
  

 

 
 

 

 

 

 

 

 

 

 

 

Numerical Modeling of Cold Water Injection into 

Supercritical Geothermal Reservoirs 

Riley S. Newman  

Thesis of 60 ECTS credits 

Master of Science (MSc) in Sustainable Energy 

Engineering 

May 2018



ii 

 



  

 

 
 

 

Numerical Modeling of Cold Water Injection into 

Supercritical Geothermal Reservoirs 

 
Thesis of 60 ECTS credits submitted to the School of Science and Engineering 

at Reykjavík University in partial fulfillment of 
the requirements for the degree of 

Master of Science (M.Sc.) in Sustainable Energy 

Engineering 

 

May 2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Supervisors: 

Juliet A. Newson, Supervisor 

Department Head, Iceland School of Energy, Reykjavík University, Iceland 

 

Examiner: 

Jean-Claude C. Berthet, Physicist, Vatnaskil Consulting Engineers, Iceland



iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Riley S. Newman 

May 2018 

 

 

 



vi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 
 

Numerical Modeling of Cold Water Injection into 

Supercritical Geothermal Reservoirs 

Riley S. Newman 

May 2018 

 
Abstract 

As concern grows regarding the environmental impacts of human-induced climate 

change, there is a rising clamor for reducing the pervasive global dependence on 

fossil fuels in favor of renewable energy sources and the promotion of sustainable 

exploitation of the Earth’s resources. Geothermal energy is a renewable energy 

resource found in the reservoirs of high temperature geothermal systems. In broad 

terms a high temperature geothermal system is comprised of a multitude of 

processes which redistribute heat and mass via fluid flow, driven by thermal energy 

from hot magmatic heat sources deeper in the subsurface. Despite the necessity of 

the heat source for the existence of an exploitable geothermal resource, the nature 

of these geothermal roots is not well understood. The increased interest in 

geothermal heat sources is not merely based on improving the scientific 

understanding of these natural systems, but also due to the hypothesized increased 

power production potential of supercritical fluids found proximate geothermal heat 

sources. In response to burgeoning interest in understanding supercritical 

geothermal resources, developing numerical models that represent the complex 

interplay of thermal and fluid movement in these systems is of utmost importance. 

The aim of this study is to apply the improved supercritical air-water equation-of-

state of the AUTOUGH2 numerical simulator to an artificial supercritical 

geothermal reservoir. A radially symmetric numerical model is used to investigate 

the response to cold water injection of a geothermal reservoir with conditions 

analogous to the first measured conditions in the second well of the Iceland Deep 

Drilling Project (IDDP-2). The IDDP-2 well was completed in January of 2017 and 

subsequently stimulated with cold water injection. Deep wells such as IDDP-2 

represent potential opportunities for revitalizing aging geothermal fields with deep 

re-injection or creating enhanced geothermal systems by injecting working fluids 

into fractured supercritical domains. Understanding the response of a supercritical 

reservoir to cold injection, and the processes occurring near the wellbore are the 

first steps towards achieving these advances in geothermal energy utilization 

worldwide. 

 

 

Keywords: Numerical Modeling, Geothermal, Supercritical, TOUGH2, Iceland 

Deep Drilling Project
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Tölulegt líkan fyrir niðurdælingu á köldu vatni í 

yfirkrítískum jarðhitakerfum 

Riley S. Newman 

Maí 2018 

 
Útdráttur 

Versnandi viðhorf m.t.t. neikvæðra umhverfisáhrifa af mannavöldum hefur ýtt undir 

breytingar á innviðum samfélaga þar sem brýnni þörf er á endurnýjanlegum orkugjöfum 

í stað jarðefnaeldsneytis. Jarðhiti er endurnýjanlegur orkugjafi sem finnst á 

háhitasvæðum. Háhitasvæði samanstanda af mörgum hitaferlum þar sem uppruni 

hitaflæðis tengist oftast megineldstöð og sprungusveimum. Háhitasvæði eru nauðsynleg 

fyrir jarðhita en þrátt fyrir það er skilingur á þessum svæðum ekki næginlega góður. 

Aukinn áhugi á jarðhitasvæðum er ekki einungis vegna þess að þörf er á að bæta 

vísindalegan skilning á þessum svæðum heldur einnig vegna þess að nýting vökva í 

yfirkrítísku ástandi gæti aukið orkuvinnslu á jarðhitavökva til muna. Reiknilíkön, með 

hliðsjón af víxláhrifum hita- og vökvaflæðis, voru þróuð til þess að skilja betur 

jarðhitanýtingu á yfirkrítískum svæðum. Markmið þessa verkefnis er að nota jöfnur innan 

reiknilíkansins í AUTOUGH2 til þess að herma eftir aðstæðum innan yfirkrítísks 

jarðhitasvæðis. Geislótt reiknilíkan var búið til þess að líkja eftir viðbrögðum 

jarðhitakerfis, í sambærilegu ástandi og mælt var í Íslenska djúpborunarverkefninu 

(IDDP-2), við niðurdælingu á köldu vatni. IDDP-2 holan var kláruð í janúar 2017 og örvuð 

með niðurdælingu á köldu vatni. Djúpir brunnar líkt og IDDP-2 eru tilvalnir til þess að 

blása nýju lífi í gömul jarðhitakerfi með niðurdælingu á köldu vatni á miklu dýpi eða með 

því að auka framleiðslugetu svæðisins með niðurdælingu á vinnsluvökva. Aukinn 

skilningur á viðbrögðum yfirkrítískra svæða við niðurdælingu á köldu vatni og áhrifum 

þess við borholuna eru fyrstu skrefin í átt að aukinni þekkingu á jarðhitasvæðum á 

heimsvísu. 
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Chapter 1 

1Introduction 

As concern grows regarding the environmental impacts of human-induced climate 

change, there is a rising clamor for reducing the pervasive global dependence on fossil fuels 

in favor of renewable energy sources and the promotion of sustainable exploitation of the 

Earth’s resources. Geothermal energy is classified as a renewable energy resource and thus 

presents an alternative to the energy sources that have become the conventional sources of 

base load power internationally. Although geothermal energy is often classified as a 

sustainable resource, the sustainability of a geothermal reservoir depends primarily on the 

effective management of the resource. The task of managing a geothermal reservoir is 

multidisciplinary; requiring production monitoring, geochemistry, reservoir engineering, 

and numerical simulation to understand the dynamic reservoir response to utilization. 

Subsequently, efforts to understand the fundamental processes which characterize 

geothermal systems have received increased attention from both scientific and industrial 

perspectives. Developing accurate numerical models to understand the effects of 

exploitation is a primary tool for reservoir management. 

The energy of a geothermal system is generated and stored in the Earth’s subsurface. 

This energy manifests itself in a multitude of subsurface processes which redistribute energy 

and mass via fluid flow. The summation of these processes results in high temperature 

geothermal systems. The heat sources for high temperature geothermal systems are typically 

related to implacements of magmatic melt underlying the system. The fluids contained in 

the pores of the system rock are heated from these magma bodies to extreme temperatures. 

The high temperature and hydrostatic pressures at these depths produce thermodynamic 

conditions suitable for the existence of fluids in a supercritical state. These supercritical 

fluids contain significant thermal energy which has great potential for drastically increasing 

the power output from geothermal power plants, as well as providing key insights into the 

processes occurring at the roots of geothermal systems and in other manifestations of 

geothermal energy (i.e. hydrothermal vents found tectonic rift zones on the oceanic floor). 

The nature of these supercritical fluids, their parent heat sources and the heat transfer 

induced by them is not well understood, due to the lack of direct observation.  

Efforts to study the heat transfer processes in the vicinity of magma bodies and determine 

the viability of supercritical resources proximate these heat sources for power generation are 

ongoing. One such effort is being conducted by the Iceland Deep Drilling Project (IDDP). 

The IDDP consists of a consortium of Icelandic energy companies, the National Energy 

Authority of Iceland, and several international companies. This group is determined to 

investigate the existence, behavior, and nature of supercritical fluids at drillable depths, how 

these fluids couple magmatic heat sources with overlying hydrothermal systems and 

discover the economic and technical feasibility of harnessing the supercritical roots of 

geothermal systems. The IDDP investigation into high enthalpy geothermal resources has 
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significance for geothermal development worldwide and by extension presents potential 

options to meet the growing demand for sustainable energy production.  

The IDDP-2 well, is a geothermal well drilled into the Reykjanes peninsula in southwest 

Iceland. The process of drilling geothermal wells such as IDDP-2, requires the fracturing of 

rock by a drill bit attached to a lengthy drill string. The pulverized rock cuttings created by 

the drill bit are carried to the surface by circulating drilling fluid. The byproduct of this 

circulating fluid is the cooling of the rock surrounding the borehole. Furthermore, broad 

implications for the future of geothermal energy use include; potential for revitalizing aging 

geothermal fields with deep re-injection of spent geothermal fluid, or injection of working 

fluids into fractured supercritical domains to create enhanced geothermal systems (EGS). 

Understanding the effects of the cold-water input from drilling, well completion tests, or 

during deep reinjection of spent geothermal fluid from the nearby Reykjanes geothermal 

power station, is the subject of this thesis. The primary goal of this study is to create a sound 

foundation for numerical investigation into the energy and mass flows in supercritical 

geothermal regimes akin to the conditions measured in the IDDP-2 well. In this aim, the 

numerical simulator TOUGH2 is used to iteratively compute energy and mass balances 

throughout a specified model grid to produce simulations of the effects of cold water 

injection into a modeled supercritical geothermal reservoir for various configurations of 

parameters and reservoir scenarios. The results from the simulations are then presented and 

interpreted.  

The organization of this thesis is as follows. Chapter 2 serves to review relevant 

background information regarding the general characteristics of geothermal systems, the 

thermodynamics of supercritical fluids, the development history of numerical simulators and 

the methods of modeling geothermal processes, and an update on research projects into the 

deep roots of geothermal systems with a focus on IDDP and the IDDP well on Reykjanes. 

Chapter 3 describes the numerical modeling tools used in this study, the specification of key 

simulator parameters, the model grid design and validation strategy, the design of the single-

layer and multi-layer radial models, the analysis techniques used to interpret results, and the 

details regarding a sensitivity analysis of the impact of varying model characteristics. 

Chapter 4 presents the results from the models described in Chapter 2.  Chapter 5 interprets 

the results presented in Chapter 4. Chapter 6 contains conclusions and implications of the 

results of this study. Lastly, Appendix A and Appendix B follow the main body of the thesis 

and contain supporting figures for prior chapters. 
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Chapter 2 

2Background 

2.1 Geothermal Systems 

High temperature geothermal systems are found worldwide, typically associated with 

tectonically active regions (subduction zones, rift systems, etc.), and the corresponding 

volcanism of the region [1]. A geothermal system is an expression of geothermal energy, or 

the energy from the earth’s natural temperature gradient. In broad terms a geothermal system 

is comprised of a multitude of subsurface processes which redistribute energy and mass via 

fluid flow [2].  

Geothermal systems are classified in a variety of ways to differentiate between systems 

e.g. reservoir temperature, heat transfer process, or geologic setting. Examples of 

classifications include; Volcanic, Convective, Sedimentary, Geopressurized, and Hot Dry 

Rock (HDR) or Engineered Geothermal Systems (EGS). Volcanic and sedimentary systems 

are named for the geological setting of the system and by the nature of the system heat 

source; volcanic intrusions/magma and above average geothermal gradients respectively. 

Sedimentary systems are predominantly conductive, while convective systems occur in 

fractured geological regimes and/or volcanic locals. Geopressurized systems occur in 

sedimentary regions where stratigraphic units trap hot geofluids. HDR or EGS systems are 

systems which rely on induced fracture networks to transmit working fluids through a hot 

geological domain [1].  

The prevailing convention, is classification based on fluid temperature (as a proxy for 

the system enthalpy). Low temperature (enthalpy) systems, or systems with reservoir 

temperatures less than 150°C, are often caused by heat originating in the deep subsurface 

being transported via fluid flow through permeable geologic structures [1]. By contrast, high 

temperature (enthalpy) systems, or systems with reservoir temperatures exceeding 200°C, 

are commonly related to active volcanism [1]. High temperature geothermal systems are 

often characterized by shallow magma bodies, or intrusives as heat sources. These are 

convecting systems with meteoric or seawater acting to redistribute thermal energy within 

the system. 

The following sections focus on convecting high temperature geothermal systems 

exclusively, and discuss the key features of convecting hydrothermal systems and the factors 

influencing system size and geometry to answer the following: 

 

• What are the key characteristics of a high temperature geothermal system? 

• What processes occur within a high temperature geothermal system? 

• What are supercritical conditions and how do they relate to geothermal systems? 
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2.1.1 High Temperature Geothermal Systems 

The existence of high temperature hydrothermal systems with commercially viable 

reservoirs is dependent on four primary characteristic features; a saturated host rock, a 

permeability structure providing sufficient permeability for fluid movement and often lower 

permeability confining geological units, a mechanism for fluid recharge into the system, and 

crucially a powerful heat source [3]. These features are necessary for the existence of a 

steady state convecting hydrothermal system. Each of these characteristic features are 

discussed further in following sections, as well as the factors influencing the geometry of 

the exploitable region of a geothermal system; the geothermal reservoir.  

 

2.1.1.1 Fluid 

A saturated rock matrix is necessary for the existence of convective high temperature 

system. The host rock must contain fluid within rock pores to facilitate the energy transport 

within the system. The most prevalent fluid found within convective systems is meteoric or 

saline water which is in a temperature-dependent equilibrium the host rock. This geofluid 

can vary in corrosivity, acidity, and chemical composition depending on the geothermal 

system. 

 

2.1.1.2 Permeability Structure 

Given the dynamic nature of a convective system, hot water or steam contained within 

the geologic rock matrix must have sufficient mobility to allow for convection cells to 

develop over geologic time thus the presence of geological units with sufficient permeability 

for fluid flow is essential. The existence of permeability can be due to rock matrix 

permeability allowing fluid movement, or alternatively due to the existence of fractures in a 

low permeability rock matrix forming fluid pathways. The geo fluid and meteoric recharge 

fluids are seen to follow fracture and permeable pathways in Figure 2.1. In addition, 

permeability also is a significant factor in the productivity of any wells drilled for 

exploitation purposes and by extension the profitability of a geothermal resource. 

