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Abstract 
 

This study uses learnings from successful deep drilling campaigns in three geological 

settings—IDDP-2 (in a volcanic setting), Molasse Basin (in a sedimentary setting), and United 

Downs (in a metagranitic setting)—to construct a decision-making tool to reduce risk in the 

planning stage of deep geothermal drilling projects. In order to create the decision tool, 

interviews were set up with drilling specialists from each drilling campaign. Interviewees then 

discussed major decisions made, challenges faced, and solutions found. Then, a decision tool 

was constructed based on learnings from each study.  

 

The decision tool, which is a click-through tool whose architecture is that of a decision tree, 

serves three purposes: to provide a flow structure for decision-making that allows users to make 

decisions that are compatible with one another, to provide advice for decisions in tandem with 

the use of the tool, and to warn of challenges for the specific geological environment selected 

and choices made based on each case study. Guidance does not include all possible decisions, 

nor does it warn of all potential risks in a drilling project but is meant to characterize major 

decisions and challenges faced in the three representative drilling projects. 

 

In the end, this study seeks to provide well-rounded guidance for deep geothermal drilling. 

Understanding the risks associated with deep drilling in unconventional environments is 

essential to decision-making with drilling and avoiding failure. A better understanding of 

drilling to deep geothermal reservoirs may one day be critical step to solving climate change. 
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1 Introduction 
 

Geothermal energy today is only utilized in hyper-specific conditions where geothermal fluid 

exists near the surface. In order to expand global access to geothermal energy, methods used 

in deep drilling must improve. The primary motivator behind this study is to reduce risk while 

drilling in deep geological settings, and to identify the impact that geological environment has 

on drilling methods. 

 

The objective of this study was to answer three questions: 

• What challenges should be expected when drilling to deep reservoirs, and how do these 

expected drilling challenges change based on their geological setting?; 

• What methods can drillers use to increase the chance of overcoming these challenges?; 

• What is the best order in which to make these decisions? 

These questions are answered through an analysis of three successful deep drilling campaigns, 

each in a different geological setting: The Iceland Deep Drilling Project (IDDP-2) in a 

superheated volcanic reservoir; the German Molasse Basin project in a deep sedimentary 

reservoir; and the UK United Downs project in a deep granitic reservoir. For the purpose of 

this study, “success” implies the ability to drill to the targeted reservoir, and “failure” implies 

the inability to drill to the targeted reservoir. Each project represents a different geological 

setting that poses a unique set of challenges to deep drilling. Learnings from this analysis were 

used to construct a decision-making tool to aid in the planning process. The methodology first 

required compiling a list of major drilling decisions based on established literature and 

recording factors that impact each decision. Then, drilling specialists were consulted to 

determine if the list accurately reflected their experience.  A simplified decision tree was 

constructed and ordered based on the list of decisions and associated factors. The simplified 

decision trees were then used as a tool to record drilling decisions in each case study and were 

ultimately used to determine the architecture the final decision tool. Factors for each decision 

were also detailed within the decision tool based on learnings from each case study. In the end, 

this study used findings from each successful drilling campaign to construct a decision tool to 

help guide the decision-making process in planning a deep drilling campaign. 

 

After a review of literature and interviews with drilling specialists, it became clear that no well-

defined decision tool exists for recording major drilling decisions or providing structure to 

drillers while they make decisions. In many cases for drilling, major drilling decisions build 

from each other in the planning process, and if drilling decisions are made in the wrong order, 

significant time can be wasted in the drilling process. Decision tools that are currently used for 

planning geothermal drilling include company-owned drilling risk matrices, which focus on 

potential outcomes of drilling decisions, but do not provide an overall structure for decision-
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making, and basis of design documents, which are focused on environmental setting and goals. 

The selection of the technology and drilling equipment to be used is made in a feasibility report 

and later described in detail in a drilling program report. The final version of the drilling 

program is revised to include inputs from drilling contractors selected for the project. However, 

there is not a uniform tool for equipment selection guidance or recording decisions for similar 

deep drilling projects across the industry (D. Lackner, personal communication, 4 February 

2022; N. Farquharson, personal communication, 7 February 2022). 

1.1 Background 
 

1.1.1 Geothermal drilling 

 

Geothermal heat exists everywhere on earth at varying depths. However, the ability to access 

that heat is restricted not only by the ability for fluid to flow through the rock, but also by the 

depth that can be feasibly drilled (EERE, n.d.). Thus, drilling is an essential step in the process 

of accessing geothermal energy. An abundance of geothermal heat exists on earth at depths 

greater than can be feasibly drilled with today’s technology. This study is focused the drilling 

of deep geothermal wells because taking steps to better understand deep drilling could expand 

access to geothermal reservoirs beyond traditional geothermal regions. Gaining a better 

understanding of challenges and methods in deep drilling, and learning from successful drilling 

campaigns, is essential to taking steps towards enabling deeper drilling. 

 

Rotary drill rigs are the industry standard for deep geothermal drilling (Teodoriu & Cheuffa, 

2011). Rotary drilling was the method used for all case studies examined in this study. The 

method works by rotating a drill string, attached to a drill bit, while applying downward force 

(Teodoriu & Cheuffa, 2011). Rotary drilling methods vary in the mechanics of how the 

torque is applied to the drill bit (Teodoriu & Cheuffa, 2011). Factors that determine the 

selection of a drill rig are discussed in Section 4.1, and the ways in which each part of a drill 

rig interacts with challenges faced while drilling will be discussed in detail throughout the 

study. A diagram of a rotary drill rig is shown in Figure 1.1 below. 
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Figure 1.1: Simplified diagram of a rotary drill rig. 

 

 

Seen in the figure above, a rotary drill rig is made up of a variety of components. Hoist capacity 

of a drill rig determines the maximum weight that can be hung by the drill rig’s hoisting system, 

and the weight on a drill rig’s hoisting system is largely dependent on the amount of drill string 

in a wellbore at a given time (Finger & Blankenship, 2010). Thus, a rig’s hoist capacity can be 

a limiting factor when needing to utilize a long drill string to drill a deep wellbore. The derrick 

is a structure that holds up the hoisting system and drilling components. Flow lines depicted in 
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the figure above typically include a kelly hose, which pumps drill fluid down the drill pipe, and 

an outgoing mud line connected to a mud tank (Finger & Blankenship, 2010). The drill string 

is typically either rotated by a rotary table or a top drive system motor (TIOT, 2019). The 

blowout preventor (BOP) stack sits at the top of a wellbore and prevents fluid kicks and well 

blowout, ensuring safety and allowing drilling operators to have more control of downhole 

circulation, discussed further in Section 4.1 (Finger & Blankenship, 2010). The drill pipes  

make up most of the drill string length. Below the drill pipes, there are a few heavier joints. 

The purpose of heavier joints is to provide a transition from the lighter weight drill string above 

to the rigid drill collar below (Halliburton, 2018). Drill collars are a major driver of weight on 

bit (WOB) and connect the drill string to the drill bit. Reamers and stabilizers, attached to the 

drill collar, can work to hold the drill collars off of the wellbore walls to prevent wear, and help 

guide the bit for directional drilling (Larsen et al., 2014). Reamers have cutters on rollers along 

the sides of the drill string that cut the rock as they continue into the formation (Larsen et al., 

2014). Stabilizers have blades that apply pressure against the wall of the hole but do not cut the 

wellbore wall (Larsen et al., 2014). The heavy joints on the bottom of the drill pipe, the drill 

collar, and the drill bit make up the bottom-hole assembly (BHA) (Larsen et al., 2014). The bit, 

which is the bottom-most component of the BHA, is the most commonly switched out 

component of a drill system (M. Smith, personal communication, July 17, 2021), and thus, is 

listed as its own component, separate from the drill rig, in the decision tool. Drill bit types in 

deep drilling typically include roller cone, polycrystalline diamond compact (PDC), or hybrid 

drill bits (Pessier & Damschen, 2011). Drill bit specifications are discussed in detail in Section 

3.2.5. 

 

Once a wellbore is drilled into a geothermal reservoir, a well is constructed to ensure that the 

wellbore stays open and can be a consistent conduit of geothermal fluid. The produced fluid 

can be used for direct use, district heating, or to spin a turbine to generate power. Geothermal 

wells can be separated into four categories: Exploration, reinjection, production, and 

monitoring (Axelsson et al., 2013). Exploration wells are typically drilled to evaluate 

subsurface conditions prior to establishing a geothermal power plant. Production wells are used 

to produce hot geothermal fluid, and reinjection wells are utilized to inject water to ensure 

geothermal fluid does not deplete. Monitoring wells are used for ongoing monitoring of 

downhole conditions (Axelsson et al., 2013).  
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Figure 1.2: Cross-sectional diagram of a geothermal production well (source: Lohne et al., 

2017). 

 

To understand challenges and decisions made when drilling a wellbore, it is important to 

understand the architecture of a basic geothermal well. Conductor casing is installed to prevent 

shallow groundwater and unconsolidated material and from infilling the wellbore. Intermediate 

casing sections are used to support the change from the surface conductor casing to the 

production casing section. Production casing is to act as a final conduit to guide the fluid up 

the wellbore. Slotted liners are the sections that allow fluid to enter the wellbore while allowing 

the wellbore to maintain structure while preventing debris from entering the wellbore (Lohne 

et al., 2017; Lentsch et al., 2015). Permanent well casing, as depicted above, is cemented into 

place. As shown above, wells are constructed with a series of casing at decreasing diameters 

with depth to ensure the wellbore does not collapse (Southon, 2005). Drilling factors such as 
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drill bit diameter and drill fluid viscosity change throughout the drilling process due to 

decreasing wellbore diameter with depth (D. Lackner, personal communication, February 4, 

2022). Well design is related to a variety of factors that also impact drilling including formation 

pressure, fluid viscosity, formation temperature, and other factors discussed in Section 3.2.5. 

Most decisions that are specific to well design, such as cementing material selection and casing 

material, are not examined in this study. However, well design and drilling require many of the 

same considerations in the planning stage and understanding intended well design is an 

important part of planning the drilling process. 

1.1.2 Geological settings 

 

Drilling is highly sensitive to formation conditions, and thus geological setting is a logical way 

to spread out case studies when evaluating challenges in geothermal drilling. Volcanic regions 

with a high thermal gradient are often targeted for geothermal drilling because less depth is 

required to reach high temperature zones. However, geothermal heat exists in a variety of 

geological settings. In an effort to represent and compare a broad variety of drilling 

environments, one case study was examined from each of the three following geological 

settings: A granitic setting, a sedimentary setting, and a superheated volcanic setting. 

