperature-depth variation for Tilston model. 

Layer Elevation (m) Temperature (°C) 

Clay & Sandstone 134 11 

Shale-Non Limy 387 21 

Shale-Limy 597 26 

Sandstone 658 28 

Shale 771 30 

Limestone 808 32 

Anhydrite 853 33 

Shale 884 33 

Dolomite 908 33 

Limestone 1000 34 

Shale & Sandstone 1042 35 

Limestone 1113 36 

Dolomite 1143 37 

Limestone 1158 38 

Dolomite 1222 39 

Dolomite 1237 40 

Dolomite 1311 42 

Salt 1381 44 

Dolomite 1431 47 

Limestone 1500 52 

Dolomite 1695 53 

Shale 1716 57 

Sandstone 1865 59 

Quartz 1935 60 
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Appendix (e)  Selected values for Eq.3 considering the lowest error from the root mean square method  

between measured and calculated temperature (Grasby et al., 2012). 

Depth (m) z (m) Qr (W
m2⁄ ) A0 ( 

μW
m3⁄ ) D (m) K(W mK⁄ ) 

Temperature 

calculated (°C) 

Temperature 

measured (°C) 

10 0 0.033 3.4E-06 9600 2 8 8 

50 134 0.033 3.4E-06 9600 2 9 11 

90 253 0.033 3.4E-06 9600 2 10 9 

134 210 0.033 3.4E-06 9600 2 11 11 

387 61 0.033 3.4E-06 9600 2 18 21 

597 113 0.033 3.4E-06 9600 2 23 26 

658 37 0.033 3.4E-06 9600 2 25 28 
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Appendix (f) Density, pressure, and temperature of the Tilston site’s formations. 

Layer  Density (kg/m
3
) Pressure (MPa) Temperature (°C) 

Clay & Sandstone 2050 2.75 10.62 

Shale-Non Limy 1586 6.76 20.55 

Shale-Limy 2691 12.42 26.48 

Sandstone 1601 13.39 27.54 

Shale 1586 15.18 30.30 

Limestone 1554 15.75 32.10 

Anhydrite 2970 17.11 32.78 

Shale 1586 17.59 32.83 

Dolomite 2899 18.30 33.28 

Limestone 1554 19.72 34.48 

Shale & Sandstone 1588 20.40 34.54 

Limestone 1554 21.49 36.45 

Dolomite 2899 22.38 37.29 

Limestone 1554 22.61 37.71 

Dolomite 2899 24.47 39.46 

Dolomite 1554 24.70 39.88 

Dolomite 2899 26.83 41.88 

Salt 2899 28.86 43.80 

Dolomite 2323 31.62 47.05 

Limestone 2899 37.27 52.38 

Dolomite 1554 37.61 52.96 

Shale 2021 40.62 57.04 

Sandstone 1592 41.01 58.96 

Quartz 1592 41.01 59.63 
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Appendix (g) Tilston formations effective specific heat capacity values. 

Layer T1(°C) CpT1 T2(°C) CpT2 
Specific heat capacity 

(J/kg/K) 

Clay & Sandstone 20 0.742 10.62 0.734 1.57 

Shale-Non Limy 20 0.742 20.55 0.750 1.29 

Shale-Limy 20 0.742 26.48 0.760 2.22 

Sandstone 20 0.742 27.54 0.762 1.27 

Shale 20 0.742 30.30 0.766 1.32 

Limestone 20 0.742 32.10 0.769 1.16 

Anhydrite 20 0.742 32.78 0.770 2.49 

Shale 20 0.742 32.83 0.770 1.33 

Dolomite 20 0.742 33.28 0.771 2.64 

Limestone 20 0.742 34.48 0.773 1.16 

Shale & Sandstone 20 0.742 34.54 0.773 1.33 

Limestone 20 0.742 36.45 0.776 1.17 

Dolomite 20 0.742 37.29 0.777 2.67 

Limestone 20 0.742 37.71 0.778 1.17 

Dolomite 20 0.742 39.46 0.781 2.68 

Dolomite 20 0.742 39.88 0.781 1.17 

Dolomite 20 0.742 41.88 0.784 2.69 

Salt 20 0.742 43.80 0.787 2.70 

Dolomite 20 0.742 47.05 0.792 2.51 

Limestone 20 0.742 52.38 0.800 2.75 

Dolomite 20 0.742 52.96 0.801 2.25 

Shale 20 0.742 57.04 0.807 1.48 

Sandstone 20 0.742 58.96 0.810 1.78 

Quartz 20 0.742 59.63 0.798 1.33 
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Appendix (h) Effective thermal conductivity, specific heat capacity, volumetric heat capacity, and 

porosity for Tilston model. 