Conversely, the size of a geothermal reservoir is often primarily related to the 

constraining low permeability geological formations creating the geometry of the 

geothermal system, as discussed in a following section. Frequently in high temperature 

systems an upflow ‘cap’ forms where temperature and pressure conditions favor the 

precipitation of secondary minerals, these altered geological layers; typically altered clay 

minerals, have low permeability. The low permeability of clay caps or confining layers allow 

hot buoyant water to be concentrated by preventing an influx of cold water from shallow 

aquifers. In cases with semi-permeable formations or formations with areas of local 

permeability as the cap rock e.g. Ohaaki Geothermal Field, New Zealand, cold ground water 

downflow has been observed in response to mass extraction from the underlying geothermal 

reservoir [4]. 
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2.1.1.3 Recharge 

For a geothermal system to contain a reservoir viable for commercial utilization, the 

system must have effective system recharge to ensure that reservoir pressure will be 

maintained or capable of recovering in response to mass extraction from the system. 

Typically recharge originates at the ground surface as freshwater which percolates into the 

subsurface and is heated by the heat source of the system. An example of meteoric system 

recharge is shown in Figure 2.1. 

 

2.1.1.4 Heat Source 

Arguably the most important factor in a convective hydrothermal system is the thermal 

energy source of the system. Increased thermal input is a key difference between conductive 

and convective geothermal systems, as convective systems require additional heat beyond 

the natural geothermal gradient. These heat requirements are provided by magma from 

intrusions or melt due to tectonic rifting at depth [5]. Magmatic intrusions cause fracturing 

of the host rock, heating, and frequently boiling of the circulating groundwater and the 

density variation which subsequently drives convection. In Figure 2.1 a magmatic heat 

source is shown at the base of the figure and temperature contours of a typical high 

temperature geothermal system are presented. In several geothermal systems researchers 

have approximated the mass of magma needed to sustain the system over its lifetime and 

determined that often the volume of cooling magma required exceeds the volume available 

in the subsurface, concluding that in many cases the magmatic heat source is itself 

convecting or transient [5]. These energetic inputs to geothermal systems are commonly 

referred to as the geothermal “roots” and are the subject of increasing scientific scrutiny as 

well as the topic of further discussion in later sections of this work [6]. 

 

2.1.1.5 System Geometry 

The geometry of the permeability structure, permeable and impermeable zones, in a 

geothermal system determines the size and extent of the geothermal reservoir and the 

exploitable resource volume. In 2017, Wallis et al. proposed a system of characterization of 

geothermal reservoirs based on a continuum of geometries. This method of classification 

encompasses all known geothermal reservoirs and is described as a spectrum including 

focused, influenced, and unconstrained flow [7]. Focused flow reservoirs are systems where 

the bulk rock permeability is insufficient for natural convection to occur without the 

presence of fluid pathways created by fractures, faulting, or intrusions. Influenced flow 

reservoirs are an intermediate characterization where the system upflow follows geologic 

trends but are less restricted to specific fluid pathways. The generalized hydrothermal system 

shown in Figure 2.1 is not representative of an influenced flow classification, as convection 

occurs in areas with permeability structures present but does not restrictively follow these 

structures, thus the figure merely represents a highly generalized high temperature 

geothermal system for reference purposes. It is suggested that influenced flow reservoirs 
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may have variable degrees of anisotropy while remaining less anisotropic than focused flow 

systems flow [7]. The extreme end members of the proposed methodology are no flow and 

unconstrained flow systems. In a no flow system the permeability restricts fluid movement 

to a sufficient degree resulting in a pseudo conductive temperature gradient flow [7]. 

Unconstrained flow characterization is a theoretical end-member to the continuum where 

the permeability structure in homogenous and isotropic [7].  

 

 

Figure 2.1  Diagram of typical convective high temperature 

geothermal system processes. The geothermal reservoir is indicated 

by the boxed region. Meteoric recharge permeates down through 

geologic strata into the reservoir following permeable structures 

indicated by blue flow arrows. Heat is provided by a magma body as 

well as background heat flow. Heated buoyant fluid rises as indicated 

by the doming of temperature contours and the red flow arrows. A 

representative contour for the Brittle-Ductile boundary is shown 

labeled in grey. Surface manifestations (e.g. Fumaroles) are shown 

above the geothermal reservoir. Typical depths are shown on right 

side of figure in km.  

 

2.1.2 Geothermal Roots 

Despite the necessity of the heat source in the formation of a high temperature 

geothermal system, the nature of heat sources and the heat transfer induced by them is not 

well understood, due to the lack of direct observation [3][5]. The heat transfer is widely 

believed to be the result of a multitude of processes including; magmatic circulation or flow, 

fluid flow, heat exchange between fluids and rocks, chemical reactions, and thermo-elastic 

rock mechanics, however these theories remain challenging to test [6]. The increased interest 
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in geothermal roots is not merely based on improving the scientific understanding of these 

natural systems, but also due to the hypothesized power production potential of supercritical 

fluids found proximate geothermal heat sources. Supercritical fluids, which will be 

described in more detail in a following section, occur above the brittle ductile transition zone 

where magmatic fluids exist in the underlying plastic rock and hydrothermal fluids exist in 

the overlying brittle rock [9]. The brittle-ductile transition zone is indicated in Figure 2.1, 

this contour can be used as a reference for the region of the system containing this boundary 

as it could represent a range of heightened temperatures approaching the magmatic heat 

source. 

Deep wells found in high temperature geothermal fields worldwide e.g. Italy, Japan, 

USA, Iceland, Mexico, and New Zealand have encountered fluids in or near the supercritical 

phase [9]. These supercritical fluids are of particular interest for power production because 

of the higher enthalpies and lower viscosities they possess in comparison with the two-phase 

mixtures at subcritical temperatures utilized in the majority of productive geothermal power 

plants [10]. Estimates predict a supercritical geothermal well could potentially produce an 

order of magnitude greater power output than a conventional well for a given volumetric 

flowrate [11][12]. 

The thermodynamics of supercritical and superheated fluids found in proximity to 

geothermal heat sources and a brief review of some of the research conducted to study these 

aspects of geothermal systems are discussed in the following sections. 

 

2.1.2.1 Supercritical geothermal conditions 

Water can be described thermodynamically by temperature and pressure while it remains 

single phase liquid or vapor. In two-phase conditions, pressure and temperature are related 

to the characteristic saturation curve of water and thus an independent alternate variable 

must be used to distinguish a unique value for desired thermodynamic properties, this 

alternate variable is typically steam quality, liquid saturation, or fluid enthalpy. The 

temperature-pressure diagram for steam is shown in Figure 2.2. This diagram, which is in 

accordance with the definitions provided by the International Association of the Properties 

of Water and Steam (IAPWS) formulation for the thermodynamic properties of water, 

illustrates the four thermodynamic regions for water as well as the critical point and 

saturation line. As ascertained from Figure 2.2, the critical point for pure water is reached at 

a temperature of 373.976°C and a pressure of 22.055 MPa [13][14]. This point is often 

approximated as a small region between 373.5-374.5°C where other fluid properties such as 

specific enthalpy, fluid density, isothermal compressibility, thermal conductivity, and 

dynamic viscosity experience rapid change and discontinuities in response to slight changes 

in pressure or temperature [14]. 
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Figure 2.2  Temperature-pressure diagram in accordance with the 

IAPWS-97 pure water thermodynamic formulation (Adapted from 

[15]). IAPWS defined thermodynamic regions numbered 1-4, for 0-

800°C temperature range and 0-100 MPa pressure range. 

 

At the critical point saturated liquid and saturated vapor phases are indistinguishable, 

and beyond the critical point (increased temperature or pressure) a single phase exists, 

termed supercritical. As previously discussed, supercritical fluids possess much higher 

enthalpy and lower viscosity than conventional high temperature geothermal resources, and 

thus are predicted to produce significantly more power output than a conventional well for 

a given volumetric flowrate and have additional benefits like reduced power plant footprint 

and less well drilling required for a given power plant output [11][12]. 

It is worth noting that while definitions regarding supercritical fluids vary slightly 

between reference sources and may, for example, disagree over definitional differences 

between supercritical and superheated fluids, there is no established definition of what can 

be considered a supercritical geothermal resource. Dreisner, Weis, and Scott (2015) 

proposed the definition of an exploitable supercritical resource as the region of a geothermal 

system where permeability is greater than 10-16 m2, and the temperature and specific 

enthalpy of water are greater than their critical values (373.976°C and 2.086 MJ/kg) [13]. 

For the purposes of this study however, a supercritical geothermal resource will be a system 

with fluid conditions above the critical point as described by IAPWS-97 (the definition relied 

on by the numerical modeling code) and reservoir permeability values will not be used as an 

independent constraint on the investigations in following chapters. The term “superheated” 

will be applied to fluids with temperature values exceeding the critical temperature but with 

pressures insufficient to be classified as supercritical. Superheated fluids also possess 

heightened enthalpies in comparison with two-phase and single-phase fluids. 

 

2.1.2.2 Research 

Efforts to study the heat transfer processes in the vicinity of magma bodies and determine 

the viability of supercritical resources proximate these heat sources for power generation are 

ongoing.  For example in 2015 a numerical modeling study used a numerical modeling code 

CSMP++, discussed in a later section, to model a deep well in northern Iceland and showed 
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reasonable correspondence between direct well measurements and the simulated results [8]. 

The investigation examined the geological constraints on the formation of supercritical 

fluids near magmatic intrusions. Results showed that fluid in the upflow region of the 

geothermal system are not isothermal or isentropic indicating that conventional high 

enthalpy geothermal resources can be explained by the mixing of rising supercritical fluids 

sourced from the margins of cooling intrusives, mixing with overlying cooler water [13].  

Another research initiative the Deep Roots Geothermal (DRG) project was a large-scale 

investigation into a multitude of aspects of relating to geothermal roots. The DRG was 

funded by a consortium of Icelandic entities including; the GEORG research group, 

Landvirkjun, Reykjavik Energy, and HS-Orka (Icelandic power companies), both University 

of Iceland and Reykjavik University, as well as the Iceland GeoSurvey, and Vatnaskil 

Engineers [16]. The purposes of the DRG project included; studying geology of accessible 

extinct geothermal volcanic systems, using micro-seismicity to study active systems, 

monitoring crustal deformation and gas emission, planning and designing components for 

use in deep geothermal wells subject to supercritical conditions, and advancing modeling 

capabilities to meet the demand introduced by deep geothermal exploration [6]. The DRG 

project was subdivided into three primary focus areas; Identification and Exploration, 

Numerical Modelling of Volcanic Geothermal Systems, and Utilization – Well and Power 

Plant Design. The results of studies conducted within each focus area are published on the 

DRG page on the GEORG website (http://georg.cluster.is/deep-roots-of-geothermal-

systems/).  

The DRG Identification and Exploration studies aimed to develop new techniques for 

seismically imaging magma bodies, improve understanding of the interaction between 

magma and volatiles with surrounding groundwater, and relating gas emission from 

geothermal areas with structural deformation. Data from a dense network of seismometers 

in the geothermal area associated with the Krafla volcano in Northern Iceland were collected 

by ISOR and interpreted by PhD students at Cornel University, in the USA. The results from 

two types of seismic data processing methods, Virtual Reflection Seismic Profiling and 

reverse Vertical Seismic Profiling (rVSP), indicated strong coherent reflections from the 

depths of a known magma body [17]. Fluid inclusion and alteration studies of gabbro taken 

from an exposed outcrop of a central volcano in western Iceland are ongoing but preliminary 

findings find correlations between heat transfer method (Conductive or Convective) and 

alteration and fluid inclusion [18]. Crustal deformation data (from GPS and inSAR data) in 

a geothermal area in western Iceland was related to emissions measured by a 

Multicomponent Gas Analyzer System station, and positive correlation observed [19].  

The DRG Numerical Modelling of Volcanic Geothermal Systems studies aimed to 

investigate the major numerical reservoir modeling simulators applicable for use in 

supercritical geothermal systems and improve the methods where necessary. The simulators 

HYDROTHERM and CSMP++, which are described in more detail in a later section of this 

study, were tested thoroughly [20]. TOUGH2 and iTOUGH, simulation packages commonly 

used in the geothermal reservoir engineering field and similarly discussed in a later section 

of this study, were investigated and modified for use in supercritical conditions via the 

creation of a new equation of state (EOS1sc) capable of modeling higher pressure and 

temperature conditions developed for iTOUGH2 as well as the introduction of temperature 

dependent permeability to TOUGH2/iTOUGH2 [20]. The numerical simulators mentioned 

http://georg.cluster.is/deep-roots-of-geothermal-systems/
http://georg.cluster.is/deep-roots-of-geothermal-systems/
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were applied to hypothetical models to improve understanding of geothermal activity around 

intrusions. HYDROTHERM and CSMP++ were determined to be viable for academic 

pursuits while iTOUGH2 and TOUGH2 were deemed most applicable for industry modeling 

projects [20].  

The aims of the DRG Utilization – Well and Power Plant Design studies were related to 

the design of components used in the harnessing of supercritical fluids produced from deep 

rooted geothermal sources. The conclusions from these studies were intended to include 

solutions for technological methods of efficient thermodynamic utilization of high enthalpy 

fluids and dealing with the corrosive nature of the fluid. Thermodynamic analysis concluded 

that a power cycle with heat recovery and wet scrubbing was thermoeconomically optimum 

[21]. Two primary issues regarding this optimum system were identified; exergetic losses 

due to wet scrubbing and the scaling due to silica precipitation within the heat recovery 

system. These issues were resolved by using a salt solution for scrubbing which was 

determined to have improved efficiency [21]. The issue of precipitation of silica from the 

gaseous phase present in superheated stream was explored through a computational study, 

in response to the lack of applicable numerical solvers a computational solver was 

developed. An open-source software was used as a platform to develop solvers capable of 

simulating mineralization of silica in superheated steam flow. Results from the 

computational analysis required experimental validation and thus an experimental apparatus 

was constructed at Reykjavik University capable of subjecting power system components to 

superheated steam containing silica particulates. Preliminary results from the testing facility 

indicate qualitatively the effectiveness of using a salt solution to efficiently scrub 

superheated steam while conclusive quantitative results are pending. 

The results from the DRG project represent an advancement in academic understanding 

of identifying supercritical roots of geothermal systems, using numerical methods to 

effectively model these regions, and some preliminary studies of the techniques required to 

harness fluids from deeper within geothermal systems for the benefit of utilization. The DRG 

Project represents one large-scale investigation into the roots of geothermal systems 

however other research projects are ongoing worldwide such as the Japan Beyond Brittle 

project, The DESCRAMBLE project at Larderello, Italy, the Hotter and Deeper (HADES) 

project in the Taupo Volcanic Zone, New Zealand, and the GEMex project in Mexico [9]. 