Granitic and metagranitic rock 

 

Granite is an intrusive igneous rock, meaning it is created when a magma chamber cools before 

it reaches the earth’s surface, and thus, the magma slowly crystallizes. It can be distinguished 

from other intrusive igneous rock, such as gabbro and diorite, due to the ratio of its mineral 

composition containing feldspar, quartz, and limited amounts of other minerals such as mica 

or amphibole (Hefferan & O’brien, 2010). The lithological pressure and insulation provided by 

below-surface crystallization results in slower cooling of magma, during which crystals form 

(Hefferan & O’brien, 2010). Like other intrusive igneous rock, granite has no functional 

porosity, and thus relies on fractures for permeability (Anovitz & Cole, 2015). In granite rock, 

geothermal reservoirs are only possible in where fractures allow for the flow of geothermal 

fluid.  

 

Metagranitic rock is partially metamorphosed granite. It forms when granite is put under 

enough heat and pressure to partially alter its mineral structure and/or composition (Hefferan 

& O’brien, 2010). Metagranite can be predicted to have a similar hardness and lack of natural 

porosity to true granite (Anovitz & Cole, 2015). Drilling at the UK United Downs project 

(UDDGP), introduced in Section 1.2.1, required drilling through both granite and metagranite 

(Ledingham et al., 2019). 

 

Sedimentary rock 
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Sedimentary rock is created when unconsolidated material lithifies into rock. Lithification can 

be the result of chemical processes, thermophysical processes, or both (Hefferan & O’brien, 

2010). Common sedimentary rocks include limestone, sandstone, and shale. Hydrocarbon 

basins are a classification of sedimentary geological setting, and the resources behind oil and 

gas drilling result in an abundance of institutional drilling knowledge based on drilling into 

sedimentary rock. Drilling at the Molasse Basin project in Germany, introduced in Section 

1.2.2, required drilling deep into sedimentary rock (Lackner et al., 2018). 

Volcanic rock 

 

Volcanic rock is the result of magma that cools when it reaches the earth’s surface. The 

permeability of volcanic rock is primarily derived from the aeration of the lava when cooled, 

but may also derive permeability from fractures (Hefferan & O’brien, 2010). Volcanic rock 

ranges from felsic to mafic depending on chemical composition. Common volcanic rocks 

include basalt, rhyolite, obsidian, and others. Volcanic formations are common geological 

settings encountered in geothermal drilling due to the high thermal gradient present in active 

volcanic areas. Drilling at the Iceland Deep Drilling Project 2 (IDDP-2) required drilling into 

a volcanic setting. Additionally, the environment at IDDP-2 can be classified as superhot 

because fluid was recorded at temperatures and pressures above its critical point (Friðleifsson, 

2021). 

 

Hydrothermal alteration 

Hydrothermal alteration is a water-rock interaction that causes primary minerals to be replaced 

by alteration minerals. This occurs as a function of pressure, temperature, and fluid chemistry 

(Hersir & Árnason, 2017). Figure 1.3 shows a cross section of well logs in the Nesjavellir 

Geothermal Field. The variation in alteration minerals in Figure 1.3 is indicative of changing 

fluid conditions with depth. Figure 1.3 shows relationship between alteration minerals, 

resistivity, and depth, and shows what the structure of a volcanic geothermal system might look 

like. Nesjavellir Geothermal Field is in a volcanic geological environment similar to IDDP-2.   
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Figure 1.3: Simplified cross-section representing hydrothermal mineral alteration. Example 

shown is in the Nesjavellir Geothermal Field (Source: Árnason et al., 1987). 

 

Because hydrothermal alteration involves the replacement of minerals within a formation, it is 

an important part of understanding subsurface geological conditions. In hydrothermal systems, 

where alteration may vary with depth, the challenges faced when drilling may also change with 

depth. The alteration of rock in geothermal systems is a predictable depth-related process, and 

thus, is an important part of how geological settings impact deep geothermal drilling. 

1.2 Case studies 
 

The global effort to demonstrate drilling in unconventional reservoirs provides a unique 

opportunity to assess challenges, methods, and failure modes encountered in a wide range of 

geological settings. For this study, three case studies were assessed with a focus on challenges 

faced while drilling, and methods for avoiding drilling failure were collected. 

1.2.1 United Downs, UK: Drilling into a Deep Granitic Intrusion 

 

The United Downs Deep Geothermal Project (UDDGP), completed a well pair in 2020, and 

plans to establish the first geothermal power plant in the UK. The heat source is a cooling 

granitic intrusion at ~5 km in depth, whose target zone reached a measured temperature of 

193˚C. During the 2018 drilling campaign, two wells were drilled: One 5275 m directional 

production well (UD-1), and one 2393 m directional injection well (UD-2) (Farndale & Law, 

2022). These wells successfully intersected the Porthtowan Fault Zone (PWFZ), a granitic fault 

zone beneath Cornwall, England (GEL, 2021). This project targeted an inactive fault zone as a 

source of permeability, and fluid was introduced into the system to create an engineered 
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geothermal system. Reservoir creation conducted as a part of this drilling campaign is 

discussed in Ledingham et al., 2019. The drilling of UD-1, the 5275 m production well, is the 

primary focus of this case study. 

 

 
 

Figure 1.4 Innovarig drill rig onsite at UDDGP drill site (source: Ledingham et al., 2019). 

 

UD-1 was drilled through Devonian metasedimentary rocks from the surface, then through 

Permian granite until TD (Reinecker et al., 2021). The rate of penetration (ROP) ranged 

between 1-25 m/h throughout the drilling process. The faster ROPs were observed in kaolinite 

and heavily fractured zones (Reinecker et al., 2021). The well was drilled with an Innovarig, 

which is hydraulically driven and allows for four drilling modes: rotary drilling, standard 

oilfield coring, wireline coring, and reverse circulation air drilling (Prevedel et al., 2010). This 

drill rig selection is suitable for drilling in urban areas due its relative lack of invasiveness—it 

operates at a relatively low noise-level, generates smaller amounts of waste, and operates 

within a small surface footprint (Prevedel et al., 2010).  
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Figure 1.5 Tri-cone drill bits with tungsten carbide inserts used for the drilling of UD-1. 

Drill bit sizes are 24”, 17.5”, 12.25”, and 8.5” from right to left. (source: GEL, 2021). 

 

The rotary drill bits used with the Innovarig were tri-cone drill bits with tungsten carbide 

inserts, ranging from 8.5-24” in diameter, as can be seen in Figure 1.2 above (GEL, 2021). The 

Innovarig is the same drill rig used for drilling deep wells in the Molasse Basin Germany 

(Prevedel et al., 2010). Further details on the operation of the Innovarig are discussed in Section 

1.2.2. 

1.2.2 Molasse Basin: Drilling into a Deep Sedimentary Reservoir  

 

The deepest geothermal well in Germany is in the Molasse Basin; a sedimentary basin that 

extends from Geneva, Switzerland, to Vienna, Austria. It is a peripheral foreland basin of late 

Eocene to Miocene age. The geothermal reservoir accessed is a highly permeable carbonate 

unit of Upper Jurassic age called the Malm Aquifer (Lentsch, et al., 2015). As of 2018, 26 deep 

geothermal installations have been established the Malm Aquifer. The process of drilling the 

deepest wellbore in the Malm Aquifer, the Holzkirchen (HZK) Th2 production well, is the 

subject of this case study. 

The Malm Aquifer is found between 4.6-5.3 km in depth, with a maximum depth of just over 

6 km (Lackner et al., 2018). It is a 500-600 m thick low-to-mid enthalpy reservoir with 

maximum temperatures of 150-160˚C (Lenstch et al., 2015). The reservoir has low levels of 

salinity and sufficient permeability for combined direct use and power generation with an ORC 

power plant (Lackner et al., 2018). 

The drilling of HZK Th2 took 8 months and finished in March 2017 after reaching a max depth 

(MD) of 6.084 m, and a total vertical depth (TVD) of 5.050 m (Lackner et al., 2018). The 

estimated production rate for the HZK Th2 is > 100 l/s. Due to issues with pore pressure 

variance, it was concluded that additional wells drilled in Molasse Basin near the alpine front 

should be drilled with an additional casing string to allow for sufficient mud weights (Lackner 

et al., 2018).  Challenges associated with drilling HZK Th2 are discussed in Section 3.2.2. 
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Like UD-1, the HZK Th2 was drilled with an Innovarig drill rig (Figure 3). The Innovarig is a 

hydraulically powered semi-automatic rig that is suitable for use in urban areas. The Innovarig 

used its rotary mode, which uses a method of rotary steerable systems (RSS), to rotate a drill 

bit at 220-500 RPM while being steered by directional pads that push the tool where it needs 

to go (Wohlgemuth et al., 2007).  The Innovarig uses hydraulic power while in rotary mode, 

which means that as drilling fluid flows down through the bottom hole assembly (BHA), it 

turns an internal generator, which in turn powers internal electronics (microprocessors, gamma 

ray sensors, data storage, etc.) inside of the tool (Wohlgemuth et al., 2007). Drilling fluid also 

provides the hydraulic power necessary for pads to open and close to force the bit in the 

required direction—this steering method is referred to as “push-the-bit” steering and is a 

common method for steering in rotary steerable systems (Halliburton, 2018). 

 
 

Figure 1.6 The site of the HZK Th2 wellbore (Source: Mining Report, 2019). 

 

In addition to assisting with the hydraulic power for driving a drill, drill fluid is utilized for a 

variety of reasons while drilling: The cooling and lubrication of the drill bit, the removal of 

cuttings from the drill face and transportation of the cuttings uphole, wellbore stabilization, 

corrosion reduction, and in some cases, suspending cuttings during periods of non-circulation 
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(Culver, 1998). It is important in drilling planning to be prepared with all fluid additives that 

may be required (D. Lackner, personal communication, February 4, 2022). The methods and 

materials used for drill fluid are discussed in Section 3.2.5. 

1.2.3 IDDP-2: Drilling into a Deep Superheated Reservoir 

 

The Iceland Deep Drilling Project (IDDP) is a global research initiative that plays a key role in 

demonstrating how to drill deep into extremely hot geothermal reservoirs. The objective of the 

project is to better understand how to access and utilize fluid at a temperature and pressure 

above its critical point—i.e., supercritical fluid (IDDP, 2021). Accessing this fluid requires 

deep drilling into extreme conditions. There have been two IDDP drilling campaigns thus far: 

IDDP-1 and IDDP-2. IDDP is currently in the planning stage of its third round of drilling: 

IDDP-3 (IDDP, 2021). The drilling of IDDP-2, which completed in 2017, is the subject of this 

case study. 

Between 2016-2017, IDDP-2 well was drilled down to 4.7 km, reached a temperature of over 

426˚C, and a pressure of 34 MPa (Friðleifsson et al., 2017). At the time, it was the deepest and 

hottest well in Iceland (Friðleifsson et al., 2017). IDDP-2 is located on the tip of the Reykjanes 

Peninsula in Iceland. Heat accessed by IDDP-2 is sourced from the Reykjanes geothermal 

system, a land-based continuation of the Mid-Atlantic Ridge. This system sits on the western 

side of the Hengill volcanic system. It is in coastal basaltic rock that is recharged with seawater 

(Stefánsson et al., 2018). Unlike geothermal fluid in the Molasse Basin, fluid accessed in 

IDDP-2 was highly acidic and hypersaline, which posed challenges with rapid degradation of 

drilling tools directly exposed to the formation fluid (Peter-Borie et al., 2018). Formation fluids 

and equipment degradation will be discussed in more detail in Section 3.2.3. 