Layer 

Thermal 

conductivity 

(W/mK) 

Effective thermal 

conductivity  

(W/mK) 

Effective specific 

heat capacity 

(J/kg/K) 

Volumetric 

heat capacity 

(J/m
3
°C) 

Porosity 

(-) 

Clay & Sandstone 3.042 3.040 798.995 1.638 0.42 

Shale-Non Limy 1.400 1.412 837.962 1.329 0.06 

Shale-Limy 1.400 1.420 839.181 2.258 0.06 

Sandstone 4.060 5.330 810.319 1.297 0.39 

Shale 1.400 1.400 844.552 1.339 0.06 

Limestone 2.800 2.910 752.056 1.169 0.30 

Anhydrite 6.500 6.500 845.913 2.512 0.02 

Shale 1.400 1.400 846.440 1.342 0.06 

Dolomite 3.100 4.448 923.561 2.677 0.26 

Limestone 2.800 2.903 756.397 1.175 0.30 

Shale & Sandstone 2.350 1.400 851.668 1.353 0.06 

Limestone 2.800 2.896 757.859 1.178 0.30 

Dolomite 3.100 4.461 927.894 2.690 0.26 

Limestone 2.800 2.892 760.089 1.181 0.30 

Dolomite 4.200 4.448 929.814 2.696 0.26 

Dolomite 2.800 2.879 761.820 1.184 0.30 

Dolomite 4.200 4.434 931.509 2.700 0.26 

Salt 4.200 4.423 933.146 2.705 0.26 

Dolomite 5.700 5.175 1078.029 2.504 0.50 

Limestone 4.700 4.373 938.828 2.722 0.26 

Dolomite 2.800 2.846 768.281 2.227 0.30 

Shale 2.904 2.834 943.443 1.466 0.30 

Sandstone 2.137 4.980 867.938 1.754 0.06 

Quartz 5.600 6.200 833.697 1.327 0.001 
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Appendix (i) The used coefficients of pure water for temperature-dependent density function. 

Parameters Coefficients 

a1 9.998396e+02 

a2 6.764771e-02 

a3 -8.993699e-03 

a4 9.143518e-05 

a5 -8.907391e-07 

a6 5.291959e-09 

a7 -1.359813e-11 
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Appendix (j)  RMS between the generic and calculated thermal gradient for the Tilston site (Total 

RMS=0.03). 

Depth (m) 
Generic thermal 

gradient (°C/m) 

Simulated thermal 

gradient (°C/m) 
RMS 

10 0.1716 0.0453 0.0160 

15 0.0206 0.0519 0.0010 

20 0.0206 0.0519 0.0010 

25 0.0206 0.0519 0.0010 

30 0.0206 0.0599 0.0015 

40 0.0206 0.0599 0.0015 

90 0.0206 0.0519 0.0010 

134 0.0284 0.0440 0.0002 

387 0.0393 0.0327 0.0000 

597 0.0282 0.0245 0.0000 

658 0.0174 0.0551 0.0014 

771 0.0245 0.0227 0.0000 

808 0.0492 0.0166 0.0011 

853 0.0148 0.0252 0.0001 

884 0.0016 0.0208 0.0004 

908 0.0187 0.0273 0.0001 

1000 0.0131 0.0389 0.0007 

1042 0.0013 0.0181 0.0003 

1113 0.0274 0.0241 0.0000 

1143 0.0274 0.0275 0.0000 

1158 0.0274 0.0233 0.0000 

1222 0.0274 0.0275 0.0000 

1237 0.0274 0.0230 0.0000 

1311 0.0274 0.0218 0.0000 

1381 0.0274 0.0077 0.0004 

1431 0.0274 0.0109 0.0003 

1500 0.0274 0.0325 0.0000 

1695 0.0273 0.0284 0.0000 

1716 0.0274 0.0298 0.0000 

1865 0.0273 0.0201 0.0001 

1935 0.0274 0.0094 0.0003 

1960 0.0274 0.0089 0.0003 
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Appendix (k) Final calibrated thermal conductivities of the Tilston site for each formation.  