Another project; the Iceland Deep Drilling Project (IDDP) which will be discussed in greater 

length in a following section, aims to determine if supercritical fluids exist at economical 

drillable depths and discover the nature of how these fluids couple hydrothermal systems to 

magmatic heat sources.  

 

2.2 Geothermal Wells 

The geothermal well remains arguably one of the most important aspects to geothermal 

resource development and scientific research. The access to information regarding reservoir, 

fluid, and energetic conditions of the geothermal system is vital for geothermal development 

project to proceed as well as in increasing scientific understanding of geothermal system 

processes [1]. Geothermal wells are designed and implemented using drilling methods 

similar to those used in the oil and gas industry. A key difference contrasting geothermal 
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wells with those utilized in oil and gas is the increased difficulty and expense related to 

geothermal well drilling. The challenges faced in geothermal drilling are typically related to 

the increased formation temperatures, and the abrasive/hard rock and mineral assemblages 

of the geological setting of geothermal systems [22]. The following sections attempt to 

answer the following questions pertaining to geothermal wells: 

 

• How are geothermal wells drilled and constructed? 

• What are the methods and main objectives of the initial well tests after the target 

depth is reached? 

• What are the reasons for and results from cold-water injection?  

 

2.2.1 Drilling 

Geothermal wells are created via rotary drilling, or drilling with a drill string which is 

typically rotated by an engine at the drill rig [3]. The rock is fractured and pulverized by a 

tri-cone rotary drill bit and rock cuttings created by the bit is carried to the surface by 

circulating drilling fluid. The drilling fluid provides several essential functions for the 

drilling process including; removing rock chips or cuttings, cooling the drill bit, lubricating 

the drill string, and preventing collapse of the well bore [3]. The dense drilling mud can aid 

in preventing geological formation collapse prior to the installation of well casing. 

Typically, geothermal production wells are cased and cemented in the upper sections of 

borehole, while lower sections are partially perforated liner or open hole to allow for deeper 

hotter reservoir fluids to enter the wellbore [1]. Exploration wells by contrast are typically 

narrower and drilled for scientific and research purposes rather than producing geothermal 

fluids for utilization. There are several techniques for collecting well data during the drilling 

process, termed ‘measure-while-drilling’, however the key data regarding well productivity 

and reservoir characteristics is necessary to collect immediately following the completion of 

drilling activity as prematurely discharging the well can make determining this information 

difficult, or impossible [5].  

 

2.2.2 Completion Tests 

Completion tests are conducted after the completion of the well, with exception in certain 

cases of where drilling and testing is done in multiple phases to determine if the host rock 

formation contains sufficient permeability to cease drilling. Completion tests are typically 

continued during the warm-up period as the well recovers from reduced formation 

temperatures caused by injected drilling fluids to a steady state host rock temperature. The 

nature of completion testing can vary between wells intended for production vs wells drilled 

solely for exploration. For production wells the primary objective is determining the capacity 

of the well to deliver fluid to the surface for utilization, or the capacity of the well for 

receiving re-injected fluid [5]. 

Other information necessary for gaining an understanding of the geothermal reservoir 
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can also only be measured during the post-drilling pre-discharging period. Completion 

testing therefore frequently includes the collection of additional measurements to attain 

other reservoir, fluid, and well characteristic properties. Some of the desired reservoir 

properties include; the thermodynamic properties of the reservoir fluid i.e. pressure, 

temperature and enthalpy, and the state of the reservoir i.e. liquid dominated or vapor 

dominated [5]. The chemistry of the reservoir such as salinity, cation and isotope ratios, is 

also important for developing accurate understanding of recharge processes and fluid rock 

interaction occurring within the reservoir [5]. Other desired information includes; 

identification of potential feed zones, determining the permeabilities of rock formations 

intersected by the well, estimating the wells capacity for production or injection 

(productivity or injectivity) and the nature of the near-well rock in terms of altered 

permeability due to the concentrated loads applied by the drill bit (termed skin zone) [3][5]. 

The physical condition of the well casing, production liner, or open hole is also an important 

characteristic to inspect. 

The completion test is normally conducted by injecting cold water into the well. By 

varying the injection flow rate and measuring pressure, temperature, and flow the feed and 

loss zones can be identified. Identifying feed zones in cases of a single primary permeable 

zones is relatively simple interpretation however scenarios with multiple feed/loss zones are 

more pervasive in geothermal development and require more complex analysis [5]. The 

design of the completion testing procedure can differ between cases where high permeability 

is expected vs cases where low permeability is suspected.  

In high permeability cases upper sections of open bore hole tend to be ‘underpressurized’ 

with respect to the surrounding reservoir causing reservoir fluids to tend to flow into the 

wellbore at depths of these feed/loss zones in response to the induced pressure gradient. In 

scenarios with high reservoir permeability the prevailing test procedure involves measuring 

pressure, temperature, and flow at multiple injection rates (corresponding to different 

induced downhole pressures). This scenario results in a stepped temperature profile with 

feed zones separated by isothermal sections in the temperature profile. These profiles can 

subsequently be used to calculate injectivity, productivity, and formation pressure [5]. 

In low permeability cases the reservoir does not accept fluid readily and thus the entire 

wellbore tends to be over pressurized with respect to the reservoir. Regions with heightened 

local permeability will create loss zones. The optimal method for locating these zones is 

allowing the well to heat up over a short period on the order of 12 hours to a few days. 

Temperature measurements during this warming period can reveal sections of the well with 

varying temperature gradients. Spinner measurements can also reveal feedzone locations 

downhole. The points at which the temperature gradient and flow changes are interpreted as 

loss zones [5].   

 

2.2.3 Thermal Stimulation 

An additional reason for the injection of cold water into a geothermal reservoir via the 

geothermal well is thermal stimulation of the rock formations at depth. By pumping cold 

water at relatively low pressures into a high temperature rock formation, the injectivity has 

been shown to increase over time [23]. The mechanism for this change in injectivity or 
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productivity is the thermal contraction of the rock. The sudden temperature change provides 

a thermal ‘shock’ to the rock matrix which can cause fracturing to occur in the region 

proximate the injection. The permeability of the hot rock matrix has been observed to 

increase sharply by as much as two orders of magnitude in response to cold water injection 

[23]. This effect has been shown to be semi-reversible and impermanent as the formation is 

allowed to warm again following an injection period [5]. Grant et al. (2013) noted that 

typically geothermal wells drilled with water or cold drilling fluid can be significantly 

thermally stimulated by the end of drilling activities [23].  

 

2.3 Iceland Deep Drilling Project 

As alluded to in prior sections the Iceland Deep Drilling Project (IDDP) aims to 

investigate: the existence, behavior, and nature of supercritical fluids at drillable depths, how 

these fluids couple magmatic heat sources with overlying hydrothermal systems, and 

discover the economic and technical feasibility of harnessing the supercritical roots of 

geothermal systems [12]. The following sections provide answers for the following 

questions:  

 

• What is IDDP 

• What are the primary goals of the IDDP? 

• What are IDDP-1 and IDDP-2? 

• What are the implications of the IDDP? 

2.3.1 Overview 

The IDDP consists of an original consortium of Icelandic energy companies and the 

National Energy Authority of Iceland founded in 2000 [11]. Presently the consortium has 

evolved to include Icelandic energy companies; HS Orka hf, Landsvirkjun, Orkuveita 

Reykjavíkur, the National Energy Authority of Iceland (Orkustofnum), in addition to Alcoa 

Inc. and Statoil [24]. Additional funding for the project was provided by the International 

Continental Scientific Drilling Program and the U.S National Science Foundation [25]. The 

consortium placed significant emphasis on the unique opportunities that the IDDP would 

provide the scientific community.  

Conducting the project in Iceland allows for direct observation of processes occurring in 

a geological setting analogous to divergent oceanic plate boundaries due to Iceland’s 

geological setting along the subaerial extension of the Mid-Atlantic Ridge [25]. The 

geographic and tectonic setting of Iceland can be seen in Figure 2.3. This opportunity is 

valuable for scientists interested in understanding the hydrothermal alteration occurring on 

the seabed as very few wells have been drilled to significant depths into oceanic basement 

rock due to the great technical challenges and expenses associated with such endeavors [26]. 

The project also offered a similarly unique opportunity to sample fluids from geothermal 

systems supercritical roots. With a strategy of selecting target drill sites based on 

geoscientific and environmental criteria, three sites in Iceland were selected; Krafla, 
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Reykjanes, and Hengill [25]. These sites met the selection criteria and were believed to 

ensure a high probability of reaching supercritical conditions within drillable depths [25]. 

 

 

Figure 2.3 The geographic location of Iceland is shown in relation 

to the Mid-Atlantic Ridge. The local branch of the Mid-Atlantic 

Ridge, the Reykjanes Ridge, can be seen in addition to the Kolbeinsey 

Ridge to the north of Iceland. The spreading direction of the Mid-

Atlantic ridge and associated local ridges are indicated by arrows. The 

figure, adapted from Friðleifsson et al. (2017), also indicates the three 

high temperature geothermal localities identified by IDDP as suitable 

drill locations; Krafla, Reykjanes, and Hengill (labeled Nesjavellir for 

the associated geothermal field) [27]. Active rift zones, volcanic 

systems, and central volcanoes are represented by the symbols on the 

figure. 

 

The IDDP has drilled two wells to date, the first well was drilled beginning in 2008 at 

Krafla, and the second in Reykjanes beginning in 2016, and has plans for a third well in 

Hengill to be drilled in the future. The objective of these wells remains to determine the 

feasibility of drilling functional cased geothermal wells to depths of 4-5 km, facilitate 

scientific observation of heat transfer, fluid chemistry, and geological processes at 

geothermal heat sources and analogs for seafloor hydrothermal zones, and develop methods 

for handling the high energy supercritical fluids for future exploitation [10][13][14][15]. The 

two completed wells are described further in the following sections, as well as the 

implications of the results and the next phases of development. 
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2.3.2 IDDP-1 

The first well in the IDDP, the IDDP-1 well, was drilled into the Krafla geothermal field 

in Northern Iceland with the aim to drill to depths of 4-5 km and reach supercritical 

hydrothermal fluids predicted from the Boiling Point with Depth curve (BPD). The Krafla 

geothermal field is located within the Krafla volcanic system. This volcanic system features 

a central volcano and a transecting fissure swarm of approximately 100 km in length. The 

heat source for the Krafla geothermal system was long suspected to be sourced from several 

shallow crustal magma emplacements based on geodetic measurements and existing well 

data [30]. The hypothesized shallow magmatic intrusions were confirmed by the IDDP-1 

well. The well was completed after approximately one year (2009) by Landsvirkun, the 

National Power Company of Iceland. During the drilling process the well unexpectedly 

penetrated hot rhyolitic magma at a shallow depth of 2100 m causing drilling operations to 

cease immediately. The extreme temperatures experienced due to the magma body 

penetration caused downhole cementing tools to fail [29]. 

Examination of the intersected magma body led to estimates of undisturbed temperatures 

and pressures of 900°C and 40 MPa respectively. IDDP decided to insert a production 

casing, termed “sacrificial” due to the high probability of encountering high acidity fluids, 

to a depth of 1950 m [5][10]. This slotted liner was used to flow test the well, beginning in 

2010, to depths overlying the melt. Well testing produced superheated fluid at 452°C and 14 

MPa at flow rates sufficient for generation of approximately 35 MW of electrical energy 

[27]. The produced fluid contained 100 mg/kg HCL gas, which forms hydrochloric acid as 

the steam condenses, in addition to 62 mg/kg of silica dissolved in the steam phase which 

precipitates increasingly as pressure is lowered [31]. It was successfully demonstrated that 

the hostile fluid chemistry could be managed with acid/base chemistry using a wet scrubbing 

method and controlled pressure drop [31].  

After roughly two years of flow testing the well was quenched with cold water due to a 

failure in valves at the wellhead. As expected, the thermal shock to the well casing due to 

quenching caused critical casing failure and thus abandonment of the well and the aptly 

named “sacrificial” liner [29].  

 

2.3.3 IDDP-2 

 

The second well drilled for the IDDP, IDDP-2, was created by deepening an existing 

well (RN-15) in the Reykjanes geothermal field. The Reykjanes system differs from the 

Krafla system in maturity; whereas the Krafla Volcano has a well-established central 

volcano and caldera system, the Reykjanes system has not yet developed a central volcano 

and is currently in an early rifting stage. The Reykjanes geothermal system is a product of 

the subaerial extension of the Mid-Atlantic Ridge and the reservoir fluids have been shown 

to have salinity matching that of seawater. This indicates that the system recharge is not 

meteoric but rather sourced from the ocean which partially encompasses the Reykjanes 

peninsula. From Figure 2.4, a map of the Reykjanes peninsula, the location of the boreholes 

associated with the Reykjanes geothermal field is shown as well as the proximity of the 
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geothermal field to the ocean to the northwest, southwest, and southeast. 

 

 

Figure 2.4 Map of the Reykjanes Peninsula featuring major faults, 

lithology, surface alteration and drill holes of the Reykjanes 

geothermal field. Figure is adapted from [32] 

 

The lithological model of the crust beneath the Reykjanes peninsula consists of multiple 

post-glacial subaerial lava flows, overlying Hyaloclastite sequences of volcanic tuff, shallow 

marine sediment, with intervals of pillow basalts and breccia [27]. Below the pillow lavas 

of the Hyaloclastite sequences which form the productive reservoir rock matrix of the 

producing Reykjanes geothermal field, a sheeted dyke complex is thought to provide 

conduits for heated geothermal fluid from the roots of the system. The extent of the sheeted 

dyke complex is speculatory and it is postulated to be underlain by a gabbroic lower crust 

containing magmatic bodies [27].  

The IDDP-2 well provided an unprecedented exploration of the depths underlying the 

producing Reykjanes geothermal field. The existing well, RN-15 was a 2.5 km deep 

production well operated by HS Orka. The initial steps in deepening the well required the 

well depth being increased to approximately 3 km and extending the steel production casing 

to this depth. The well was drilled vertically to a depth of 2750 m and then directionally to 

in an attempt to intersect the primary upflow zone of the Reykjanes geothermal system [27]. 

The resulting 3 km cased well became the deepest cased well in Iceland. The well was 

equipped with thermocouples to provide continuous temperature measurements for eight 

locations ranging in depth from approximately 340-2600 m, as well as fiber optic cable to 

provide strain and seismic measurements within the first 841 m of the well [27].  