The drilling of IDDP-2 involved the deepening of RN-15; a production well which was drilled 

to 2500 m in 2004. The plan was to re-enter this hole and deepen it until supercritical fluids 

were reached. A TD of 4659 m was reached on 25 January 2017 after 168 days of drilling. A 

350 hp Bentec rig (Þór) was used (Figure 4) (Stefánsson et al., 2018). The well was drilled 

vertically to 2700 m, then deviated by 30 degrees to 4659 m. The measured temperature was 

426˚C and 34 MPa after 5 days of well heat-up. It is likely that the drill encountered 

temperatures higher than measured (Stefánsson et al., 2018). 
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Figure 1.7 Site of IDDP-2 Drilling at Reykjanes. Drilling rig Þór is pictured (Source: 

Stefánsson et al., 2017). 

 

Throughout the drilling process, bit types alternated between conventional roller cones, hybrid 

bits, geothermal roller cones, 300˚C roller cones, and core bits. The bit that drilled the greatest 

distance and had the highest ROP was the roller cone (627 IADC). The bottom hole assembly 

(BHA) alternated between rotary, motor, metal-to-metal motor, and coring. The bit diameter 

started at 12.25”, lowered to 8.5”, and had a bottom-hole diameter of 6”. All roller cone bits 

had a similar structure: medium-heavy cutting structures with conical tungsten carbide inserts 

(TCIs) (Stefánsson et al., 2021). IDDP-2 demonstrated the use of metal-to-metal motors, 300˚C 

drill bits, seawater drilling fluid, and high-temperature MWD tooling (Stefansson et al., 2018). 

Below 3 km, all circulation was lost into the formation. Further challenges discussed as a part 

of an interview with Dr. Guðmundur Friðleifsson are discussed in Section 3.2.3. 
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2 Methods 

2.1 Basis in previous work 
 

The first step of this study was to review existing guidelines for major drilling decisions 

encountered in a geothermal drilling process. This was done by first reviewing industry-

standard drilling guides, such as the Drilling Handbook published by Sandia National 

Laboratory in 2010 (Finger & Blankenship, 2010) and the History of Geothermal Energy 

Research and Development in the United States, published by the US Department of Energy’s 

Office of Energy Efficiency & Renewable Energy (EERE, 2010). Background review for this 

study then expanded to reports written directly by drilling operators on experience gathered 

from blogs (Odfjell Technology, n.d.; Fordia, n.d.; Drillers.com, 2020) or informational videos 

(Helmy, 2021), and then finally review equipment guidelines delivered directly from 

manufacturers and sellers such as Halliburton, NOV, Baker Hughes, and other major producers 

of equipment such as drill rigs, drill string components, drill bits, and drill fluid additives 

(Halliburton, 2018; ReedHycalog & NOV Wellbore Technologies, 2020; Baker Hughes, n.d.). 

 

After industry-wide published materials were reviewed for a structure of guidance, literature 

specific to this project’s three case studies was reviewed, and information gaps were recorded. 

Because the end product of this project is a decision tool (discussed in Section 2.4), the next 

step was to review the use of existing tools to aid in decision-making in deep geothermal 

drilling, and to review the use of decision-making tools in other industries. 

This approach not only allowed the decision-making tool to be broadly reaching in drilling 

perspective, but it also allowed the following interview process, to be discussed below, to 

address specific data and information gaps that were identified during this literature and general 

resource review. During this published material review period, it became clear that drilling 

guidance issued from basic reports issued by agencies, although helpful in a broad sense, did 

not address guidance specific to drilling in deep environments that may be necessary to drill in 

the future for geothermal energy to expand beyond conventional regions. 

Two tools already exist to aid in the drilling decision-making process: Risk matrices and basis 

of design documents (D. Lackner, personal communication, February 4, 2022; N. Farquharson, 

personal communication, February 7, 2022). Basis of design documents lay out drilling targets 

and specific details of the subsurface environment that are essential components to consider 

before outlining a plan for drilling. However, it is not within the scope of a basis of design 

document to record specific drilling decisions or alert a team of risks (N. Farquharson, personal 

communication, February 7, 2022). Risk matrices are tables that consider the risks of taking 

specific actions.  Actions are then graded based on A) pitfalls of the risk associated with that 

action (such as well blowout), and B) estimated chance of that worst-case-scenario occurring 

(D. Lackner, personal communication, February 4, 2022). However, risk matrices do not 
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provide drilling planners with a structure of flow for decision-making that reduces the risk of 

losing time on the iterative decision-making process that occurs when incompatible drilling 

decisions are made. Risk matrices and basis of design documents vary based on company and 

project (D. Lackner, personal communication, February 4, 2022). 

 

The decision tool presented in this paper is structured based on the architecture of a traditional 

ordered decision tree (Safavian & Landgrebe, 1991). The methodology for construction of the 

decision tool is detailed in Section 2.4, and the basis of this tool in existing methods is further 

described in Figure 2.1 below.  

 

 

Figure 2.1: Basis of decision tool methodology. 

 

The use of a decision tree to assist with decision making in cases of decisions that build from 

one another is well-established in the history of making well-informed decisions in high-risk 

situations. This project builds off of existing publications that provide a structure for decision 

making, which are especially popular for use in the construction industry (Dey, 2002). These 

decision tools were used as the basis for this tool due to the similarities in application: Drilling 

uses heavy machinery which requires careful planning early in the process. Construction of 

surface infrastructure uses different equipment than drilling for the construction of a well, but 

the applications were similar enough that the decision tool could be referenced in terms of 

approach.  Existing literature for decision tree utilization was used as a basis for building a 

decision tool for deep drilling (Safavian & Landgrebe, 1991).  

2.2 Case study site selection 
 

After a thorough research and literature review of successful deep drilling projects around the 

world, it was determined that a few concrete requirements need to be set for the selection of 

the three deep drilling projects that would be the most pertinent to the motivation behind this 

study. The criteria for case studies was determined to be as follows: the project must be ongoing 

or the last well must have been drilled less than 10 years ago; the wellbore must reach 
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temperatures required for electricity production, i.e. greater than 160˚C; the wellbores are 

“deep’ i.e. over 4 kilometers in depth or have reached fluid temperatures of greater than 374˚C, 

the campaign must have been considered a “success”, i.e. reached its target zone, and the 

campaign must have sufficient published information on the campaign as well as accessible 

specialists available for interviews about decisions made during the drilling campaign. The 

temperature and depth criteria were chosen in order to ensure a focus on drilling in 

unconventional environments. A 2019 study in the Molasse Basin showed that drilling failure 

rate increases dramatically when drilling below 3.5 km—findings are discussed in more detail 

in Section 3.2.2 (Flechtner & Aubele, 2019). Additionally, having a mid-to-high temperature 

criteria of 160˚C allowed for sites that could represent future drilling that may have an impact 

on the power grid, and the stipulation that the project was completed in the last 10 years was 

to ensure that this study represented recent findings.  

The two potential options for case studies considered for drilling in a superheated volcanic 

setting: the second round of the Iceland Deep Drilling Project (IDDP-2) and the Newberry 

Deep Drilling Project (NDDP). NDDP has only completed its first phase of drilling, which 

reached 3.5 km in depth (Cladouhos et al., 2018). Given the wealth of information gained from 

IDDP-2 and its depth, IDDP-2 was selected for the volcanic region case study. This project’s 

relevancy to NDDP will be included in the discussion. In addition to reviewing published 

information on IDDP-2, the specialist interviewed for IDDP-2 was Dr. Guðmundur 

Friðleifsson – Chief Geologist at HS Orka. 

 

Three potential locations were considered for the sedimentary case study: Songke No. 2 in 

China, the Otaniemi drilling campaign in Finland, and the Holzkirchen (HZK) drilling 

campaign in Molasse Basin, Germany. The HZK drilling campaign was selected because the 

Otaniemi project targets fluid temperatures only appropriate for district heating (Kukkonen & 

Pentti, 2020), and publications regarding the Songke No. 2 well indicated that challenges 

encountered during the drilling campaign would not be made transparent by drilling operators. 

Erdwerk, the engineering company in charge of the HZK drilling campaign, also specializes in 

drilling into metamorphic and granitic basement rock, and therefore, was a valuable resource 

in comparing drilling at HZK to experiences drilling into deep metagranitic geological settings. 

The specialists interviewed to learn more about sedimentary drilling at HZK were Daniel 

Lackner—a Geologist and Drilling Engineer formerly at Erdwerk, and Neil Farquharson—a 

Senior Project Manager and Geotechnical Engineer currently at Erdwerk. 

For the final drilling environment, deep basement rock made up of hard metamorphic and 

granitic rock, the United Downs drilling campaign (UDDGP) in the UK was the best candidate. 

It had a wealth of available information and existing interviews with specialists. The specialist 

interviewed to learn more about the drilling experience at United Downs was Peter 

Ledingham—Geothermal Advisor at GeoScience Ltd and former Drilling Project Manager at 

Geothermal Engineering Ltd, responsible for UDDGP. 
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2.3 Questionnaire and interview process 
 

Once target case studies were identified, and connections were made with specialists in each 

case study, the next step in the decision tool process was to build a simplified decision tree and 

questionnaire for interviewing specialists. Based on data gaps identified in the literature review 

process, a basic questionnaire was developed and then tailored for each interviewee. A 

simplified decision tree was also used as a tool to guide interviews (Fig. 3.4). The simplified 

decision tree allowed a quick identification of missing basic information on the drilling case 

studies. Building this decision tree was an important intermediate step to the full decision tool 

because it served as a useful talking point during discussions without ignoring any key decision 

points, while maintaining enough simplicity to be quickly viewed and not overwhelming for 

the interviewee. Questionnaires were not rigid, but did guide the discussion, and ensure that all 

required information was included as a part of the discussion. Questionnaires were sent out 

prior to meeting with each drilling specialist or geologist in order to help prepare them for the 

informational interview. An example questionnaire, sent to Dr. Guðmundur Friðleifsson, Chief 

Geologist at HS Orka and leader of IDDP-2, prior to his interview, is included below. All 

questionnaires are contained in Appendix A. 

 

• Looking back at major challenges encountered during IDDP-2, is there anything you would 

change about the drilling of IDDP-2? 

  

• If you had to guess, what do you predict will be the biggest challenges for deep drilling at 

Hengill (IDDP-3), and how do you think those challenges should be approached? 

  

• Can you discuss what drilling challenges are unique to the IDDP-2 geological environment 

(superhot, volcanic) that you wouldn’t likely encounter in a sedimentary or granitic 

environment? 