Layer 
Thermal conductivity 

(W/mK) 

Effective thermal 

conductivity (W/mK) 

Clay & Sandstone 1.64 1.36 

Shale-Non Limy 2.00 2.02 

Shale-Limy 2.00 2.03 

Sandstone 2.70 2.73 

Shale 2.00 1.48 

Limestone 2.80 2.94 

Anhydrite 6.50 5.20 

Shale 2.00 2.05 

Dolomite 3.10 3.22 

Limestone 2.80 2.92 

Shale & Sandstone 2.50 2.57 

Limestone 2.80 2.91 

Dolomite 3.10 3.23 

Limestone 2.80 2.90 

Dolomite 3.10 3.63 

Dolomite 2.80 2.88 

Dolomite 3.10 3.68 

Salt 4.00 3.72 

Dolomite 6.23 5.20 

Limestone 4.70 3.27 

Dolomite 2.80 2.80 

Shale 2.90 2.77 

Sandstone 4.20 4.24 

Quartz 5.60 7.14 
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Appendix (l) Layering, lithology, and thicknesses for the Generic model. 

Layer Number Era Period Formation Lithology Thickness 

1 Cenozoic Tertiary Wynyard Formation Gravel Siltstone 590 

Clay 

Gravel 

Turtle Mountain Formation Clay & Sandstone 

2 Mesozoic Cretaceous Boissevain Shale (Non-limy) 490 

Pierre Shale (Flat White Specks) 

Niobrara 

Modern Shale 

3 Favel Shale (Limy) 207 

Ashville 

4 Swan River Sandstone 27 

Shale 

Sandstone 

5 Jurassic-

Triassic 

Waskada Shale 130 

6 Melita Limestone 76 

7 Reston Anhydrite 147 

8 Amaranth-Evaporite Shale-Triassic 15 

Amaranth-Red Beds 
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9 Paleozoic 

 

 

 

 

 

 

 

 

 

 

 

 

Mississippian Charles Formation Anhydrite 295 

10 Lodgepole Dolomite 187 

11 Bakken Formation Shale And Sandstone-

Limy 

580 

Devonian Torquay Formation-Three Forks 

Formation  

Shale 

12 Birdbear Formation (Nisku) Limestone 79 

Duperow Formation Limestone 

Limestone 

Limestone 

Dolomite 

Limestone 

Dolomite 

13 Souris River Limestone 137 

Dolomite 

Shale 

Dolostone 

14 Dawson Bay Dolomite 95 

15 Prairie Evaporate Salt 118 

16 Winnipegosis & Elm Point Dolomite 849 

Ashern Dolomite 
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Appendix (m) Temperature, density, and pressure of the Generic model. 

Layer  Temperature (°C) Density (kg/m
3
) Pressure (MPa) 

Clay 26.48 2,050 12.10 

Shale 34.54 1,586 19.87 

Shale 48.33 2,691 25.44 

Sandstone 49.26 1,601 25.89 

Shale 53.59 1,586 27.96 

Limestone 56.13 1,554 29.15 

Anhydrite 61.00 2,970 33.51 

Shale 61.53 1,586 33.76 

Anhydrite 71.28 2,970 42.52 

Dolomite 77.47 2,899 47.95 

Shale 96.51 1,588 57.16 

Limestone 99.15 2,227 58.92 

Limestone 103.70 1,554 61.06 

Dolomite 106.86 2,899 63.82 

Salt 109.98 1,592 64.44 

Dolomite 135.87 2,899 89.07 
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Appendix (n) Thermal properties of the Generic model.  

Layer 
Effective thermal 

conductivity(W/mK) 

Effective specific heat 

capacity (J/kg/K) 

Volumetric heat 

capacity (J/m
3
 

°C) 

Porosity (-) 

Clay 4.17 786.36 1.61 0.42 

Shale 2.02 841.85 1.34 0.06 

Shale 2.03 851.45 2.29 0.06 

Sandstone 2.69 852.74 1.37 0.39 

Shale 1.48 858.72 1.36 0.06 

Limestone 2.74 767.30 1.19 0.30 

Anhydrite 5.20 868.82 2.58 0.02 

Shale 2.05 869.53 1.38 0.06 

Anhydrite 3.22 882.56 2.62 0.26 

Dolomite 2.92 969.23 2.81 0.23 

Shale 2.57 915.06 1.45 0.28 

Limestone 2.51 817.27 1.82 0.30 

Limestone 4.36 822.29 1.28 0.26 

Dolomite 4.40 1,009.65 2.93 0.26 

Salt 5.6 1,166.87 1.86 0.50 

Dolomite 4.92 1,047.05 3.04 0.26 
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