The next phase of the project involved subsequently drilling the well to depths of 4-5 

km. At a depth of 2931 m a significant loss of circulation of drilling fluids was encountered. 

Despite multiple attempts to seal this zone with cement, circulation could not be re-initiated. 

Thus all subsequent drilling occurred without the return of circulation materials or drill 
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cuttings suspended in these fluids [27]. The well was drilled to a final depth of well depth 

of 4,659 m, corresponding to a vertical depth of roughly 4500 m. The bottom of the well is 

located 738 m southwest of the wellhead due to deviation of the wellbore [27]. After 

completion the well was allowed to recover for six days, at which point downhole 

measurements indicated that the bottom of the bore hole had already warmed to 426°C with 

a fluid pressure of 34 MPa. Several zones of substantial permeability were observed at 

depths of approximately 3400, 4375, and 4550 m based on inflections in the temperature 

profiles recorded after drilling completion [27]. As per IDDP SAGA Report no. 11 dated 23 

March 2018 the estimated stable bottom-hole temperature of the well is 535°C [33]. 

The implications of the results from the IDDP-2 well are significant. The goal of drilling 

to supercritical conditions was successful, as the recorded temperatures and pressures during 

the warm-up period exceeded those of the supercritical point for pure seawater (considered 

to be highly representative of the reservoir fluid chemical composition). This well proved 

that supercritical conditions could be reached through the application of careful planning 

and improved technical drilling methods. 

 

2.3.4 Implications and Future 

The next phase of the IDDP will involve drilling a third deep well into the Hengill 

volcanic system, located in south-western Iceland as seen in Figure 2.3. Notably, the Hengill 

system represents a geothermal system in an intermediate stage of development, whereas 

Reykjanes and Krafla represent young and mature volcanic systems respectively [27].  

The implications of the results from the IDDP are significant. The wells drilled enable a 

wide range of scientific investigation into the coupling of hydrothermal and magmatic 

processes in volcanic systems and in conditions analogous to mid-ocean ridges. Direct 

measurement is possible for chemical water-rock reactions occurring at extreme 

temperatures and other active processes occurring near the brittle-ductile zone that 

previously have not been available for comprehensive sampling and research. Furthermore, 

the wells drilled for the IDDP represent the first systematic exploration into a new frontier 

of sustainable energy resources. The potential for revitalizing aging geothermal fields with 

deep re-injection of spent geothermal fluid, or injection of working fluids into fractured 

supercritical domains to create enhanced geothermal systems (EGS) are two avenues of 

interest to the geothermal industry. The investigation into high enthalpy geothermal 

resources has significance for geothermal development worldwide and by extension presents 

potential options to meet the growing demand for sustainable energy production. 

 

2.4 Numerical Modeling of Geothermal Reservoirs 

Numerical modeling of hydrothermal systems has evolved in tandem with the increasing 

computational capabilities of modern computers from a simplistic numerical approach to 

subsurface problems into an invaluable tool for reservoir engineers and geoscientists [3]. 

The primary advantage to numerical modeling of complex systems, is the consistent 
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treatment of computations. A numerical simulator is constructed to use physical and 

mathematical laws and thus all results from a simulator will be logical and internally 

consistent solutions. In this sense, numerical modeling is superior to alternate methods such 

as lumped parameter modeling because of the reduced consolidation of assumptions 

required to be chosen by the reservoir engineer or geoscientist [5]. However, numerical 

modeling is significantly more computationally intense and time consuming, as often the 

process of constructing an accurate numerical model of a geothermal reservoir consists of 

many steps during calibration and data matching [2][13]. 

One of the primary limitations to numerically modeling geothermal reservoirs is related 

to the inherent deterministic nature of an individual model. Geothermal reservoir models are 

commonly developed with an unfortunate lack of information regarding geological 

structures, rock properties, and governing physical processes of the broader geothermal 

system [35]. The limited resolution and quality of information characterizing the system 

requires reservoir engineers and geoscientists to rely heavily on prior experience with similar 

systems and the general knowledge base of the geology of the region of study. These 

necessary assumptions lead to uncertainty in the produced reservoir model and subsequent 

simulations and a general non-uniqueness of a given model [35][36]. A method for 

improving the understanding of the range of models that accurately depict a geothermal 

reservoir is using inversion techniques. Improvements to inversion utilities such as iTOUGH 

and PEST have resulted in an increasing use of inversion to calibrate model to reduce the 

deterministic nature of a geothermal reservoir model [36]. The optimization code iTOUGH 

presented by Finsterle and Pruess (1999) allows for estimation of a variance of model 

parameters used in TOUGH2, a reservoir simulator described in more detail in following 

sections [37][38][39] . PEST is a software package for optimizing model-independent 

parameters which has the advantage of being applicable to existing models without requiring 

a reformulation or redesigned model [40]. Both PEST and iTOUGH2 are increasingly used 

for calibrating numerical geothermal reservoir models to fit production data and field data. 

Inversion techniques will not be relied upon in this study, rather a simplistic sensitivity 

analysis will be conducted on model results and the non-uniqueness of the model results 

acknowledged. 

An important consideration of modeling, is the discrepancy between the extents of the 

reservoir model and the broader geothermal system to which the reservoir belongs. As 

depicted in Figure 2.1 the geothermal reservoir represents a small subsection of the larger 

geothermal system. The extent of the reservoir indicated in Figure 2.1 is a reasonable proxy 

for the extent of a traditional reservoir model. Historically, reservoir models have been of 

limited size due to computational limitations related to larger grids and increased number of 

grid block. Another limiting factor on the modeled depth was the state of numerical methods 

for handling thermodynamic fluid properties, especially regarding fluids approaching or 

within the supercritical domain. Recent advancements in computing power and numerical 

methods have allowed larger and deeper models to be created and currently research into 

numerically modeled supercritical systems is ongoing[13][14][42]. 

The following sections discuss the development of numerical reservoir modelling as it 

pertains to geothermal systems and the various simulators capable of modeling supercritical 

conditions. The subsequent sections discuss the following: Geothermal reservoir simulators 

that are currently used, which of these simulators are capable of modelling supercritical 
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conditions and the criteria that distinguish numerical modelling simulators. 

 

2.4.1 Original Simulators 

Beginning in the 1960s computers gained the capability of solving complex systems of 

non-linear partial differential equations [34]. This inspired the initial forays into modeling 

sub-surface hydrological processes, however it was another decade before coupled mass-

energy transport was feasible and in turn the capability to fully model a geothermal system. 

Initial models were geometrically simple computational meshes to reduce computation 

intensity [34].  By the mid-1980s, encouraged by a U.S Department of Energy Code 

Comparison study of geothermal simulators, numerical modeling had become standard 

practice for geothermal reservoir management and field development [34]. 

The fore-runners of the numerical simulators used today were those codes which 

performed comparably on the six benchmark problems of the 1980 US. D.O.E Code 

Comparison Study. These original simulators were; TETRAD, STAR, and TOUGH2.  

All three simulators could handle multi-phase multi-component flows however differences 

in selection of primary variables for thermodynamic calculations and the design of 

computational meshes set the codes apart [34]. Primary variables used in a reservoir 

simulator are iteratively calculated for all points within the model, and subsequently used to 

compute all other fluid properties for any given point at a specified time. Because 

thermodynamic fluid properties can be determined from a multitude of variable 

combinations, the primary variables are typically the distinguishing factor between reservoir 

simulators. The basic differences specific to each family of code are summarized in the 

following sections. 

 

2.4.1.1 STAR & TETRAD 

The STAR geothermal reservoir simulator in a fully implicit finite difference code [43]. 

STAR uses pressure and enthalpy as the primary independent variables which must be 

specified to initiate simulations [41]. Both TETRAD and STAR rely on regular rectangular 

computational meshes. 

 

2.4.1.2 TOUGH2 

Like TETRAD and STAR, TOUGH2 is a fully implicit finite difference code used to 

solve energy-mass balances of fluids in porous medium. Fluid transport and flow within 

fractured and porous media occurs in accordance to Darcy’s Law [41]. A key difference 

between TOUGH2 and TETRAD and STAR is the capability of using unstructured 

computation meshes in up to three dimensions. This allows for increased flexibility in 

modeling complex systems, although typically in practice TOUGH2 model grids have 

repeated layer structures or are otherwise simplified in one dimension to reduce computation 

intensity [15]. A key advantage of TOUGH2 is the reliance on a finite volume formulation. 
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Due to this formulation, it is not necessary to define computational meshes geographically 

in a specified coordinate system and thus flow computations are computationally identical 

for all possible grid geometries [6][9]. The flexibility of TOUGH2’s treatment of 

computation meshes not only allows for rectangular, radial, and cylindrical model grids but 

also for a variety of methods for grid refinement. Local grid refinement is often necessary 

in regions of a numerical geothermal reservoir model requiring a higher resolution, such as 

near production or injection wells. As Croucher and O’Sullivan (2013) discussed; the 

accuracy of the numerical formulations utilized in simulators varies inversely with the size 

of the model grid [44]. Methods of local refinement or grid size reduction in regions of 

interest within a model include Veronoi, Triangular, and simplified local refinement. 

Veronoi grids are constructed to maintain perpendicularity and bisectionality of block 

interface and the vector connecting respective block centers. This method produces a variety 

of grid shapes. Triangular grid refinement, as suggested by the name, divides blocks which 

bound the desired refinement region into triangles without an orthogonality constraint on the 

connection vectors. Alternatively, simple block refinement merely reduces block size in the 

refinement area and ignores the perpendicularity discussed in the alternative methods. The 

use of irregular shaped grid blocks has been shown to degrade the accuracy of integrated 

finite difference numerical formulations as the angle between block interface and connection 

vector deviates from orthogonality [44]. The refinement methods discussed in this section 

are represented in Figure 2.5 for further clarity. 

 

 

 

Figure 2.5  Representative examples of Simple, Triangular, and 

Veronoi grid refinement methods are shown with block centers and 

connection vectors indicated by circles and dashed lines respectively. 

As shown, the triangular refinement method produces connection 

vectors which are non-normal to the block interface of corresponding 

grid blocks. 
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2.4.2 Supercritical Adaptations 

As the use of numerical modeling in geothermal development and utilization became the 

prevailing standard practice, the need for simulators capable of simulating models 

encompassing entire hydrothermal systems grew. Expanding model boundaries into higher 

temperature and pressure regions introduces modeling challenges as the reservoir fluid 

approaches supercritical conditions due to the large variations in fluid properties near the 

critical point [10][11]. 

Multiple attempts to create numerical codes capable of simulating fluid flow into 

supercritical domains, in response to this critical demand. Simulators developed for 

modeling supercritical fluid conditions include HOTH2O, HYDROTHERM, Complex 

System Modeling Platform (CSMP++), and several supercritical TOUGH2 variants [45]. 

Initial work on developing supercritical versions of TOUGH2 were either subject to 

convergence or interpolation error depending on the method of interpolation, primary 

variable selection, and often were restricted by slow computational speeds [15]. 

HYDROTHERM and HOTH2O (an extension to the STAR simulator), use pressure and 

internal energy as primary variables and although capable of modeling a significant range 

of supercritical thermodynamic conditions, remain geometrically restricted to radial or 

rectangular grids [6][8][10][12]. Alternatively, CSMP++ and recent adaptations of 

TOUGH2 are capable of more flexible computational mesh geometry [48]. A notable 

modified version of TOUGH2 is the supercritical equation of state developed by Kissling 

which used a separate supercritical equation of state formulation within a defined region 

surrounding the supercritical point and relied on an iterative procedure to calculate primary 

variables; pressure and temperature, to overcome the challenging mathematical behavior of 

the pressure and temperature in the vicinity of the critical point [15]. Despite the increased 

computational cost of this iterative process Kissling’s supercritical version of TOUGH2 was 

successfully used to create a large-scale (8 km depth) model of the entire Taupo Volcanic 

Zone, New Zealand [6][9]. Another variant of TOUGH2, and the simulator used in the 

numerical investigations described in following sections, is AUTOUGH2. 

 

2.4.2.1 AUTOUGH2 

AUTOUGH2, as presented by Croucher and O’Sullivan, 2008, was developed at the 

University of Auckland as a modification to TOUGH2 capable of running supercritical 

simulations. This simulator updated the thermodynamic formulation used in TOUGH2 from 

the original IAPWS-67 formulation to the revised IAPWS -97 formulation [15]. The 

IAPWS-97 formulation has several advantages over its predecessor including; increased 

accuracy and increased computational speeds. Both IAPWS-67 and IAPWS-97 rely on 

density and temperature as primary variables for supercritical fluids as opposed to the 

pressure and temperature combination used by TOUGH2 for subcritical single and two-

phase conditions, thus a key consideration for expanding TOUGH2 capabilities into 

supercritical domains is handling primary variable switching during simulations which cross 

the boundary of sub-critical to supercritical.  

Subsequent work by O’Sullivan et al. (2016) was done to extend the capabilities of 
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AUTOUGH2 to be capable of handling simulations with Air-Water mixtures and increase 

its reliability. The product of this work was the EWA (Air-Water) Equation of State (EOS) 

[42]. To facilitate a variable switching procedure the saturation line was extended into the 

supercritical region in a similar manner to the method used by Kissling [41]. Additionally 

O’Sullivan et al. (2016) created a “two-phase” zone within the supercritical region [42]. 

Then a transition procedure was implemented for grid blocks which cross 

thermodynamic boundaries, to cease iteration, compute all secondary thermodynamic 

variables, use secondary variables to populate the primary variable needed for the new 

thermodynamic region, and resume iteration. This transition procedure is discussed in depth 

in O’Sullivan et al. 2016 [12][15]. Due to the lack of additional iterative computation often 

required to maintain primary variable for all supercritical regions, and the foundational 

improvements of the IAPWS-97 formulation over its predecessor, AUTOUGH2 has a 

computational advantage over other TOUGH2 adaptations and many other supercritical 

simulators [15]. 
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Chapter 3 

3Methods  

3.1 Introduction 

The primary goal of this study was to develop numerical models to understand the near 

well processes due to cold water injection into supercritical geothermal regimes akin to the 

conditions measured in the IDDP-2 well. This study utilized AUTOUGH2, a version of 

TOUGH2 developed at the University of Auckland (described in sections 2.4.2.1 and 3.2.1). 

PyTOUGH, developed by University of Auckland researcher Dr. Adrian Croucher, was used 

extensively for this work. 