  

• I am formulating a decision tool to reflect major decisions made by drillers during a project 

(Fig 3.4). Are there any other major decisions made while planning a drilling project that 

you believe should be a part of a decision tool? 

  

• Can you tell me more about the decision to use a hybrid drill bit and switch to a roller cone 

bit? Can you discuss the drill bit selection process for IDDP? 

  

• Can you discuss the drill fluid additives used in the drilling of IDDP-2? (Densifiers, 

viscosifiers, filtration control material, pH conditioners, Surfactants) 

  

• What was the process at IDDP for selecting a BHA?  

  

• Were there any people you worked with during the drilling process that you think would 

be helpful to talk to about decision-making in drilling? 
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Interview prompts were used as discussion tools, but the discussion was not limited to formal 

prompts above sent prior to the meeting. Interviews ranged from 40 - 100 minutes in length 

based on the expertise and availability and generosity of each specialist. Full meeting 

transcripts were recorded, cleaned up and summarized, and then used as a tool to inform the 

extension of the decision tool into its full form. Interview transcripts are not included in this 

document upon requests of specialists interviewed, but information portrayed in the interviews 

were summarized and used to inform guidance in the decision tool. Many of these questions 

and much of the discussion was centered around how the specific geological environment that 

the drilling specialist had experienced and impacted the drilling decisions, the challenges, and 

the solutions for achieving success in their specific drilling campaign.  

2.4 Decision tool construction 
 

The architecture of the decision tool was based on a traditional decision tree, as described in 

Section 2.1. The architecture of a decision tree can be split into four main classifiers, as defined 

by Safavian & Landgrebe, 1991:   

• Root: The first split in which the entire sample gets divided between. In this case, 

geological setting. 

• Node: Represents an internal decision based on rules set for what decisions are relevant 

at that stage. 

• Branches/splitting: the process of dividing a node to two or more sub-nodes. 

• Leaf: Node with no descendant – contains a summary of predicted challenges and tips 

based on case studies. 

After reviewing published resources for drilling guidance and deep drilling campaigns, gaining 

insight from expert interviews, gaining specialist input on the decision tool, the full decision 

tool was built out using a web platform called TypeForm. TypeForm software was selected due 

to its allowance for unlimited nodes, branches, and leaves. It allows developers to create 

websites that work as click-through tools and is based on the architecture of a decision tree. 

These click-through tools are built so that each question that is asked leads to a different set of 

questions – drilling decisions -- based on the prior decision provided. All guidance is based on 

the basic first questions of the well path and geological environment, and each question module 

provides guidance for what considerations should determine the drilling decision to be made. 

This structure not only provides users with step-by-step guidance on each decision made, it 

may have the capability of reducing risk and cost in the drilling and drilling planning process 

by encouraging users to follow the most logical order of decisions rather than making one 

drilling decision and then going back and forth in an iterative process to change that decision 

based on a another drilling decision that should have been made much earlier in the process. 

During his interview, Neil Ferguson from Erdwerk mentioned that this iterative process of 

back-and-forth decision-making can be a driver of cost, lost time, and increased risk during the 

planning process of drilling. The ability to utilize a click-through tool when making decisions 
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is a visual simple way to guide a specialist through the planning process. Because prompts in 

the decision tool are ordered to build off of one another, users do not have to be distracted by 

considerations that are not relevant to their drilling decisions. 

2.5 Validation of decision tool 
 

In addition to gaining insights on challenges faced, solutions found, and comparisons to other 

geological settings, specialist interviews also allowed for gaining insights on equipment 

decisions, such as initial mud weights or drill bit selection, not published elsewhere. These 

interviews closed information gaps identified in the literature review process.  Interview 

insights, as well as published information on each study, was used to confirm individual 

pathways through the decision tool in order to gain insight on each drilling process. In the end, 

the decision tool construction required the full process below: 

 

 
Figure 2.2: Decision tool construction. 

 

 Decision pathways for each case-study process are recorded in the Results section below. In 

the future, recording pathways for other successful deep drilling campaigns in diverse 

geological environments could serve as a way to record learnings and a uniform tool to generate 

industry-wide knowledge on decisions made in successful deep drilling campaigns. 
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3 Results 

3.1 Decision tool 
 

The purpose of the decision tool is to provide a structure for decision making when planning 

for a deep geothermal drilling project. Engineering decisions change throughout the depth of a 

wellbore, and the decision tool is only meant to represent and reveal prompts for drilling to the 

deepest parts of the wellbore – beyond 4 km. While the decision tool is structured with the 

architecture of a decision tree, the use of a click-through tool platform allows users to focus on 

one question at a time rather than having to bother with answering prompts that may not be 

relevant to their specific use-case. In contrast to a simple decision tree, using a platform of a 

click-through decision tool allows decisions made in a drilling project to be recorded if desired. 

The ability to record drilling decisions of successful projects in a uniform platform could be 

useful for compiling industry wisdom as more and more deep drilling campaigns become 

successful. 

The decision tool can be accessed on a phone, tablet, or computer, at  

<https://research.typeform.com/to/CgTQrcrC?typeform-source=zjh8ebc2o41.typeform.com> 

 The embed code for the decision tool is here: 

<div data-tf-widget="CgTQrcrC" data-tf-iframe-props="title=Interactive Fiction 

[DEMO]" data-tf-medium="snippet" style="width:100%;height:400px;"></div><script 

src="//embed.typeform.com/next/embed.js"></script> 

 

 Once the page has opened, a user can select answers to prompts that are applicable their drilling 

project. The utility of the decision tool does three things: 

• Provides a structure of flow for decision-making that avoids iterative changing of 

equipment to account for incompatible decisions; 

• Alerts the user to overall risks and provides some overall guidance based on the path 

taken in the decision tool and is based on challenges faced and solutions found in three 

case-study projects. 

• Provides stepwise decision-making advice based on case study learnings; 

• Records decisions made in larger database (if desired) 

It is important to keep in mind that the tool does not incapsulate every possible challenge faced 

during a deep geothermal drilling project, but incorporates guidance based on the three case 

studies used to build the tool. 

It was important for the drilling decisions to be separated by geological environment. That is 

why the second prompt that the decision tool to be presented in this paper asks the user is: in 

what geological environment are you drilling? And all subsequent prompts within the decision 

https://research.typeform.com/to/CgTQrcrC?typeform-source=zjh8ebc2o41.typeform.com
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tool are predicated by the response to that original question. Details on what goes into each 

decision in the decision tool are a part of each module on the decision tool. These guiding 

details are based on learnings from specialist interviews, as well as well-established guidance 

from literature.  

The cover page for the decision tool, as well as selected prompts in the decision tool, are 

compiled in the figures below: 
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Figure 3.1 Screenshots of prompts provided by decision tool (part 1). Prompts are ordered so 

that decisions are compounding. Answers to prompts determine the pathway of prompts and 

determine challenges predicted in outcome. 
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Figure 3.2 Screenshots of prompts provided by decision tool (part 2). 
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As shown in the figures above, useful information is provided to the user as decisions are 

determined. It is possible to reverse and change decisions within the tool as needed. Prompts 

asking for number responses, like wellbore diameter and mud weight, are limited to reasonable 

values. Prompts automatically go to the next prompt once a decision is made, but with prompts 

that allow multiple selections, a user must manually press ‘OK’ to go to the next prompt. Users 

can restart the tool as needed, and the tool can be shared via the hyperlink. Not all drilling 

decisions are captured – just those determined as major decisions in case studies and may be 

expanded in the future. Guidance provided as a result of the prompts is a result of interview 

learnings from each case study and is not inclusive of all possible risks that face deep drilling. 

A sample of potential decision tool outcomes is included below: 
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Figure 3.3 A sample of outcomes provided based on prompt responses within decision tool. 
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The sample of outcomes provided above shows advice given as a result of prompt answers on 

the survey is only one part of the utility of this tool. The structure of the decision tool itself 

serves to provide a structure of flow for decision-making that avoids iterative changing of 

equipment to account for incompatible decisions. The decision tool does not name every 

challenge encountered in a deep drilling project but is based on learnings from the chosen deep 

drilling case studies. 
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Figure 3.4 Simplified decision tree that was used to determine prompts in the decision tool. 

Note that only major decisions relevant to case study discussions are recorded in this tree. 

Where noted, only decisions below 4km were recorded. 

 

The simplified decision tree above represents all decisions prompted in the decision tool. On 

the left are the decision steps in order that they need to be made, and on the right (in blue) are 
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the options for each decision step. Decision steps that come later (are lower on the page) are 

dependent on decisions made earlier in the page. For example, wellbore diameter cannot be 

decided until logging instruments have been selected. The elements that each decision 

is dependent on is listed in bullet points underneath each decision step. For some decisions, 

like fluid additives, multiple selections can be made. For other decisions, like production 

interval diameter, a range of values is represented. Next, major challenges identified for each 

case study are revealed below, followed by a representation of decision flow paths for each 

case study using the decision tree structure above. 

 

3.2 Interview findings 

3.2.1 United Downs – Challenges 

 

The drilling of United Downs took six months in total (UDDGP, 2022), and during the 

campaign, the challenges faced were described as “both challenging and surprising” (P. 

Ledingham, personal communication, March 2022). UDDGP had to overcome two major 

obstacles to achieve drilling success: Maintaining a sufficient torque and bit endurance to drill 

through hard crystalline rock, and maintaining a positive relationship with and understanding 

the needs of the local community in order to continue geothermal drilling throughout the period 

of time it took to reach target depths (P. Ledingham, personal communication, March 2022). 

The UDDGP project site reveals that 4 bits were used while drilling UD-1 (GEL, 2021). 

Formation hardness 

The hardness of the lithologies drilled during the UDDGP posed the most difficult challenges 

to drilling at the site. The top of the wellbore was dominated by low-grade metasedimentary 

rock containing harder hydrothermal intrusions (Ledingham et al., 2019). As drilling continued, 

quartz intrusions were encountered, and increased in density within the formation. The ROP 

while drilling this metasedimentary section was unexpectedly slow (~1-2 m/hr.). This is likely 

due to the frequent presence of quartz veins in this section (Ledingham et al., 2019). After the 

metasedimentary units were drilled, a fine-grained microgranite was encountered. This granite 

was dominated by kaolinite caused a more rapid wear in the 12.5” tri-cone drill bits used. ROP 

increased in the granite to 8 m/hr.—still a relatively low ROP (Ledingham et al., 2019). It is 

likely that a higher ROP would have been achieved with the use of hybrid tri-cone roller and 

PDC bits, like used for the harder rock sections of IDDP-2. 

Public opinion 

Due to its location in a populated area, the ability to complete the required drilling was very 

reliant on maintaining a positive working relationship with the public. In order to avoid any 

challenges due to negative public opinion, the UDDGP worked with the community to address 

its concerns throughout the drilling process. This included continuous noise and monitoring of 

seismicity, as well as establishing a community liaison and education group (P. Ledingham, 
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personal communication, March 2022). Induced seismicity is particularly a concern for hot-

dry rock projects like United Downs, but should be monitored in conventional deep drilling 

projects as well. The UDDGP implemented a “Traffic Light System” to establish required 

operational intervention based on various levels of measured seismicity. Seismic monitoring 

results were reported regularly to local officials (Ledingham et al., 2019). 