PyTOUGH is an extension library of the versatile and open source scripting language 

Python. The library can be used to manipulate virtually every aspect related to utilizing 

TOUGH2 or AUTOUGH2, including grid generation, model design and creation, post-

processing, plotting, and analysis. PyTOUGH is described in detail in Croucher (2011) and 

the uses are demonstrated for several examples of modeling procedures which have been 

optimized via scripting by O’Sullivan et al. (2013) [49][50]. The versatility of PyTOUGH 

was relied on for the creation of models and grids described in this study, as well as for the 

generation of the majority of the plots presented in later sections.  

PyTOUGH and AUTOUGH2 were used to create a radial model with to investigate cold 

water injection into a supercritical geothermal reservoir analogous to the IDDP-2 well. The 

first model was a single-layer radial model designed in accordance with a documented 

supercritical production test problem in the geothermal reservoir modeling literature. The 

test problem was modified for injection and thoroughly described to ensure the repeatability 

of the problem for future research. 

The single-layer model was subjected to cold water injection to represent the completion 

testing of the IDDP-2 well. Injection was simulated for an extended period to allow for 

identification of the radial pressure and temperature front propagation within the modeled 

reservoir and the coupled thermodynamic response of the transient conditions. The single-

layer model was then used in a sensitivity analysis. The sensitivity analysis focused on key 

reservoir properties which remain experimentally difficult to measure and thus can greatly 

impact the accuracy of numerical geothermal reservoir models. The results of this analysis 

are discussed in the following sections and results are presented in a post text appendix. 

A second model was created later in the study, designed to improve upon the first single-

layer model by adding a heterogenous permeability structure representative of a permeably 

fracture penetrating otherwise low permeability rock matrix. Similar to the single-layer case 

the multi-layer model was also subjected to cold water injection. The design of the multi-

layer is described in detail in following sections of this methodology. The following sections 

include extensive description of the following: 
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• Detailed configuration of the numerical simulator AUTOUGH2, including 

version, linear equation solvers, and relative permeability function selection. 

• The grid design and validation with a reported test problem in geothermal 

modeling literature. 

• The initial conditions used for both single-layer and multi-layer models to 

represent the conditions measured in the IDDP-2 well. 

• The relevant parameters of the modeled injection well for both the single and 

multi-layer cases. 

• The methods of analyzing model response to injection; including spatial, 

temporal, and thermodynamic analysis. 

• The sensitivity analysis conducted and a discussion of the selection of the 

sensitivity parameters. 

 

3.2 Simulator Configuration 

3.2.1 Simulator Version 

It is important to specify numerical simulator and version in order for modeling results 

to be replicable [51]. The numerical simulator used in this study was a recent version of 

AUTOUGH2 including the improved air-water EOS with supercritical capabilities, as 

described by Croucher and O’Sullivan (2008), and the improved EOS (EOS3) was used in 

all simulations described in following sections [15]. The configuration of EOS and number 

and nature of balance equations used in following simulations is summarized in Table 3.1. 

 

Table 3.1 EOS settings and configuration of balance equations used for all simulations and 

description of AUTOUGH2 parameters [52] [39]. 

AUTOUGH2 Parameter Description Configuration 

multi[‘eos’] Equation of State EWA 

multi[‘num_components’] Number of components 2 

multi[‘num_equations’] Number of equations 3 

multi[‘num_phases’] Number of phases 2 

multi[‘num_secondary_parameters’] Number of secondary parameters 6 

 

3.2.2 Linear Equation Solvers 

AUTOUGH2 allows for the specification of linear equation solvers and options for each 

solver. The selection of solver can have an impact on the performance and results of the 

simulation [51]. Exploring the various linear solvers was beyond the scope of this study. The 

linear equation solver settings used throughout this study are summarized in Table 3.2. 
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Table 3.2  Linear equation solver configurations used for all simulations and description of 

AUTOUGH parameters [52] [39]. 

AUTOUGH2 Parameter Description Configuration 

lineq[‘type’] Solver type 2 

lineq[‘epsilon’] Solver tolerance 10-11 

lineq[‘gauss’] Gauss elimination parameter 1 

lineq[‘max_iteration’] Maximum number of iterations 999 

lineq[‘num_orthog’] Number of orthogonalizations 100 

 

3.2.3 Relative Permeability and Capillarity Functions 

Relative permeability is a dimensionless measure ranging between 0 and 1, a ratio of 

effective permeability to absolute permeability. The relative permeabilities modify Darcy’s 

Law for multi-phase conditions to account for the interaction between each phase impeding 

the flow of the other phase present in the rock matrix pore volumes. The effects of relative 

permeability functions have been shown to greatly impact the results of two-phase, and 

liquid and vapor dominated reservoir calculations. Due to the potential sensitivity of 

modeling results to the relative permeability configuration selected, a single relative 

permeability function was maintained through the duration of this study. The relative 

permeability functions selected sum to unity at all saturations and are shown in Figure 3.1. 

The relative permeability configuration used in following simulations is summarized in 

Table 3.3. The capillary pressure functions used for all simulations are also presented in 

Table 3.2 and unaltered for all simulations reported in this study. 

 

Table 3.3  Relative permeability function and capillarity function configurations used and 

AUTOUGH2 parameter name and description [52] [39].  

AUTOUGH2 Parameter Description Configuration Used 

relative_permeability[‘type’] Type of relative permeability function 1 

relative_permeability [‘parameters’] Function parameters [0.25, 0.25, 1.0, 1.0] 

capillarity[‘type’] Type of capillarity function 1 

capillarity[‘parameters’] Function parameters [0.0, 0.0, 1.0] 
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Figure 3.1  Graphical representation of relative permeability 

functions selected in AUTOUGH2 and used in all simulations 

 

3.3 Grid Validation  

To develop a model of cold water injection into a supercritical reservoir analogous to 

measured results from the IDDP-2 well, first the grid construction and model performance 

was validated against a reported and repeatable problem from numerical modeling literature. 

Due to a lack of well reported supercritical injection modeling problems in geothermal 

reservoir modeling literature, a supercritical production problem reported in 1998 by Yano 

and Ishido was used to validate the base model grid construction prior to further 

investigation. The Yano and Ishido problem has also been used to validate other supercritical 

simulators as described in Kissling (2004) and Croucher and O’Sullivan (2008) [14][20].  

The following sections detail the grid and simulation parameters in the test problem as 

described by Yano and Ishido and present a comparison between the outcomes from 

recreations of the original problem in geothermal literature and the validation results of this 

study.   

 

3.3.1 Test Problem 

The problem described by Yano and Ishido simulated the behavior of a well extracting 

fluid from a hypothetical deep geothermal reservoir at near-supercritical and supercritical 

conditions[12][24]. The authors used the HOTH2O supercritical extension to the STAR 

geothermal simulator to run simulations of extraction from a homogenous porous-medium 

reservoir.  

Yano and Ishido’s model consisted of a single layer radially symmetric grid. The grid 

was 100 m thick and subdivided radially into 40 grid blocks. The inner block, with radius 

0.1 m, represented the production well while subsequent blocks increased in size radially by 

a factor of 1.3 times the width of its inner neighboring block. The radial extent of the model 
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was 12,039 m, a distance deemed sufficient to provide an approximation of an infinite lateral 

reservoir [53]. The geometric configuration of this grid is shown in Figure 3.2. 

 

 

Figure 3.2  Diagram of the geometry of the test problem model 

grid as described by Yano and Ishido (1998) including the thickness 

of the layer, the well block (indicated in yellow), and a representation 

of the radially increasing grid blocks. Note: not all grid blocks (40) 

are shown, and diagram is not to scale. 

 

A skin zone with enhanced permeability surrounded the well block to a radial distance 

of 0.9 m. The porosity of the simulated reservoir rock was 0.05 for all blocks except the 

well-block which has a porosity of 0.99. The permeability was 10-10 m2 in the well block, 

10-12 m2 within the skin zone, and 10-14 m2 for all other grid blocks [53]. Other rock 

properties were homogenous throughout the model. All modeled rock properties of the test 

problem are summarized in Table 3.4. 

 

Table 3.4  Model parameters of the test problem as described by Yano and Ishido (1998). 

Parameter Rock 

Density 

Porosity Permeability 

(x/y/z) 

Conductivity Heat 

Capacity 

Units kg m-3 % m2 W m−1K−1 J kg-1 K−1 

Well block 2700 99 10-10 2.5 1000 

Skin Zone 2700 5 10-12 2.5 1000 

Reservoir 2700 5 10-14 2.5 1000 

 

 

Under these model parameters and grid design Yano and Ishido (1998) modelled three 

scenarios, each with varying initial conditions. All scenarios were run with the modeled 

production well extracting fluid from the reservoir at a constant production rate of 15.7 kg/s. 

Simulations were all run for 106 seconds or 278 hours. The first scenario used a fixed initial 

reservoir pressure of 30 MPa and varied the initial temperature in three cases. Case A used 

a homogenous temperature of 300°C, and Case C used a homogenous temperature of 400°C. 

Case B represented a heterogenous combination of temperatures from A and C; with an 

initial temperature of 300°C to a radial distance of 82 m and an initial temperature of 400°C 

for the remaining outer blocks [53]. The second scenario, considered seven variants of initial 

reservoir temperatures from 200°C to 500°C, with a fixed initial reservoir pressure of 30 

MPa [53]. The third scenario, examined a homogenous initial reservoir temperature of 

450°C and varied initial pressure from 25 MPa to 35 MPa [53]. 
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3.3.2 Results 

3.3.2.1 Scenario 1 

 The results from the reconstructed first scenario of the Yano and Ishido problem 

modeled in AUTOUGH2, with the improved supercritical air-water Equation of State are 

shown in Figure 3.3 compared with values from a recreation of the problem by Croucher 

and O’Sullivan (2008). In accordance with the methods described in the original study, 

results are presented on semi-log plots of pressure against time. This method should produce 

straight lines, with slopes related to permeability, layer thickness, production rate, and 

kinematic viscosity of water per “linear” theory as described in Kissling (2004) [41]. 

 

Figure 3.3  Semi-log plot of pressure vs time for three cases of varying 

initial temperature distributions from AUTOUGH2 recreation of Yano and 

Ishido (1998) problem compared with results from Croucher and O’Sullivan 

(2008) for the same problem [15]. Symbols indicate Croucher and O’Sullivan 

results and colored lines indicate results from this study. Cases: A) 300°C in 

all blocks, B) 300°C from radius 0-82 m and 400°C for all remaining blocks, 

C) 400°C in all blocks. 

 

Due to the lack of specified numeric values for Yano and Ishido’s resulting curves, a 

comparison was made between the recreation of the problem by Croucher and O’Sullivan 

(2008) and the results from the simulations reproduced in AUTOUGH2 for the purposes of 

this study. From close inspection, the results from the reproduced problem correspond well 

with the results recreated by Croucher and O’Sullivan (2008) [15].  
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3.3.2.2 Scenario 2 

The results from the reconstructed second scenario of the Yano and Ishido problem 

modeled in AUTOUGH2, with the improved supercritical air-water Equation of State are 

shown in Figure 3.4 compared with values from a recreation of the problem by Croucher 

and O’Sullivan (2008). 

 

 

Figure 3.4 Semi-log plot of pressure vs time for seven initial 

temperature variations. Results from a comparison study of the second 

scenario described by Yano and Ishido (1998) recreated for the 

purposes of this study, compared with results from Croucher and 

O’Sullivan (2008) for the same problem [15]. Symbols indicate 

Croucher and O’Sullivan’s results and colored lines indicate results 

from this study. 

 

Again, the comparison was made between the recreation of the problem by Croucher and 

O’Sullivan (2008) and the results from the simulations reproduced in AUTOUGH2. From 

close inspection, the results from the reproduced problem corresponded well with the results 

recreated by Croucher and O’Sullivan (2008) [15].  As noted by Yano and Ishido (1998), 

Kissling (2004), and Croucher and O’Sullivan (2008), results from cases with initial 

temperatures above 400°C show an increased drawdown which is attributed to the enhanced 

kinematic viscosity of supercritical fluids exceeding 400°C [14] [20][30]. 
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3.3.2.3 Scenario 3 

The results from the reconstructed third scenario of the Yano and Ishido problem 

modeled in AUTOUGH2, with the improved supercritical air-water Equation of State are 

shown in Figure 3.5 compared with values from a recreation of the problem by Croucher 

and O’Sullivan (2008). 

 

 

Figure 3.5 Semi-log plot of the change in pressure from the initial 

pressure state against time for four initial pressure cases ranging from 

35 MPa to 25 MPa as described by Yano and Ishido (1998). Results 

from this study compared with results from Croucher and O’Sullivan 

(2008) for the same problem [15]. Symbols indicate Croucher and 

O’Sullivan results and colored lines indicate results from this study. 

 

Again, the comparison was made between the recreation of the problem by Croucher and 

O’Sullivan (2008) and the results from the simulations of this study. From close inspection, 

the results from the reproduced problem corresponded well with the results recreated by 

Croucher and O’Sullivan (2008) [15]. 

 

3.3.3 Comments 

Due to the lack of reported numeric values for Yano and Ishido’s 1998 study, 

comparisons were made between the recreation of the problem by Croucher and O’Sullivan 

(2008) and the results from the simulations reproduced in AUTOUGH2. From close 

inspection, the results from the reproduced problem corresponded well with the results 

recreated by Croucher and O’Sullivan (2008) [15]. 
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A notable aspect of the validation process was the variation in definition of fluid 

conditions. Under the thermodynamic regions defined for AUTOUGH2, many of the cases 

described by Yano and Ishido fell within the vapor phase as opposed to the ‘Supercritical’ 

phase. This discrepancy in region definition had no real impact on model performance but 

is an example of the literary communication challenges related to the lack of agreed upon 

definition of supercritical conditions, as discussed by Dreisner, Weis, and Scott (2015) [7]. 

The effects of changing the gridding of the model was considered. To investigate the 

effect of block size and distribution on the pressure drawdown for Yano and Ishido’s first 

scenario, several logarithmic grids were created and compared to the results reported in the 

original study. Logarithmic grids with a similar radial extent to Yano and Ishido Scenario 1 

with 40, 50, 100, and 150 blocks were examined. The denser grids (100 and 150 blocks) 

were near identical which suggested that increasing the model resolution beyond 100 blocks 

was unnecessary to achieve accurate smooth representations of reservoir behavior. The 

difference in block spacing was most evident in the sparser grids (40 and 50 blocks) due to 

the differences in radial extent of the skin zone. Because of the altered spacing, a skin zone 

radius of 0.9 m as specified in the test problem fell partially within a grid block, thus the 

skin zone had to be reduced or increased depending on the decision to include or exclude a 

grid block from the skin zone. In Figure 3.6, the results from Yano and Ishido’s first scenario 

are shown for comparison to cases modeled with increased or decreased skin zone radius. 

The skin zone radii tested were 0.82 m (inner edge of overlapped grid block), 0.9 m (base 

case), and 1.1 m (outer edge of overlapped grid block). Note that the temporal axis in Figure 

3.6 was extended to include results from the initial time steps of simulation. 

 

 

Figure 3.6  Semi-log plot of pressure vs time for three cases of 

varying initial temperature distributions from AUTOUGH2 recreation 

of Yano and Ishido (1998) problem, compared to results from a 

logarithmic grid adaptation of the same cases with increased (1.1 m) 

and decreased (0.82 m) skin zone extent. Cases: A) 300°C in all 

blocks, B) 300°C from radius 0-82 m and 400°C for all remaining 

blocks, C) 400°C in all blocks.  
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As seen in Figure 3.6, the radius of the skin zone had a significant effect on the resulting 

pressure drawdown given the skin radius was only altered by 8 cm and 1 cm respectively. 

The model behavior was deemed highly sensitive to the defined region of enhanced 

permeability surrounding the well block; the skin zone. As stated in the original modeling 

report, the skin zone in the problem was included to avoid convergence problems related to 

phase change near the well block, however the convergence issues identified in the 

HOTH2O simulator are not perceived to be an issue in AUTOUGH2 [53].  Shown in Figure 

3.7 

 are results from scenario 1 of the Yano and Ishido for models without a skin zone 

compared to the original results. 

 

 

Figure 3.7  Semi-log plot of pressure vs time for three cases of 

varying initial temperature distributions from AUTOUGH2 recreation 

of Yano and Ishido (1998) problem, compared to results from cases 

with the same initial conditions with no defined skin zone. Cases: A) 

300°C in all blocks, B) 300°C from radius 0-82 m and 400°C for all 

remaining blocks, C) 400°C in all blocks.  

 

The sensitivity of the test problem to the extent of the skin zone was most evident in 

Figure 3.7  as the ‘no skin’ cases showed significantly increased pressure drawdown over 

the same production period and for the same initial conditions as the base cases.  

 

3.4 Injection Base Case  

After the initial grid validation, the established grid design and model structure were 

maintained, and the simulated well was modified for injection scenarios. A simplified 

injection scenario with conditions representative of a liquid dominated geothermal reservoir 

was run. This simplified liquid injection simulation produced a single-phase baseline to 

compare to the results produced by the model under supercritical conditions. The initial 

temperature used for the liquid injection scenario was 230°C and the initial pressure was 4 
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MPa. Injection occurred in the central grid block, referred to as ‘well block’. The injection 

parameters specified in AUTOUGH2 were injection rate and injected fluid enthalpy. 

Injection rate was 15.7 kg/s, a similar value to the production rate specified in the Yano and 

Ishido test problem. The injected fluid used was pure water at a temperature of 15°C. 

Modeled injection was simulated for one year. The following sections discuss the results 

from the single-phase injection scenario used to fully establish the baseline for all subsequent 

numerically modeling of cold-water injection into supercritical reservoir conditions. The 

results described here are presented in Appendix A as plots of the entire model radius over 

a logarithmic axis and a subsection of the model grid radius plotted over a linear subsection 

near the well block.  

The pressure response to cold water injection of the liquid dominated geothermal 

reservoir is shown in Appendix A.  The pressure increased rapidly near the well block to 

approximately 25 MPa. At increased distance from the injection the pressure change was 

less drastic following an expected pressure curve as seen plotted over a linear radial axis in 

Appendix A. The temperature response to cold water injection is shown in Appendix A. 

Temperature rapidly declined near the well block as cold injectate entered the model. Over 

time the cold front was seen to propagate characteristically across the model radius. The 

density response to injection is shown in Appendix A. The density near the well block was 

observed to increase to above the 1000 kg/m3 of water at atmospheric pressure. Indicating 

that the fluid in the vicinity of the well was slightly compressed. The dynamic viscosity also 

increased proximate to the well block. A front of heightened dynamic viscosity was observed 

to propagate radially over time. The dynamic viscosity changes observed are shown in 

Appendix A. 

These observations follow with the conventional understanding of the fluid and heat 

transfer processes occurring during cold water injection into a hot reservoir. Nevertheless, 

the plots generated during this Injection Base case (presented in Appendix A) provide a 

valuable baseline for comparison for cold water injection into supercritical conditions. 

 

3.5 Single Layer Model  

3.5.1 Grid design 

The grid used in this investigation was identical to the 100-block logarithmic grid used 

in validation. The grid was radially symmetric with a single layer 100 m thick. The radial 

extent of the grid was 12000 m (12 km), subdivided into 100 blocks. The blocks increased 

logarithmically from the well block. The well block was the central grid block with a radius 

of 0.1 m. A simplified diagram of the single layer radial model grid can be seen in Figure 

3.8 . 
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Figure 3.8  Diagram of a single-layer radial grid with the 

following dimensions (not to scale); 100 m thick layer, 0.1 m radius 

well block. Model grid contains 100 blocks (not shown), increasing in 

size logarithmically from well block. 

 

3.5.2 Injection Parameters 

Injection occurred in the central grid block, frequently referred to as ‘well-block’. The 

injection parameters specified in AUTOUGH2 were injection rate and injected fluid 

enthalpy. Injection rate was 15.7 kg/s, a similar value to the production rate specified in the 

validation. The injected fluid used was pure water at a temperature of 15°C. Modeled 

injection was simulated for one year (31,540,000 seconds). Due to the deterministic nature 

of these parameters for simulation, a representative mass injection rate was selected and 

maintained throughout all subsequent modeling to eliminate biasing the results of 

investigated model parameters for subsequent sensitivity analysis. Likewise, the enthalpy of 

the injected fluid was predetermined prior to all subsequent modeling. Thus, injection 

parameters were of the utmost importance to this investigation. The injection parameters are 

specified in Table 3.5. 

 

Table 3.5 Parameters for simulated injection well for single layer radial model. Temperature value 

was not used in AUTOUGH2 but was used to determine the injected enthalpy value. 

Parameter Unit Value 

Mass-flow rate kg/s 15.7 

Injectate Temperature °C 15 

Specific Enthalpy J/kg 63000 

 

3.5.3 Rock Parameters 

The model contained two ‘rock types’; one representing the wellbore (open hole) and 

one representing the bulk rock of the geothermal reservoir. The physical parameters 

specified for each ‘rock type’ are summarized in Table 3.6. These parameters were examined 

further in a sensitivity analysis process described in following sections. For simplicity 

permeabilities were considered to be isotropic. 
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Table 3.6 Physical parameters of model rock types. 

Parameter Rock 

Density 

Porosity Permeability 

(x/y/z) 

Conductivity Heat 

Capacity 

Units kg m-3 % m2 W m−1K−1 J kg-1 K−1 

Reservoir 2700 5 10-14 2.5 1000 

Wellbore 2700 99 10-10 2.5 1000 

 

3.5.4 Initial Conditions 

As discussed in previous section, the air-water EOS in AUTOUGH2 requires three 

conditions for initialization; Density (or Pressure), Temperature, and Air mass fraction. The 

initial conditions used for the injection simulations were pressure and temperature values 

reported in project updates from the IDDP-2 well. Pressure and temperature were then used 

to compute input densities. The initial pressure was 34 MPa (340 bar). The initial 

temperature was 535°C, an estimated stable bottom-hole temperature from IDDP SAGA 

Report no. 11 dated 23 March 2018 [33]. The initial conditions are summarized in Table 3.7. 

The simulations were run without gravitational effects to eliminate defined orientation from 

the single-layer model. For simplicity the simulations were run with a closed boundary 

condition (without additional heat flux through the layer). This closed boundary condition 

allowed for a focused examination of the injectate induced effects.  

 

Table 3.7 Initial conditions specified for all simulations are required by AUTOUGH2. 

Initial Condition Unit Value 

Density kg/m3 120.963 

Air mass fraction % 10-8 

Temperature °C 535 

Pressure MPa 34 

 

3.6 Multi-Layer Model  

A multiple layer explicit fracture model was also created. The aim of this model was to 

examine the heat and fluid flow processes within a fracture in a supercritical geothermal 

reservoir. The use of multiple layers allowed for an explicit fracture to be defined by a 

custom rocktype.  A simplified diagram of the multi-layer explicit fracture radial model grid 

can be seen in Figure 3.9. The grid used in this investigation was similar to the logarithmic 

grid used in the grid validation described in previous sections however the radial extent of 

the model grid was reduced to accommodate the addition of blocks in the vertical dimension. 

The radial extent of the grid was 2000 m (2 km), subdivided into 50 blocks. The blocks 

increased logarithmically from the well block. The well block was the central grid block 

with a radius of 0.1 m.  

. 
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Figure 3.9  Diagram of the multilayer model showing the explicit 

fracture layer (indicated in yellow), the radial logarithmic increase in 

block size, and the vertical logarithmic increase in layer thickness. Not 

all radial blocks are shown and the logarithmically increasing layers 

below the fracture layer are also not shown explicitly. 

 

The difference between single-layer and multi-layer models was the addition of 24 extra 

layers. The additional layers were distributed evenly above and below the central layer such 

that the grid was vertically symmetric about the central layer. The central grid layer was 

0.05m thick and the 12 layers above and below increased logarithmically from 0.05 m to 

21.58 m such that the sum of all layer thicknesses was 100 m. The thicknesses of each model 

layer are provided in Table 3.8 

 

Table 3.8  The specifications for each layer of the multi-layer radial explicit fracture model are shown. 

Layer thickness is symmetric about layer 13. Layers 12, 13, and 14 are 0.05 m thick and used to simulate 

the fracture. Not included is the wellbore rocktype which is specified in the central block of all layers. 

Layers (#) Thickness (m) Rocktype 

1, 25 21.58 Reservoir 

2, 24 12.27 Reservoir 

3, 23 6.97 Reservoir 

4, 22 3.96 Reservoir 

5, 21 2.25 Reservoir 

6, 20 1.28 Reservoir 

7, 19 0.73 Reservoir 

8, 18 0.42 Reservoir 

9, 17 0.23 Reservoir 

10, 16 0.13 Reservoir 

11, 15 0.08 Reservoir 

12, 13, 14 0.05 Fracture 

 

The rocktypes used in this model are used to distinguish between the wellbore, the 

fracture layers, and the reservoir rock surrounding the fractures. The properties of the 

rocktypes are similar to those of the single-layer model with the addition of a fracture 

rocktype. The rocktypes are summarized in Table 3.9 below.  
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Table 3.9 The physical parameters of model rock types for the multi-layer explicit fracture model. 

Parameter Rock 

Density 

Porosity Permeability 

(x/y/z) 

Conductivity Heat 

Capacity 

Units kg m-3 % m2 W m−1K−1 J kg-1 K−1 

Reservoir 2700 5 10-14 2.5 1000 

Fracture 2700 5 10-11 2.5 1000 

Wellbore 2700 99 10-10 2.5 1000 

 

3.7 Analysis 

Results were analyzed by interpreting fluid property changes spatially and temporally. 

Pressure, Temperature, Density, and Saturation conditions in the model were plotted versus 

radial distance and simulation time. Fluid dynamic viscosity and timestep information was 

also used to explain model behavior. These property changes were also plotted for the well 

block and 7 other blocks at varying radii (1, 5, 10, 100, 500, 1000, and 5000 m radii). The 

thermodynamics of selected grid blocks were presented on pressure- temperature and 

density-temperature plots as well as a plot showing the thermodynamic region defined by 

the AUTOUGH2 solver over a logarithmic time scale of the well block and the 7 specified 

blocks radii. 

3.8 Sensitivity Analysis 

To determine the relative dominance of simulation parameters of supercritical flow in a 

porous media, a sensitivity analysis was done by varying input parameters for the single 

layer model individually and comparing the resulting simulations. The AUTOUGH2 rock 

type parameters used in the sensitivity investigation are summarized in Table 3.10. 

 

Table 3.10 Default rock parameters and sensitivity values for analysis. Values changed are of the 

reservoir (bulk rock) while well-block parameters are maintained for all variants. 

Rock Property Unit Initial Value Sensitivity Values 

Conductivity  W m−1K−1 2.5 1.5, 2.0, 2.5, 3.0, 3.5 

Porosity  % 5 1, 5, 10, 15, 20 

Specific heat  J kg-1K−1 1000 600, 800, 1000, 1200, 1400 

 

 

The values for permeability were not varied due to the deterministic relationship between 

permeability and injection rate. Density values were not varied either due to the 

interdependence of density and specific heat capacity. In a preliminary investigation the 

results for variations in density produced similar results to altering specific heat capacity 

while constraining other parameters. This was believed to be a demonstration of the 

interrelation of the two variables with respect to temperature variation in the modeled 

reservoir. It was determined that varying the density merely provided a convoluted approach 

to investigating the effects of specific heat capacity, and for this reason the sensitivity 

analysis conducted focused only on the influence of specific heat capacity while omitting 



38    

 

the superfluous effects of density variation. Results from various simulation scenarios are 

shown plotted together on radial pressure, temperature, density, and dynamic viscosity plots, 

as well as pressure-temperature and density-temperature plots to allow for differences to be 

observed.  
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Chapter 4 

4Results 

4.1 Single-Layer Model 

The base case for this study, as described in the previous chapter, simulated cold water 

injection into a supercritical reservoir 535°C and 34 MPa. These conditions were selected 

based on pressure and estimated stable reservoir temperatures reported by the IDDP 

consortium for the IDDP-2 well. The following sections describe the results of the 

simulations described in the previous chapter for the base case single-layer model. 

4.1.1 Pressure  

The pressure response to injection showed a rapid increase in fluid pressure in the near-

wellbore region of the model. The pressure in the wellbore vicinity increased from the stable 

reservoir pressure of 34 MPa, to over 55 MPa within the first 70 days of injection. Large 

induced pressure differential, on the order of 5-20 MPa, occurred within the first 100 m 

radius surrounding the well and was observed to increase in spatial extent and pressure 

gradient over time. Pressure changes were not observed at the radial extent of the model. 