Challenges specific to deep granitic drilling 

The difficulties associated with drilling deep granitic rock include increased general rock 

hardness and impermeability in non-fractured zones. Drilling through denser rock generally 

results in a lower ROP, and increased rate of drill bit wear, and historically, drilling deep into 

granitic and metamorphic rock comes with lower overall depths. Because oil and gas extraction 

occurs in hydrocarbon basins, and geothermal drilling traditionally occurs in shallow volcanic 

environments, there is significantly less institutional knowledge about drilling deep into 

metamorphic and granitic rock than drilling into other geological settings (P. Ledingham, 

personal communication, March 16, 2022).  

3.2.2 Holzkirchen – Challenges 

 

A recent study of drilling failures at the Molasse Basin provides strong evidence that drilling 

risk increases significantly with depth. The study, which was published out of the Technical 

University of Munich in 2019, found that in a survey of 75 wellbores across the Molasse Basin, 

wellbores below 3.5 km were ~3x likely to encounter unsolvable drilling problems, and ~5x 

likely to encounter issues with low yield compared to wellbores in the basin that were drilled 

to depths above 3.5 km (Flechtner & Aubele, 2019). 

 

All of the challenges specific to drilling the HZK Th2 were caused by conditions that are 

common in deep sedimentary environments. Pressure variations, gas-bearing zones, highly 

permeable layers with risk of fluid loss, abrasive sandstones, high-stress zones, unconsolidated 

sediments, and swelling clays each posed challenges encountered while drilling HZK Th2. 

Pore pressure variance 

The Molasse Basin is made up of units that have a high variance in pore pressure (Lackner et 

al., 2018). The Malm Aquifer itself is underpressured. However, to access the Malm Aquifer, 

it is necessary to drill through overpressured Oligocene and Upper Cretaceous zones (Lentsch 

et al., 2015). Overpressured zones in sedimentary rock can be caused by formation water 

trapped under impermeable rock, or otherwise impacted by formation stress. Pressure gradient 

in the Molasse Basin ranges greatly - from 0.12 to 0.22 bar/m, gets higher as it gets closer to 

the alpine front (Lentsch et al., 2015). When encountering zones where the fluid pressure in 

the bedrock is higher than the pressure acting on the rock face by the drilling fluid, a fluid kick 

may occur. If a kick occurs while drilling, fluid rapidly enters the wellbore, and if not 

controlled, may result in a total blowout. The variation between under- and overpressured 

zones, requiring the driller to vary drilling fluid density during drilling overpressured zones. 
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It was important during the drilling of Th2 to be able to assess basin data to try to foresee 

pressure variations. Geothermal drilling in abandoned O&G basins can provide the unique 

benefits of extensive subsurface data and drillings record that can be used to predict drilling 

conditions and foresee difficult sections such as overpressured zones. In the case of HZK Th2, 

there was still a difficulty in foreseeing the Oligocene to Upper Cretaceous overpressured 

zones, despite existing data (D. Lackner, personal communication, February 4, 2022). 

Because fluid kick and blowout are caused by pressure differences between the drilling fluid 

column and the bedrock unit itself, blowout risk can be ameliorated by altering the fluid 

pressure enacted on the formation while drilling. If an overpressured zone is encountered, a 

driller can deal with overpressured zones by increasing the drilling fluid density thus the 

pressure enacted on the formation. This is done by increasing the density of the drill fluid itself 

by adding densifiers (e.g., barite) to the mud (D. Lackner, personal communication, February 

4, 2022).  

Gas Kick 

There are also downsides to drilling into a gas basin, as was done in HZK Th2. In addition to 

pressure variations and blowout risks, drilling in the Molasse Basin comes with the challenge 

of avoiding pockets of natural gas. When drilling prior wells in the Molasse Basin, a strong gas 

kick was encountered in the Rupel-Bändermergel formation: a formation near the bottom of 

the wellbore, at ~4500 m. While drilling Th-1 (prior to Th2), a strong gas kick was encountered, 

and the wellbore needed to be abandoned up to 2400 m. A sidetrack was drilled from 2400 m 

along a new well path. Because the location of the gas-bearing formation was known, it was 

strategically avoided in Th2 in its selection of location within the basin (D. Lackner, personal 

communication, February 4, 2022). 

Sandstone Abrasiveness 

Drillers of HZK Th02 reported slow overall ROP due to the need for frequent tripping to 

replace rotary drill bits. Tripping is the act of removing the drill string out of the hole and re-

inserting it, often due to needing to replace a drill bit that is wearing out. Reducing tripping is 

the best way to speed up and reduce risks of drilling, so taking any measures possible to reduce 

the number of trips required for deep drilling is imperative in reducing the cost to reach the 

depths required in deep geothermal drilling. 
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Figure 3.5 Worn tri-cone drill bits (source: Tungco, 2021). 

 

Sandstone, which is a common lithology in the Molasse Basin, is noted as a particularly harsh 

rock-type for rotary drill bits. Drilling through sandstone can have a slow ROP due to its 

abrasiveness and thus, its ability to wear down drill bits quickly (Figure 3.5). Therefore, it is 

important to not only maintain downhole circulation for bit lubrication but choose drill bits that 

have a higher wear tolerance in sandstone-bearing formations. In their 2016 paper, Rosberg et 

al. discussed that thermal wear is the primary cause of PDC drill bit wear in abrasive sandstone 

formations, and thus, the most appropriate drill bit selection for deep sandstone geothermal 

drilling is the use of polycrystalline diamond compact (PDC) bits modified to decrease thermal 

degradation. 

Unconsolidated sediment 

 

Drilling unconsolidated sediment poses two difficulties: 1) wellbore caving and 2) low ROP 

when using hard-rock drills. Therefore, being diligent about casing off all problem sections of 

the wellbore once drilled is important to avoid cave-ins. Secondly, low ROP in softer 

formations only occurs when hard-rock drills such as hammer drilling is utilized in softer rock. 

The Innovarig, used in the drilling of both United Downs and the Molasse Basin, has four 

drilling modes: Rotary drilling, standard oilfield coring, wireline coring, and reverse circulation 

aerated drilling (Prevedel et al., 2010). Like the Innovarig, most drill rigs allow for multiple 

drilling modes. However, if a project team does not plan correctly, drill rigs may need to be 

switched out during drilling to account for subsurface changes during drilling (N. Farquharson, 

personal communication, February 7, 2022). 

Swelling clay 

Difficulties with swelling clay are common for drilling in sedimentary environments. Swelling 

typically occurs when drill fluid hydrates the clay, which then expands into the wellbore. 

Swelling clay can lead to wellbore instability, hole closure, cave-ins, issues running casing, 
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stuck pipe, and loss of drilling assembly. Issues with swelling clay can dramatically reduce 

drilling rates and ability to drill to depth (Anderson et al., 2010). Much like with viscosifying 

agents that can be added to drill fluid, swelling inhibitors can also be added to drill fluid to 

decrease fluid swelling, which can be helpful if the clay swelling originates from drill fluid 

hydrating formation clay, and were useful in the case of drilling of HZK (N. Farquharson, 

personal communication, February 7, 2022). 

High-stress zones 

Stuck pipe was a serious issue when drilling the Molasse Basin. It occurred due to wellbore 

instability caused by swelling clays, tectonic stresses, and pressure variances encountered while 

drilling. The Molasse basin is at the front of the Alps, and tectonic stresses in the basin are in 

line with the alpine front (Lentsch et al., 2015). Tectonic stresses in the basin are aligned N-S, 

which is perpendicular to the alpine front (Lentsch et al., 2015). 

While drilling the third section of the well (out of five), drag forces during drilling increased 

substantially (D. Lackner, personal communication, February 4, 2022). The drill string became 

stuck, and the well needed to be cemented back to 2600 m in depth, much like Th2. The drilling 

was then sidetracked for a second run (Th2a) (D. Lackner, personal communication, February 

4, 2022). That run also encountered issues with stuck pipe. Once the drill string was freed, this 

sidetrack also needed to be cemented. The second sidetrack of well Th2 (Th2b) was successful. 

This period of freeing stuck pipe, abandoning the well to 2600 m, and redrilling a sidetrack 

wellbore, took several weeks (D. Lackner, personal communication, February 4, 2022).  As 

seen in the case of Molasse Basin, it is imperative to avoid drilling in high-stress zones where 

possible and use the appropriate drill fluid for overpressured and clay-swelling zones to avoid 

stuck pipe and wellbore failure. 

Circulation loss prior to reaching the target production zone 

Within the Molasse basin, sections of highly permeable zones caused circulation loss (Lentsch 

et al., 2015). Circulation loss is the loss of most or all fluid into a formation and can be a 

common issue for deep drilling campaigns in highly permeable formations. Circulation loss is 

a positive sign when drilling a potential production zone – it indicates the presence of a flow 

path. However, circulation loss can be problematic when drilling sections prior to the target 

production zone. Drill fluid is useful for providing downhole cooling, lubrication, cutting 

removal, wellbore stabilization, and more. Circulation loss can cause issues with cementing 

casing. Catastrophic issues caused by circulation loss can be chip hold-down, blind drilling, 

stuck pipe (Culver, 1998). In order to avoid fluid circulation loss outside of the target 

production zone, a few different measures can be taken: Gentle drilling and pumping, slower 

ROP, frequent measurements of mud properties to ensure fluid viscosity is constant with 

changing temperatures, and the use of lost circulation material (LCM) in the drill fluid (Culver, 

1998). LCM works to reduce circulation loss by bridging across openings of fluid pathways in 

the formation (Culver, 1998). There are a variety of options for LCM, but polymer LCM is the 

advisable option for high temperature environments until more effective options are developed 

(M. Smith, personal communication, July 17, 2021). Circulation loss was encountered in both 
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the sedimentary and volcanic case studies, and was the most extreme during the IDDP-2 

campaign, discussed in Section 3.2.3. 

Challenges specific to sedimentary rock 

 

There is a heightened uncertainty when drilling sedimentary rock because lithological variation 

can vary greatly within relatively thin layers within the drill column (D. Lackner, personal 

communication, February 4, 2022). Porosity, hardness, and coarseness can vary for all rock 

types, but due to the stratigraphic structure of sedimentary rock, these parameters can vary 

within meters. Running a drill bit from sandstone into a conglomerate risks damaging the drill 

bit significantly--drastic changes in lithology need WOB and RPM changes that require a 

drilling operator to quickly pivot (D. Lackner, personal communication, February 4, 2022). 

Rapid lithological changes can be a challenge for all drilling environments—including 

metamorphic and volcanic environments, particularly in formations that have veins of heavy 

alteration, large fractures, or irregular structures. Additionally, it may be the case that a deep 

geothermal well will encounter one section of relatively uniform massive rock (sandstone, 

limestone, etc.), and in that case, paying close attention to WOB and BHA changes due to 

stratigraphic variation will not be a major concern in the planning phase of a drilling campaign 

(D. Lackner, personal communication, February 4, 2022).  

The Molasse Basin has a history of large carbonate sections, and in areas with abundant 

groundwater flow, massive formations of carbonate rock can have large karsts, i.e., sudden 

voids within the structure of the rock that have been hollowed out by the flow of groundwater. 

Drilling through karst was a major factor in drilling the Molasse Basin (N. Farquharson, 

personal communication, February 7, 2022). Preparedness for karst drilling is essential in 

limestone environments and was a key consideration when preparing for the shallower sections 

of Th2. 

Cost can be significantly higher than other environments when drilling in formations with a 

circulation loss. Before drilling a massive carbonate formation, it is important to be prepared 

to have large-scale losses. Although karst structures only appear in carbonate sedimentary 

rocks, some deep volcanic drilling may be able to translate some knowledge from carbonate 

drilling. IDDP-2 shows that superheated reservoirs in volcanic environments may lead to 

similar issues as drilling through karstic structures. The creation of keyholes was also a 

significant challenge during IDDP-2, which is common in carbonate drilling. In situations with 

total circulation loss in a large void in a formation—whether from sedimentary or volcanic 

origin— LCM may not be sufficient to prevent all circumstances of circulation loss. The 

preparation of a lost circulation plan for any drilling where circulation loss is a possibility, and 

ensuring that any LCM prepared for drilling is rated to expected fluid conditions, if possible, 

is an important part of reducing significant and costly circulation loss. Methods for avoiding 

circulation loss are in the Lost Circulation Plan section below.  
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3.2.3 IDDP-2—Challenges  

 

The greatest challenge encountered during IDDP-2 was the encountering of keyholes that lead 

to stuck pipe (Stefánsson et al., 2017). However, other challenges included premature seal 

failure, decreased grease viscosity leading to bit fatigue stress, stuck pipe, often after polymer 

pills went through the bit, and low rates of core recovery. Many of these challenges were likely 

related to the total loss of circulation encountered below 3 km. Several lessons can be taken 

from the challenges faced, and the solutions used, during the drilling of IDDP-2. Addressing 

circulation loss, keyhole formation, stuck pipe, and seal and grease degradation, are all 

important lessons from IDDP-2 should bring into IDDP-3. 

Circulation loss, keyholes, and stuck pipe 

When drilling IDDP-2, drillers encountered a total loss of circulation below 3 km in depth 

(Stefánsson et al., 2017). Substantial fluid losses encountered during the drilling of IDDP-2 

resulted in difficulties in characterizing the reservoir and avoiding inefficiencies in drilling, 

and a better understanding of fluid losses in this setting needs to be better understood. When it 

was determined that circulation loss in this case was unavoidable, the decision was made to 

continue drilling operations (G. Friðleifsson, personal communication, February 16, 2022). 

Circulation is especially important in high-temperature formations where downhole tooling is 

at risk of damage or failure in due to exposure to high-temperature conditions. When circulation 

was lost at IDDP-2, MWD tools were removed to avoid damage to sensors (Stefánsson et al., 

2021). There was no cutting recovery during this time. The act of blind drilling led to the 

development of keyholes while drilling (Stefánsson et al., 2021). Keyholes (also referred to as 

keyseats) are pockets worn into the side of a wellbore (Schlumberger, 2021). Keyholes, in this 

case, ended up being a major issue, because they led to multiple instances of stuck pipe—an 

issue that was exacerbated by the lack of fluid circulation helping to lubricate the drilling 

process (Stefánsson et al., 2021). 
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Figure 3.6 Damaged drill string that was stuck in the wellbore after encountering a keyhole 

(source: Stefánsson et al., 2017). 

 

Seal failure and decreased grease viscosity 

The drilling of IDDP-2 below 3 km included the use of three distinct drill bits: a roller cone 

bit, a geothermal roller cone bit, a 300˚C roller cone bit, and a coring bit (Stefánsson et al., 

2019). Temperatures encountered in the wellbore were above 400˚C, and the seals in the roller 

cone drill bits were rated between 177-300˚C (Stefánsson et al., 2021). Thermal degradation 

led to premature seal failure in multiple drill bits throughout drilling (Stefánsson et al., 2018). 

During the process of deep drilling, elastomers and grease are the most susceptible parts of a 

drill bit to thermal degradation (Stefánsson et al., 2018).  This was well-understood when 

drilling IDDP-2 and is the reason why IDDP-2 utilized some all-metal bits for drilling. In order 

to avoid issues with grease viscosity in IDDP-2, metal bellows for the grease pressure 

compensator, as well as a new grease that maintains lubricity at high temperatures were named 

as needs for the next round of drilling in superheated conditions (Stefánsson et al., 2018). The 

loss of lubricity in the grease led to a more rapid degradation of the drill bits and failed drill bit 

seals. 

Premature degradation of the drill bit seals was the result in the lack of downhole cooling and 

could be ameliorated in the future two ways: 1) to ensure consistent circulation of drill fluid, 

2) to use an all-metal drill bit that is not reliant on seal integrity for sufficient operation, or 3) 

a grease that is able to maintain viscosity and lubricity under expected conditions. Development 

in all of these areas should be evaluated for special consideration in the future of deep volcanic 

drilling. 
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Challenges specific to drilling in a superheated volcanic reservoir 

There are several challenges present for deep drilling into superheated volcanic environments 

that are not present, or less common in other geological settings. Based on the conversation 

with Dr. Guðmundur Friðleifsson, several challenges common to volcanic environments 

became apparent: rapid equipment degradation due to high temperatures, high amounts of H2S 

corrosion and heavy SiO2 scaling; the inability to gather sensor data in temperatures greater 

than ~350˚C; and risk of non-recoverable total circulation loss (G. Friðleifsson, personal 

communication, February 16, 2022). Additionally, superheated volcanic environments carry 

hydrothermal fluids that can be harsher than other geothermal environments. High-temperature 

fluid from basalt aquifers may retain significant amounts of corrosive fluid that corrodes 

drilling equipment quickly. Lastly, sheeted dike complexes, which are common in areas with 

a long history of volcanism, can present a challenge of quickly changing rock hardness (G. 

Friðleifsson, personal communication, February 16, 2022). Much like in some sedimentary 

drilling, sudden rock hardness changes can lead to sudden change in torque on the drill which 

can be hard on a BHA and drill string.  

3.2.4  A comparison of case studies  

 

In all case studies, drilling challenges increased with depth. When observing each case study, 

several common challenges occur:  Rapid drill bit degradation was an issue for all campaigns, 

circulation loss was an issue for the volcanic and sedimentary campaigns, and stuck pipe was 

an issue in both the volcanic and sedimentary campaigns.  

The difference lies in the root of these problems: For example, each of these projects dealt with 

drill bit degradation, but in the case of the granitic and sedimentary campaigns, drill bit 

degradation manifested in bit wear due to the rock hardness and abrasiveness of the formations. 

However, in the case of the volcanic campaign, drill bit degradation was manifested as rapid 

seal degradation due to low-viscosity grease and thermal degradation under high-temperature 

conditions. 

All of the challenges identified across projects stem from different root causes based on their 

given geological setting. Because the root causes of these challenges are the result of geological 

setting, methods for tackling each challenge should be informed by the specific geological 

setting in which a drilling campaign takes place. It is imperative when planning a deep drilling 

campaign to work to predict the expected challenges faced in deep drilling, as well as tailor the 

solutions to these challenges to the specific geological environment which is being drilled. A 

summary table of case studies is outlined below. 
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Table 3.1 A summary table across case studies. 

 

 

Case study 

United Downs Molasse Basin IDDP 

Well name UD-1 HZK Th2 IDDP-2 

Country UK Germany Iceland 

Geological 

Setting 
Granitic Sedimentary Superheated Volcanic 

Dominant 

Rock Type 
Granite Sandstone Basalt 

Drilling Rig Innovarig (rotary) Innovarig (rotary) Þór (rotary) 

Maximum 

Temperature 

[C] 

193 160 427 

Total 

Vertical 

Depth [km] 

5.3 5.0 4.7 

Primary 

Challenge 
Rapid bit wear 

Stuck pipe and fluid 

kick 

Total circulation loss 

above target zone 

Leading 

Factor to 

Primary 

Challenge 

Rock Hardness Overpressured zones 

Likely a combination 

of high-temperature 

fluid behavior and 

highly permeable 

zones. 

Solution 

Found 

Use of Hybrid tri-

cone/PDC Drill Bit 

More casing runs to 

allow for sufficient 

wellbore diameter to 

utilize higher-viscosity 

drill fluid. 

None yet: HTHP 

cements and LCM need 

development 
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Drill bit degradation across case studies 

All drilling campaigns dealt with drill bit degradation issues. Rapid drill bit wear substantially 

increases the risk of drilling failure and decreases the ROP while drilling. In the sedimentary 

case study, HZK Th2, the driller noticed high rates of drill bit wear while drilling though the 

sandstone units of the formation. Highly abrasive sandstones are common in sedimentary 

basins, particularly in basins containing high-permeability rocks, which is a characterization 

that is actively pursued when determining the location of a geothermal production project. Drill 

bit wear in sandstone when rotary drilling can be ameliorated through the use of abrasion-

resistant PDC drill bits (Rosberg et al., 2016). Drilling through hard crystalline rock, such as 

in the drilling of UD-1, also presents issues with rapid bit wear, leading to reduced ROP and 

increased drill risk. Studies such as Teodoriu & Cheuffa (2011) show that bit wear in granitic 

and hard metamorphic lithologies can be reduced by the use of down-the-hole (DTH) hammer 

drilling, or rotary drilling with the use of hybrid roller cone-PDC drill bits. 

Drilling into superheated volcanic environments, as showcased in IDDP-2, can present 

challenges with thermal degradation of the grease, and thus the seals, essential to the drill bit. 

In all case studies, results suggest that maintaining drill fluid circulation for downhole cooling, 

bit lubrication, wellbore support, and cutting removal, is additionally essential to maintaining 

a sufficient drill bit life for reaching the depths required for deep geothermal drilling. 

Circulation loss across case studies 

 

When drilling the target production zone of a borehole, circulation loss indicates a potential 

flow path, and is not considered an issue. However, when drilling outside of the intended 

production zone, circulation loss is an issue that can cause major drilling inefficiencies. 

Circulation loss was noted as a substantial challenge in both HZK Th2 (the sedimentary rock 

case study) and IDDP-2 (the superheated volcanic rock case study). In the case of HZK Th2, 

circulation loss was attributed to the high permeability sandstones, and was ameliorated by the 

use of lost circulation materials, which allowed drilling to continue (D. Lackner, personal 

communication, February 4, 2022). In the case of IDDP-2, circulation loss was much more 

extreme: total circulation loss occurred at all depths below 3 km—the majority of drilling (G. 