Figure 4.1 shows the transient movement of the pressure gradient through the reservoir in 

two-week intervals. The initial model response to injection is best observed over smaller 

time intervals during the beginning of injection. This transient period is shown in Figure 4.2 

in two-minute intervals. The temporal changes in pressure can also be visualized by 

observing pressure changes for specific blocks i.e. different radii. The pressure changes for 

blocks at radial distances; 1, 5, 10, 100, 500, 1000, 5000 m, and the well block are shown in 

Figure 4.3 plotted against log time. The pressure in the well block and blocks within a 5 m 

radius was observed to decrease in early simulated time before increasing with continued 

fluid injection. 
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Figure 4.1 Radial pressure at selected time intervals during one 

year of cold water injection in two-week time intervals. 

 

 

Figure 4.2 Radial pressure at selected time intervals during the 

initial hour of cold water injection in two-minute time intervals. 
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Figure 4.3 Pressure history of select grid blocks (radii) plotted 

against simulated log time. 

 

4.1.2 Temperature 

The temperature transience over the duration of the injection period is shown in Figure 

4.4. A sharp temperature gradient, or cold front, was observed to migrate away from the well 

over time. After one year the cold front had transgressed to a radial distance of 30 m, and 

sharply increased to the stable reservoir temperature of 535°C at a radial distance of 

approximately 90-100 m. The initial model response to injection is best observed over 

smaller time intervals during the beginning of injection. This transient period is shown in 

Figure 4.5 in two-minute intervals. Temperature was observed to decrease rapidly in the well 

block and adjacent blocks following injection of cold water by over 400°C within the first 

10 minutes of simulated injection. The temporal changes in temperature was visualized by 

observing temperature changes for specific blocks representative of different radii within 

the simulated reservoir. The temperature changes for blocks at radial distances; 1, 5, 10, 100, 

500, 1000, 5000 m, and the well block are shown in Figure 4.6. 
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Figure 4.4 Radial temperature at selected time intervals during one 

year of cold water injection in two-week time intervals. 

 

 

Figure 4.5 Radial temperature at selected time intervals during the 

initial hour of cold water injection in two-minute time intervals. 
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Figure 4.6 Temperature history of select grid blocks (radii) plotted 

against simulated log time. 

 

4.1.3 Fluid Density 

The fluid density transience over the duration of the injection period is shown in Figure 

4.7. The temporal changes in density seemed to inversely correlate with the temperature 

changes over the same time-period. The near-well region is shown to have fluid density 

exceeding 1000 kg/m3 suggesting that injected fluids are slightly compressed in the well 

block and in adjacent blocks as injected fluid is forced through the reservoir rock matrix. 

The initial changes in density occurred in accordance to the rapid temperature decrease and 

pressure increase observed. Density increased from the initial reservoir supercritical fluid 

density, 120.963 kg/m3, to compressed water density within the first 2 minutes in the well 

block. The density transience within the first hour of simulated injection is shown in Figure 

4.8. The temporal changes in density was visualized by observing density changes for 

specific blocks representative of different radii within the simulated reservoir. The density 

changes for blocks at radial distances; 1, 5, 10, 100, 500, 1000, 5000 m, and the well block 

are shown in Figure 4.9. 
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Figure 4.7 Radial density at selected time intervals during one year 

of cold water injection in two-week time intervals 

 

Figure 4.8 Radial density at selected time intervals during the 

initial hour of cold water injection in two-minute time intervals. 
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Figure 4.9 Density history of select grid blocks (radii) plotted 

against simulated log time. 

 

4.1.4 Dynamic Viscosity 

Although kinematic viscosity increases with increasing temperature, dynamic viscosity 

is linked to fluid density and thus changes differently. In subsequent sections unless 

explicitly stated, ‘viscosity’ will refer to dynamic viscosity rather than kinematic viscosity. 

The fluid dynamic viscosity change over the duration of the injection period is shown in 

Figure 4.10. The changes in viscosity were on the order of approximately 0.0016 Pa.s. A 

steep dynamic viscosity gradient occurred over a radial distance of approximately 10 m, 

developing within the first hour of injection, as seen in Figure 4.11, and then migrated 

radially from the well. After one year of simulated injection the changes in dynamic viscosity 

had progressed to a radial distance of approximately 100 m, similar to the radial density 

changes. This similarity was expected given the relation of dynamic viscosity to fluid 

density. The temporal changes in fluid dynamic viscosity was visualized by observing fluid 

dynamic viscosity changes for specific blocks representative of different radii within the 

simulated reservoir. The dynamic viscosity changes for blocks at radial distances; 1, 5, 10, 

100, 500, 1000, 5000 m, and the well block are shown in Figure 4.12.  
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Figure 4.10 Radial fluid dynamic viscosity at selected time 

intervals during one year of cold water injection in two-week time 

intervals 

 

Figure 4.11 Radial fluid dynamic viscosity at selected time 

intervals during the initial hour of cold water injection in two-minute 

time intervals. 
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Figure 4.12 Fluid dynamic viscosity history of select grid blocks 

(radii) plotted against simulated log time. 

 

4.1.5 Thermodynamics 

The thermodynamic changes which occurred are shown on pressure-temperature 

diagrams and density temperature diagrams, as well as the AUTOUGH2 thermodynamic at 

selected block radii. The AUTOUGH2 thermodynamic region for selected blocks is shown 

in Figure 4.13. The pressure-temperature diagram for the well block and a neighboring block 

(radius 1 m) is shown in Figure 4.14 and the density-temperature diagram for the same 

blocks is shown in Figure 4.15. Figure 4.14 shows the thermodynamic state in the well block 

began at the initial conditions of the simulation (535°C, 34 MPa) and rapidly changed from 

the vapor phase to supercritical phase into the liquid phase. With reference to the 

AUTOUGH2 thermodynamic transitions described in Sullivan et al. (2016) this process can 

be described as phase change D – Vapor to Supercritical, followed by phase change E – 

Supercritical to Liquid [42]. This phase change process can also be observed in Figure 4.15. 
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Figure 4.13 The AUTOUGH2 thermodynamic region is shown for 

selected blocks labeled by their respective radii over a logarithmic 

time scale. The ‘near-critical’ point refers to pseudo-two-phase 

‘supercritical mixture’ region created by Croucher and O’Sullivan 

(2016) in the air-water EOS of AUTOUGH2 [42].s 

 

 

Figure 4.14 Pressure-temperature diagram showing transient state 

changes occurring in the well block and block with radius 1 m. Both 

blocks begin in the vapor region and transition through the 

supercritical region before reaching the liquid region. 
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Figure 4.15 Density-temperature diagram showing transient state 

changes occurring in the well block and block with radius 1 m. Both 

blocks begin in the vapor region and transition through the 

supercritical region before reaching the liquid region. 

 

4.2 Multi-Layer Model 

The Multi-layer explicit fracture model proved problematic computationally. The 

difficulties in configuring the model to run effectively for more than extremely truncated 

time periods were unexpected and resulted in analysis along several avenues of identified 

potential causes. The results of this model were inconclusive and are discussed in detail in 

the discussion section along with the methods of tracing these issues.   

 

4.3 Sensitivity Analysis 

The following section describes the results from a sensitivity analysis conducted for 

varying Porosity, Conductivity, and Specific Heat Capacity. Results are shown on plots 

presented in Appendix B. Each parameter variant was investigated via radial temperature, 

pressure, fluid density, and dynamic viscosity relationships. Spatial plots, shown in the 

following sections, were produced for logarithmic axis and linearly scaled axis. The 

logarithmic plots spanned the entire simulated reservoir and the linear plots represented a 

small subsection of the simulated reservoir spanning conditions within a 0-40 m radius. 

The thermodynamic differences were relatively minor for all sensitivity variants, as 

shown on thermodynamic plots of pressure-temperature and density-temperature in 

Appendix B. The properties of the well region in all cases followed the same progression 

from the vapor phase into supercritical conditions and then into the liquid phase. The effects 

of varying sensitivity parameters are best demonstrated by the spatial plots discussed in the 

following sections. 
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4.3.1 Porosity Variation 

4.3.1.1 Pressure 

The effects of porosity variation on spatial pressure changes due to fluid injection are 

depicted in the plots in Appendix B The simulations with lower bulk rock porosity 

experienced heightened pressure values across the model radius relative to variations with 

higher bulk rock porosity. In the logarithmic plot of radial pressure changes across the entire 

simulated reservoir it was apparent that the pressure front propagated further radially in 

simulations with lower bulk rock porosity, as expected due to the reduced storage capacity 

in these cases. 

4.3.1.2 Temperature 

The effects of porosity variation on spatial temperature changes due to fluid injection are 

depicted in the plots in Appendix B. It is observed that increasing bulk rock porosity for a 

given permeability and specific heat capacity slows the cold front migration induced by cold 

water injection. Alternatively stated; higher pore volumes of hot (supercritical) fluid produce 

a sharp thermal gradient whereas smaller pore volumes have a more continuous (smooth) 

temperature gradient. 

 

4.3.1.3 Density 

The effects of porosity variation on spatial density changes due to fluid injection are 

depicted in the plots in Appendix B. Similar to the temperature porosity relationship, 

increasing the pore volume in the reservoir host rock effectively sharpened the density 

gradient between pores with cold liquid injectate and pores containing supercritical fluid, 

while lower pore volumes produced a smoother density gradient. 

4.3.1.4 Dynamic Viscosity 

The effects of porosity variation on spatial dynamic viscosity changes due to fluid 

injection are depicted in the plots in Appendix B.  Altering bulk rock pore volume had a 

relatively minor effect on the dynamic viscosity changes which occurred. The dynamic 

viscosity change in all cases was confined to the first 25 m of reservoir. Reduced pore 

volume resulted in a slightly increased radial progression of the steep dynamic viscosity 

gradient observed in the base case results however spatial differences between the dynamic 

viscosity gradient front for 1% pore volume and 20% pore volume were on the order of 1-2 

m. 
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4.3.2 Conductivity Variation 

4.3.2.1 Pressure 

In Appendix B the spatial pressure relationships for variations of bulk rock conductivity 

are also presented. Varying bulk rock conductivity appeared to have a relatively small 

impact on the pressure envelope around the injection well, although higher conductivity 

values appeared to result in higher pressure differences in the well vicinity temperature.  

4.3.2.2 Temperature 

Bulk rock conductivity variation produces interesting results on the spatial temperature 

distribution. As observed in plots presented in Appendix B increased bulk rock conductivity 

allowed for a smoother transition from injectate/well temperature to reservoir fluid 

temperature. The ability to transfer heat more effectively allowed the temperature gradient 

to equilibrate more between the cold and hot bounding conditions i.e. Injected fluid and 

reservoir fluid, over a given period. 

4.3.2.3 Density 

The density relationship to varying bulk rock conductivities was similar to the spatial 

temperature relationship. The increased rock conductivity more effectively distributed the 

thermal conditions spanning from the hot reservoir to the cold injectate. The smoother 

thermal gradient was manifested indirectly in the combined fluid density. Thus, increased 

bulk rock conductivity produced a smoother more continuous fluid density gradient. The 

density gradient for each conductivity variant is shown in Appendix B. 

4.3.2.4 Dynamic Viscosity 

The effects of conductivity variation on spatial dynamic viscosity changes due to fluid 

injection are depicted in the plots in Appendix B.  Varying bulk rock conductivity had a 

relatively minor effect on the dynamic viscosity changes which occurred. The dynamic 

viscosity change in all cases was confined to the first 25 m of reservoir as in the porosity 

variations. Increased bulk rock conductivity resulted in a slightly increased radial 

progression of the steep dynamic viscosity gradient observed in the base case results 

however spatial differences between the dynamic viscosity gradient front for 1.5 W m−1K−1 

and 3.5 W m−1K−1 were on the order of 1-2 m. 

 

4.3.3 Specific Heat Capacity Variation 

4.3.3.1 Pressure 

In Appendix B the spatial pressure relationships for variations of bulk rock specific heat 
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capacity are presented. Varying bulk rock specific heat capacity had an interesting effect on 

the induced high-pressure envelope surrounding the well. Within approximately the first 12 

m variants with decreased specific heat capacity experienced increased pressure in 

comparison to higher specific heat capacity variants. At approximately 12 m radius however 

the increased heat capacity variants attained a stable pressure value greater than the lower 

specific heat variants. All variants decreased in radial pressure over the extent of the 

simulated model to stable initial reservoir pressure. 

4.3.3.2 Temperature 

Bulk rock specific heat capacity variation produced striking results on the spatial 

temperature distribution. As observed in plots presented in Appendix B increased bulk rock 

specific heat capacity resulted in a more discontinuous transition from injectate/well 

temperature to reservoir fluid temperature while reduced specific heat capacity resulted in a 

more gradual thermal gradient within a 40 m radius of the well. Plotted on a logarithmic 

scale, it was observed that all variants vapidly approached stable initial reservoir 

temperatures over a radial region between 5 – 40 m.  

4.3.3.3 Density 

The density relationship to varying bulk rock specific heat capacity is shown in Appendix 

B. The increased rock specific heat capacity variants resulted in a sharp density gradient 

within a radial region from approximately 10 - 20 m. The density transitional front 

transgressed relatively farther for decreased specific heat variants. 

4.3.3.4 Dynamic Viscosity 

The effects of specific heat capacity variation on spatial dynamic viscosity changes due 

to fluid injection are depicted in the plots in Appendix B.  Altering bulk rock specific heat 

capacity had a relatively minor effect on the dynamic viscosity changes which occurred. The 

dynamic viscosity changes in all cases was confined to the first 25 m of reservoir. Reduced 

pore volume resulted in a slightly increased radial transgression of the steep dynamic 

viscosity gradient observed in the base case results however spatial differences between the 

dynamic viscosity gradient front for 600 J kg-1K−1 and 1400 J kg-1K−1 pore volume was on 

the order of 1-2 m.  
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Chapter 5 

5Discussion 

5.1 Single-Layer Model 

The single layer model ran successfully for the specified year of injection. The response 

of the supercritical reservoir to cold water injection showed similarities to the expected 

response of a single-phase liquid dominated reservoir but deviated from the typical pressure 

increase shown in the results from the liquid dominated injection base case (Appendix A).  

The pressure in the well block and blocks within a 5 m radius was observed to decrease 

in early simulation timesteps before increasing with continued fluid injection. By contrast, 

in the single-phase liquid scenario of the injection base case the pressure responded by 

increasing steadily for all timesteps. The anomalous dip in pressure corresponded temporally 

with the fluid’s transition between AUTOUGH2 thermodynamic regions (see Figure 4.3 and 

Figure 4.13 of the results section). The decrease in pressure in the well block at the initiation 

of injection and the propagation of a zone of intermediate pressures (evident in the 

discontinuous pressure gradient) is attributed to the radial transgression of a thermal front. 