Friðleifsson, personal communication, February 16, 2022). Circulation loss in IDDP was not 

resolved, and the project proceeded with blind drilling (G. Friðleifsson, personal 

communication, February 16, 2022). Once the intended production zone was reached, 

circulation loss was no longer considered a bad sign – it was considered a good indicator that 

the drilled well may be productive. In the case of circulation loss in an intended production 

zone, no actions should be taken that may plug the intended production zone. Instead, a driller’s 

ability to drill “blind” is a key expertise to drilling into a successful production zone. 

If working to maintain circulation while drilling, reducing drill fluid weight, drilling with a low 

ROP, and adding LCM to the drill fluid can be useful. When LCM is not sufficient, cementing 

and re-drilling a loss zone may stop circulation loss (D. Lackner, personal communication, 

February 4, 2022). Intended production zones should not be cemented. Traditional LCM and 
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cement degrade rapidly under the high-temperature conditions experienced in superheated 

environments. (M. Smith, personal communication, July 17, 2021). Methods for avoiding total 

circulation loss outside of intended production zones in high-temperature environments like 

IDDP-2 must improve. Strategies for a lost circulation plan are outlined in Section 3.2.5. 

Stuck pipe across case studies 

Stuck pipe was named as a challenge in both HZK Th2 and IDDP-2. It was not observed as a 

challenge in UD-1 but is a known issue for deep drilling campaigns through granitic rock in 

other parts of the world—one example of this is at well DGE-1 in Skane, south Sweden 

(Rosberg & Erlström, 2021). Stuck pipe is a common challenge when drilling wells with 

circulation loss issues. In HZK Th2, stuck pipe may have been the result of 1) circulation loss; 

2) swelling clay; 3) pore pressure variation; and 3) tectonic stresses. It was likely some 

combination of all three forces combined. In IDDP-2, the formation of keyholes while blind 

drilling was determined to be the primary cause of multiple occasions of stuck pipe. In the case 

of UD-1, the granitic case study, stuck pipe was avoided, likely because it was in a location 

with a stable wellbore and no fluid circulation issues. The fact that stuck pipe was only an issue 

in the drilling campaigns that experienced issues with fluid circulation, and that stuck pipe was 

not an issue in the one drilling campaign with no circulation issues, may indicate that fluid 

circulation plays key role in keeping a drill from encountering stuck pipe issues in deep drilling 

campaigns. Methods for avoiding circulation loss are in the Lost Circulation Plan section 

below and should be employed for avoiding stuck pipe issues in future drilling campaigns. 

3.2.5 Decision guidance—making decisions within the tool 

 

Decisions made in drilling are always a tradeoff, and they always have to do with cost. Often, 

the more effective or risk-adverse drilling strategies come at a higher cost. However, utilizing 

less efficient drilling equipment may mean an overall rise in expense due to increased ROP 

increasing the amount of time it takes to complete a drilling campaign. Another consideration, 

especially in the case of highly complex, deeper, or high temperature formations, is increasing 

the risk of drill failure altogether maybe inadvisable. 

Drill fluid selection 

Fluids serve multiple purposes while drilling, including reducing friction between the drill pipe 

and the wellbore walls, cooling the wellbore to ensure longer tooling and BHA lifetime, cooling 

and lubrication of the drill bit, the removal of cuttings from the drill face and transportation of 

the cuttings uphole, wellbore stabilization, corrosion reduction, and in some cases, suspending 

cuttings during periods of non-circulation, and maintaining well control. 

Drilling fluids vary greatly in properties such as density, viscosity, pH. solid content, and filter 

cake. When selecting a fluid type, the first consideration is the base liquid – whether that be 

oil, fresh water, salt water, or and aerated fluid. The use of oil-based drill fluids is limited in 

modern day due to its potential for aquifer and general environmental contamination and is 

restricted by regulatory standards in some countries. The use of a fresh water or saltwater base 
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is very common, and is often referred to as drilling mud, due to its mixture with additives to be 

discussed in the following paragraph. The decision between the use of freshwater or saline 

water as a drill fluid has to do with water availability as well as equipment degradation 

concerns. Saline drill fluid is harsher and should be avoided in drilling campaigns where tooling 

or drill bit corrosion is a leading concern. Air-based muds can include compressed air, aerated 

muds, stiff foams, or a combination of aerated water and foam (Finger & Blankenship, 2010). 

Drill fluid additives include densifiers, viscosifiers, filtration control material, pH conditioners, 

lost circulation materials, and surfactants. Densifiers increase the drill fluid weight, which 

enables drill fluid to resist the force of a fluid kick, caused by sudden increases in downhole 

pressures due to overpressured zones within the drilled formation (Lackner et al., 2018). Barite 

is the most common densifier for geothermal drilling (Dayan, 2014). Viscosifiers are generally 

used to improve the ability of a water-based drilling mud to carry drill cuttings uphole, keep 

the wellbore clear, and thus improve efficiency of drilling. Viscosifiers can be either clay-based 

or polymer-based. Bentonite is the most common clay-based viscosifier. Polymer viscosifiers 

include xanthan gum, high-temperature synthetic polymers, and other polymer additives 

depending on formation conditions (AES Fluids, 2022). Filtration control material reduces the 

drill fluid lost into the subsurface formation while drilling as well as stabilizes the wellbore. 

There are several options for filtration control material, including bentonite (Dayan, 2014). pH 

conditioners control the alkalinity of water-based fluids. pH levels above a 9 are generally 

required for drilling, therefore, pH conditioners can be used to ensure that drilling fluids are 

properly conditioned (D. Lackner, personal communication, February 4, 2022). pH 

conditioners can also be referred to as pH control agents. 

Drill fluid properties can be adjusted throughout the drilling process, however, it is important 

to outline a basic plan for the mud program prior to drilling (N. Farquharson, personal 

communication, February 7, 2022). The 2010 Sandia Report, which provided the Handbook of 

Best Practices for Geothermal Drilling, suggests that water quality and cost, geological 

conditions, site accessibility, climate, drilling equipment, environmental regulations, and crew 

competency should all be considered when outlining a mud program for a drilling campaign 

(Finger & Blankenship, 2010). Poor water quality in the area may require chemical treatment, 

such as pH conditioners, to ensure proper alkalinity and thus avoid corrosion of drilling 

equipment prior to its use (Finger & Blankenship, 2010). 

The Holzkirchen case study provides a good example of drill fluid additive use. Bentonite clay 

was used during the drilling of Th2 to increase the fluid viscosity and control loss of drilling 

fluid (D. Lackner, personal communication, February 4, 2022). Bentonite is the most common 

viscosifier for drilling fluid and worked well as an additive during the drilling of Th2 (D. 

Lackner, personal communication, February 4, 2022). However, more than just bentonite was 

used as an additive to optimize the drill fluid. Materials added to the drill fluid at Th2 included 

potassium carbonate (KCO3) to avoid issues with swelling clays. This is a well-practiced 

method in sedimentary drilling at Molasse Basin (D. Lackner, personal communication, 

February 4, 2022). Swelling clays is a common challenge for sedimentary drilling – when a 

clay formation is hydrated, it may swell enough to collapse the wellbore, or at the very least, 
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increase differential pressure on the drill pipe while drilling that may lead to inefficiencies 

while drilling or stuck pipe (D. Lackner, personal communication, February 4, 2022). 

As mentioned earlier, bentonite in a water-based mud provides the basis for the fluid viscosity 

but if it needs to be altered during drilling, it can be done so by adding a water polymer to either 

reduce or increase viscosity. In the drilling of Th2, S-ES PAC LV was used to avoid 

uncontrolled viscosity buildup, and S-ES PAC R was used to maintain a proper fluid viscosity 

while drilling (D. Lackner, personal communication, February 4, 2022). Lemon acid was used 

to sustain drilling conditions that are sufficiently acidic enough to avoid downhole bacteria 

buildup (D. Lackner, personal communication, February 4, 2022). In lower temperature wells, 

if the drill fluid is not sustained at a sufficiently low pH, bacteria buildup causes a foam buildup 

on the mud that makes it difficult for the mud to effectively lubricate drilling and circulate 

within the wellbore. Foam caused by bacteria buildup also significantly lowers the fluid density 

needed to sufficiently maintain downhole pressures required for drilling (D. Lackner, personal 

communication, February 4, 2022). IDDP-2, which is a high temperature wellbore, did not 

encounter issue with bacteria buildup, and alternatively faced more issues with equipment 

corrosion caused by low pH (G. Friðleifsson, personal communication, February 16, 2022). 

Determining mud weight 

Drilling fluid fluctuates throughout drilling, based on the behavior of the drill, and downhole 

pressure that is encountered. However, prior to starting drilling operations, it is essential to be 

thoughtful in determining the initial mud weight, and the highest mud weight that will likely 

be required while drilling, in case an unexpected high-pressure zone is encountered.: In IDDP-

2, the drill fluid was primarily just cold water with polymer or guar gum pills added 

intermittently as-needed (G. Friðleifsson, personal communication, February 16, 2022). 

Mud weight is the industry term to describe the density of the drilling fluid used. The purpose 

of controlling mud weight is to control the hydrostatic pressure to keep a balance between the 

formation and wellbore. When mud weight is too low, a wellbore risks collapse or blowout. 

Mud weight provides tolerance to kick (i.e., “kick tolerance”). High mud weights are useful 

when encountering high pressure zones and high intensity kicks. Using low mud weights 

increases the risk of blowout and is not advised in situations where high pressure zones, such 

as gas bubbles, may be encountered (D. Lackner, personal communication. February 4, 2022). 

However, the reason why mud weight is not automatically set at a heavy weight (say 2.0 g/cm3), 

is because lower mud weights are more advisable for permeable formations along a wellbore 

section. Drilling with a high mud weight increases the chances of circulation loss and stuck 

pipe. Circulation loss may occur in permeable formations where the fluid pressure is high 

enough to infiltrate a permeable zone at a high enough pressure difference that the preferred 

fluid pathway for drill fluid is into the formation rather than circulating back up the wellbore. 

Stuck pipe may occur when drill fluid is dense enough to cause differential sticking that makes 

the bit and drill pipe more difficult to rotate as it continues downhole. Because of these two 

factors, it is generally suggested that the higher the mud weight, the lower the performance of 

the drilling (D. Lackner, personal communication, February 4, 2022 
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Two values are determined for pore pressure prior to determining initial mud weight: expected 

pore pressure and maximum pore pressure in a region (D. Lackner, personal communication, 

February 4, 2022). Expected pore pressure for a wellbore can be determined by the formation 

fluid temperature, density of production fluid, porosity of the surrounding formation, fracture 

gradient. Maximum predicted pore pressure for a wellbore is determined by metadata for a 

region, which is most accurate in regions where a lot of drilling has taken place – thus, this 

method for utilizing existing data to predict maximum pore pressure was useful for a region 

such as Molasse Basin (in the case of Th2), where there is a multitude of data from past drilling 

campaigns. In many ways, the success of Th2 and drilling at high depths in a high-risk 

environment can be attributed to the fact that drilling engineers had a multitude of data to help 

predict downhole conditions prior to drilling (D. Lackner, personal communication, February 

4, 2022). 