This thermal front produces a complex interaction of heat transfer and fluid flow causing 

both boiling and condensation rapidly as the liquid transitions from high enthalpy vapor to 

compressed liquid through the supercritical region. This suggests that the well block 

experiences near-instantaneous boiling and before rapidly condensing. The propagation of 

the thermal front and the resulting boiling and condensing at the injected fluid-reservoir fluid 

interface is evident in the radial temperature and pressure plots shown in the results section. 

The condensation along the thermal front is additionally evident in the temporal density 

changes across the model radius. The thermal front is visualized in Figure 5.1 in diagram 

form.  

 



54    

 

 

Figure 5.1 Diagram of fluid injection and the corresponsing 

pressure, temperature, and thermal fronts. Injection location is 

represented by central point. The distance of injectate 

penetration into the reservoir and the radial location of the 

pressure front is indicated by the outer perimeter circle at r2. The 

radial temperature gradient is represented as the color transition 

from cool to warm. The thermal gradient is indicated in yellow 

at r1.  

 

The identification of this thermal front provides incentive for further research into the 

thermodynamic properties of the transition from cold liquid to supercritical fluid in a radial 

flow case. A key aspect of the results produced in this study and an essential concept for 

further understanding the boiling-condensing thermal front is the variable switching 

methodology used in AUTOUGH2 as described by Croucher and O’Sullivan (2008) [15]. 

The thermal front is analyzed in Figure 5.2 via a combined diagram, showing pressure 

change in the well block over time, the concurrent temperature, and the AUTOUGH2 

thermodynamic state and region transitions. 

After a full year of simulated injection, the pressure gradient spanned from 

approximately 24.6 MPa at the injection point (well block) to approximately 4.1 MPa at the 

radial extent of the model in the single-phase scenario and from approximately 58.5 MPa to 

approximately 34 MPa in the supercritical scenario over the model radius. This indicated 

that the pressure effects in the single-phase case had transgressed further radially than in the 

supercritical case and in fact had reached the model extent. The difference in transgression 

of the pressure front is likely due to differences in kinematic viscosity and compressibility. 

With regards to the modeling conducted for this study the radial extent of the model grid 

appeared to be insufficiently distant from the injection well in the single-phase case likely 

causing boundary effects in this scenario. This discovery may influence the accuracy of 

comparison between sub-supercritical and supercritical scenarios however the comparison 

was only made for qualitative contrast and the radial extents were deemed sufficiently far 

from the injection well in the supercritical case.  

The temperature changes in the supercritical case generally followed the same trend as 
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in the single-phase case with the primary difference being the total temperature difference. 

The initial temperature of 535°C for the supercritical case is maintained by blocks towards 

the radial extent of the model while blocks near the injection well cool in sequence as the 

cold front migrates radial from the well. The temperature change in the well block showed 

the only deviation from the characteristic temperature curves of the cold front. In early 

simulation timesteps the temperature of the well block decreases slower than other blocks. 

This is likely another indication of the propagation of the thermal front, as the induced 

pressure front in combination with the ‘lagged’ temperature front produces supercritical 

conditions. The temperature changes of the well block are shown in Figure 5.2 superimposed 

the pressure changes over the same interval. Also shown in Figure 5.2 are the AUTOUGH2 

thermodynamic region transitions which were occurring concurrently. 

 

 

Figure 5.2 Diagram of the temperature and pressure changes 

experienced by the well block over a logarithmic time scale. The 

concurrent thermodynamic state and region transitions of the well 

block are indicated by color and defined in the plot legend. An 

important dertail to note; the two-phase state on this plot refers to the 

extended two phase region (supercritical mixture) utilized by 

AUTOUGH2 Air-Water EOS as described by O’Sullivan et al. (2016)  

and the ‘dry steam’ state refers to high enthalpy fluid in pressure and 

temperatures exceeding the critical point but defined as vapor in 

AUTOUGH2 [42]. 

 

The results for density and dynamic viscosity transience yielded less drastic deviations 
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from expected response relative to the single-phase liquid base case. The density changes in 

the supercritical case followed the same trend as in the single-phase case with the only 

discernable difference being the total density difference. The density gradient spanned from 

approximately 1011 kg/m3 at the injection point (well block) to approximately 828 kg/m3 at 

the radial extent of the model in the single-phase scenario and from approximately 1027 

kg/m3 to approximately 120 kg/m3 in the supercritical scenario over the model radius. This 

difference was expected due to the differences in thermodynamic conditions. The dynamic 

viscosity changes in the supercritical case were greater than in the single-phase case. In the 

liquid dominated reservoir, stable initial reservoir dynamic viscosity is 0.00012 Pa.s whereas 

the stable initial reservoir dynamic viscosity in the supercritical case is 0.000034 Pa.s.  

To summarize, the pressure changes induced by cold water injection into a supercritical 

geothermal reservoir are highly sensitive to changes in temperature. This is attributed to the 

enhanced kinematic viscosity of supercritical fluids exceeding 400°C. The extreme 

temperature differences during the initiation of injection produced a rapid transition from 

vapor to supercritical to liquid. This transition was propagated as a thermal front consisting 

of a boiling front followed by a temperature front. 

 

5.2 Multi-Layer Model 

The Multi-layer explicit fracture model proved to be a more challenging modeling 

process then anticipated following the success of the single-layer model. Initial simulations 

failed to compute extended model timespans for a given allowable number of iterations. This 

was believed to be a result of the injection parameters maintained from the prior single-layer 

investigation. Due to the greatly reduced size of the fracture layer grid blocks significant 

testing of an appropriate injection rate was conducted. To determine the limits of injection 

rate a baseline was established in a homogenous liquid phase modeled reservoir to eliminate 

computationally intense phase changes from occurring.  

After scaling the injection rates to be more appropriate for the grid blocks of the multi-

layer model based on the liquid reservoir investigation the automatic time stepping 

functionality of AUTOUGH continued to reduce timestep interval due to the multitude of 

thermodynamic region changes in grid blocks adjacent to the injection block in the 

supercritical case. One potential cause of this is the increased significance of thermal 

conduction from the surrounding hot reservoir blocks relative to the induced convective heat 

transfer of the reduced mass flow rate of injection. Other potential causes include excessive 

permeability in the fracture layer combined with a lack of injection into adjacent fracture 

layers, or unstable flow conditions due to the implementation of a single injection point in 

the central layer of the wellblock column.  

In a final examination, the timestep evolution for the multi-layer model was compared 

to the timestep evolution of the multi-layer model with supercritical injection. The time step 

evolutions described are shown in Figure 5.2.  
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Figure 5.3 Timestep length for simulation iterations of A) 

Multi-layer model and B) Multi-layer model with injection at 

supercritical reservoir conditions. 

  

Although supercritical injection is not realistic, the results indicate that without the 

extreme temperature difference between injectate and reservoir as in the cold-water injection 

case, the multi-layer model performs well. The multi-layer explicit fracture model with cold 

water injection remains to be effectively modelled and is subject for further investigations 

in the future. 
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Chapter 6 

6Conclusions and Implications 

6.1 Conclusions 

The results of the simulations described in this study represent an initial exploration into 

the effects of cold water injection and the thermodynamic response of a hypothetical 

supercritical geothermal reservoir in the numerical modeling code AUTOUGH2. An 

underlying goal of this work was to establish a scenario of cold water injection into a 

supercritical geothermal reservoir that was effectively described to ensure the repeatability 

of the problem for future research. With the growing global emphasis on the importance of 

developing supercritical geothermal resources and more supercritical projects on the horizon 

(e.g. Drilling a third IDDP well), creating a numerical baseline is an important step towards 

better understanding the physical processes occurring. By thoroughly describing all relevant 

model parameters and fully reporting all aspects of model grid, numerical solvers, and initial 

conditions of the problem for academic transparency the hope is that the methodology used 

herein can be replicated. The results of the simulations run as prescribed by the methodology 

described in this work can be compared with the results from recreations of the problem in 

other numerical solvers, simulators, and analytical solutions in the future. Furthermore, the 

variations of physical rock properties Specific Heat Capacity, Porosity, and Conductivity 

presented from the sensitivity analysis in this work expand the breadth of the baseline 

established for future comparisons and study.  

The definition of a ‘supercritical’ fluid varies across geothermal literature. This 

difference subsequently manifests itself in numerical simulators treatment of 

thermodynamic conditions. This is evidenced by the disagreement of definition of 

thermodynamic state in the early grid validation study conducted as part of the methodology 

of this study. The lack of agreed upon definition of supercritical geothermal conditions was 

again apparent in the interpretation of the conditions of the thermal front in supercritical 

injection models under the operating thermodynamic regions identified in the supercritical 

extension of saturation curves utilized in the AUTOUGH2 solver’s Air-Water EOS. 

The construction of the single-layer and multi-layer explicit fracture models were 

designed to be representative of conditions measured in the IDDP-2 well drilled into the 

Reykjanes peninsula in academic and industrial pursuit of high enthalpy supercritical fluids. 

This selection of initial conditions provides a realistic reference to orient the semi-

hypothetical model created in this study to real world conditions. The cold fluid input to the 

supercritical reservoir at Reykjanes caused by the drilling process, the subsequent cold-water 

injection from completion testing, and the controlled heat up period provided the impetus 

for understanding the cold-water supercritical fluid interaction.   

As stated previously, the thermodynamic behavior of supercritical fluids is most evident 

in the pressure response of the single-layer model. The decrease in pressure in the well block 
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at the initiation of injection and the propagation of a zone of stable intermediate pressures 

discontinuous with the trend of the general pressure is correlated with the radial 

transgression of the phase transition from high enthalpy vapor to compressed liquid through 

the supercritical region.  

 

To summarize, the conclusions gained from this study are as follows: 

• The definition of a ‘supercritical’ fluid varies across geothermal literature. This 

difference subsequently manifests itself in numerical simulators treatment of 

thermodynamic conditions. While results produced with different numerical 

simulators may be consistent, the initial conditions and thermodynamic changes 

must be rigorously discussed to avoid confusion in academic discussion and 

presentation.  

• The single-layer model developed, and the results of the simulations reported in 

this study represent an effective baseline for subsequent studies with increased 

complexity and scope or alternative methods of simulation. 

• The injection of cold water into a supercritical geothermal reservoir produces a 

complex interaction of heat transfer and fluid flow which causes boiling and 

condensation to occur in rapid succession as a thermal front propagates radially. 

• The addition of low permeability layers (as in the multi-layer model case) has 

significant effect on the performance of the simulation. This effect is tentatively 

attributed to the phases induced by the rapid conductive heating of the cold-water 

in small ‘fracture’ blocks. These phase changes limit the ability to model 

extended periods of injection due to TOUGH2 time stepping procedures.  

 

6.2 Relevance and Future Work 

The results of this project have implications for the geothermal industry and scientific 

research into the deep roots of geothermal systems and the heat and fluid flow processes at 

hydrothermal vents. Although the models developed in this study were simplistic and 

omitted key terms such as gravity and regional heat flux they represent a methodical 

approach to developing models which accurately depict the effects of cold water injection 

and the thermodynamic response in supercritical conditions. This objective is shared 

appropriately by the IDDP consortium which generated the well that was the foundational 

reference of this study, and the geothermal and scientific community in general.  

The results of this study remain a preliminary numerical examination of the physical 

processes which occur during exploitation of supercritical geothermal resources. Further 

model development is needed to continue to increase understanding of these systems. 

Necessary future work includes exploring the effects of the ‘skin zone’ in supercritical 

reservoir simulations as the grid validation study was shown to be extremely sensitive to this 

condition. Further improvement of the multi-layer explicit fracture model is needed, and the 

implementation of a dual porosity, multiple interconnecting continua (MINC) model likely 

will be the subject of future studies. Furthermore, adding representation of heat flux 

throughout the modeled reservoir could also be a step towards understanding the fluid 
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dynamics and thermodynamic processes in supercritical geothermal regimes. In general, the 

model can be made more accurate to the specific conditions of the Reykjanes peninsula as 

more data becomes available, and the thermal front identified in this work is a subject which 

merits further numerical investigation. 

From a scientific perspective this investigation provides a well-documented repeatable 

test problem for the numerical simulation of heat and fluid flow processes in conditions that 

could represent recharge into coupled hydrothermal and magmatic processes in volcanic 

systems and in conditions analogous to mid-ocean ridges among other things.   

From a geothermal industry perspective, the potential for revitalizing aging geothermal 

fields with deep re-injection of spent geothermal fluid, or injection of working fluids into 

fractured supercritical domains to create enhanced geothermal systems (EGS) are two areas 

of interest. This investigation into effectively representing the impact of such injection into 

these high enthalpy geothermal resources has significance for geothermal development 

worldwide and by extension presents potential options to meet the growing demand for 

sustainable energy production.  
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Appendix A  

Injection Base Case 

The following section presents the plots created in as a base case for injection. The 

parameters of the Injection Base Case are discussed in the Methods chapter of this text. The 

plots on following pages are presented in the following order: 

 

1. Pressure vs logarithmic radial scale 

2. Pressure vs linear radial scale 

3. Pressure and Temperature for selected blocks 

4. Temperature vs logarithmic radial scale 

5. Temperature vs linear radial scale 

6. Density vs logarithmic radial scale 

7. Density vs linear radial scale 

8. Density and Dynamic Viscosity for selected blocks 

9. Dynamic Viscosity vs logarithmic radial scale 

10. Dynamic Viscosity vs linear radial scale 

 

Each set of plots is shown with series in two different time intervals. The first series 

plotted at 2-minute intervals and second series plotted at 14-day intervals. Due to the 

flexible time stepping of AUTOUGH2 the 2-minute interval plots show only six lines. This 

is because the length of timestep was allowed to increase as AUTOUGH2 calculated stable 

timesteps to optimize the computation time. In contrast, the 14-day intervals show 26 

complete series as expected. 
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Appendix B 

Sensitivity Analysis 

The following section presents the plots created in the sensitivity analysis conducted for 

varying Porosity, Conductivity, and Specific Heat Capacity. Each parameter variant is 

examined via radial temperature, pressure, fluid density, and dynamic viscosity plots 

coupled with thermodynamic plots of pressure-temperature and density-temperature. 

Spatial plots are shown on logarithmic axis and linearly scaled axis. The logarithmic plots 

span the entire simulated reservoir and the linear plots represent a small subsection of the 

simulated reservoir spanning conditions within a 0-40 m radius. 
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Porosity Variation 
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Conductivity Variation 
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Specific Heat Capacity Variation 
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