While it is essential to have a sufficient mud weight to avoid drilling failure, drilling engineers 

must strike a balance between a high and low mud weight. In areas where other wellbores have 

been drilled, pore pressure variance may be predictable. For example, in the planning for Th2, 

Erdwerk engineers used a figure of recommended mud weights based on existing data in the 

region. The scale of feasible mud weights varied from ~0.50 g/cm3 to ~2.3 g/cm3, depending 

on predicted pore pressure conditions. Weight recommendations increase by ~50% between ~1 

km and ~4 km in depth, then decreased. This is because in Molasse basin, overpressure zones 

that would lead to major kicks are expected to take place at depths between 1 km and 4 km (D. 

Lackner, personal communication, February 4, 2022). 

Lost circulation plan 

Encountering fluid losses are a positive sign when drilling in a target production zone – they 

indicate a fluid pathway for future production. However, as described in Section 3.2.2., drilling 

in loss zones outside of a production zone can pose major inefficiencies to drilling. When 

drilling, it is understood that some drill fluid will be lost into the formation regardless of drilling 

strategy and should be expected. The threshold for an expected amount of fluid loss while 

drilling should be on the order of a few liters per hour. However, if fluid loss becomes much 

more significant, LCM should be available to pump into the drill fluid while drilling. LCM 

should not be circulated in drill fluid continuously while drilling but should be added to drill 

fluid as needed to temporarily plug non-production zones that may lead to circulation loss while 

drilling (Lackner, personal communication, 4 February 2022). Three methods should be 

included in a lost circulation plan: 1) the reduction of drill fluid weight, which can only be done 

if there is no risk of fluid kick; 2) the use of lost circulation material (LCM) in the circulation 

fluid to temporarily block the loss zone; and 3) the cementing or grouting and re-drilling of the 

loss zone (D. Lackner, personal communication, February 4, 2022; G. Friðleifsson, personal 

communication, February 16, 2022). One other method is to trip out of the hole and re-enter it 

(N. Farquharson, personal communication, February 7, 2022). Re-entering a wellbore when 

inclined increases the risks of drill bits dropping off of their original path. In zones that have 

been drilled with LCM, and thus have a risk of clogged fluid pathways, acid cleaning should 

be considered for use to remove as much material as possible, as was used for Th2 in LCM 

zones (D. Lackner, personal communication, February 4, 2022). When encountering total 
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circulation loss, the strategy for HZK was to drill with water and no additives to reduce cost of 

lost fluid and to reduce pollution risk (D. Lackner, personal communication, February 4, 2022). 

The use of LCM while drilling Th2 was somewhat effective, but an improvement in LCM may 

need to be made for drilling in superheated zones. Unlike some other fluid additives, lost 

circulation material is not added to fluid prior to drilling but made available in case fluid loss 

in a formation becomes a major potential issue.  

Drill bit specification 

When determining the drill bit in high-risk drilling, it is imperative to determine bit choice on 

data from similar environments. This data may be available from the drilling contractors or the 

drill rig suppliers. Often, a drilling service is the same supplier as the drill bit supplier. The 

ability for drilling contractors to provide information on success of drill bits in similar 

environments can be determined in the bidding process for drilling contractors (D. Lackner, 

personal communication, February 4, 2022). When using existing data to determine best fit for 

drill bit, it is important a drilling engineer reviews any existing data from the same region, and 

the same rock type (D. Lackner, personal communication, February 4, 2022). 

Roller cone bits are typically either tricone or bicone bits. Only tricone bits are relevant for 

modern use in deep geothermal drilling. Tricone bits have three cone-shaped devices with teeth 

or cutters. Cutters can be steel teeth or tungsten carbide inserts (TCIs), and typically offer 

compatibility with jet or regular fluid circulation. Poly crystalline diamond (PDC) drill bits can 

vary in, size, cutting structure, tooth types, and circulation compatibility. They are made up of 

a matrix of polycrystalline diamond and a tungsten carbide substrate bonded using a cobalt 

alloy under high pressures and temperatures (Mashhadikarimi et al., 2021). PDC bits most 

commonly struggle while drilling through closely interbedded rock formations and fractures 

due to rapid stress variations (Mashhadikarimi et al., 2021). PDC drill bit technology is rapidly 

improving (Mashhadikarimi et al., 2021). 

Hybrid drill bits are becoming more popular for deep drilling – especially at greater depths. 

However, drilling engineers across the drilling industry vary in opinion on what to use (G. 

Friðleifsson, personal communication, February 16, 2022). IDDP-2 utilized a combination of 

roller cone, PDC, and hybrid drill bits when not coring the wellbore (Stefánsson, et al., 2021). 

At Erdwerk deep drilling projects, the drilling engineer typically uses a roller cone in the first 

section of drilling the wellbore, then uses PDCs onward (N. Farquharson, personal 

communication, February 7, 2022). This company-wide decision was made based on an 

internal research initiative by David Lentsch that completed a cost-benefit analysis comparing 

the performance (RPM, ROP, etc.) of bit types in different depths of a typical sedimentary 

drilling environment in the Molasse region. PDC bits are typically more robust and efficient in 

deeper sections of the wellbore, but are more expensive and not required for the shallower 

sections of the wellbore, therefore, based on Erdwerk’s internal research, the first section of 

the wellbore utilized a roller cone, and then a PDC drill bit was used after (D. Lackner, personal 

communication, February 4, 2022). Sometimes the decision between bit types has to do with 

the availability of drill bits at the diameter required to drill the section that is planned. The 
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selection of a drill bit is not clear-cut, and therefore, there is no hard-and-fast rule for success, 

other than to base drill bit selections on successful projects in similar areas. 

Downhole logging 

 

One other consideration when determining drilling setup for deep drilling is whether 

measurement-while-drilling (MWD) is required.  The Handbook of Best Practices for 

Geothermal Drilling Released by the US Department of Energy outlines 6 categories for 

downhole measurements: Wireline logging, slickline logging, MWD that is recorded on a 

memory tool in the BHA, MWD that is transmitted to the surface while drilling, EM 

transmission, and acoustic telemetry (Finger & Blankenship, 2010). Wireline logging is a 

logging mechanism where a sensor tool is lowered into the wellbore and sends back signals in 

real-time as it is lowered. This requires electrical contact with the downhole sensor. This is a 

useful method in risky geothermal environments where there may be fear of losing a memory 

chip or expensive BHA (Finger & Blankenship, 2010). Slickline logging is the use of a sensor 

with on-board memory. On-board memory does not offer the advantage of real-time data, and 

the data may be lost if the sensor tool is damage, but slickline logging tends to be the most 

cost-effective option of downhole logging. Measurement-while-drilling (MWD) is a sensor 

package incorporated into the BHA that can either include memory to be retrieved when the 

BHA is retrieved or can allow for real-time logging and transmitting of data. EM and acoustic 

telemetry are other alternative methods of gathering downhole data. The downhole logging 

mechanism chosen will impact the BHA selected (if the ability to MWD is required) and the 

wellbore width to incorporate the sensor width (if wireline or slickline logging is selected). The 

importance of data collection itself is something that should be weighed if determining drilling 

methods in a high-risk drilling environment. 

3.2.6 Decision tool suggestions from specialists 

 

In addition to discussing major challenges faced, solutions found for those challenges, ways in 

which challenges associated with drilling in each geological environment were unique, and 

drilling decisions that each specialist would change in the future, part of the interview process 

was to review the major decisions presented in the decision tool and discuss whether any 

critical just decisions were missed. During the interview with David Lackner, drill fluid 

additives that were prepared for use in drilling Th2 in Holzkirchen were reviewed, and some 

were added to the decision tool accordingly, including lemon acid (a pH conditioner) for 

lowering the pH of drilling fluid if needed. 

After reviewing the preliminary decision tool, Dr. Guðmundur Friðleifsson suggested three 

additional changes to the decision tool: the determination of logging methods, the discussion 

of a lost circulation protocol, and the use of gas detectors. Friðleifsson noted the importance of 

a lost circulation protocol, especially in the case of drilling in formations where circulation loss 

is a high possibility. A loss circulation plan would include the consideration of cement 

blocking, loss blockers, or lost circulation material that breaks down over time. He noted that 
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a logging protocol in these zones should also be planned. Additionally, Friðleifsson suggested 

including the use of gas detectors while drilling as a component in the decision tool. This 

suggestion is the result of work on projects like IDDP-1 where hydrothermal gases may come 

to the surface and could be harmful for drilling operators. After further discussion, it was 

determined that monitoring of hydrothermal gases at the surface is a critical element of all deep 

geothermal drilling processes, and therefore not incorporated into the decision tool because 

these step in deep drilling should not be viewed as optional.  

Both Farquharson and Lackner suggest the use of all elements in the Erdwerk basis of design 

to be included in the decision tool. A standard basis of design document runs through all 

essential considerations in determining drilling plan (location, pressure gradient, formation 

plasticity, temperature gradient, rock mechanics, stress regime, reservoir fluid properties, 

wellbore diameter, target pumping volume), has been essential for the success in the drilling in 

both deep sedimentary and deep crystalline geothermal environments.  

A basis of design notes all environmental characteristics that are essential to determining the 

drilling decisions, but does not lay out any major drilling decisions. Lackner noted that while 

there is a basis of design document and a risk matrix that is utilized in Erdwerk’s decision 

process, it would be helpful for drilling engineers to have a structured approach to which 

decisions are made first in the process, and how they connect. 

Ledingham, although did not have specific engineering suggestions for additions to the 

decision tool, underlined the importance of incorporating community support into decision-

making. However, community support was noted as especially essential in the United Downs 

project due to its location in a high population area in the UK. Because of this suggestion by 

Ledingham, the importance of community support is mentioned as a factor for consideration 

in the selection of a drill site in a high or low-population area. 

During the review of the preliminary decision tool, 3 out of 5 specialists interviewed 

additionally pointed out the importance that insurance has on each of the decisions--especially 

decisions like bit selection, where there may be significant risk involved. Insurance schemes 

were outside of the scope of this project but are discussed in the Discussion section below. 

3.2.7 Results of decision tool for each case study 

 

During the literature review of each case study, information gaps were identified, and brought 

up as part of interviews with each specialist. Decision pathways for drilling beyond 4 km at 

UD-1 at United Downs are shown below. These decision pathways are a result of an 

interview with Peter Ledingham, as well as data published by Ledingham in 2020 and 2021. 
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Figure 3.7 Decisions made while drilling the production interval of UD-2 at United Downs. 

(data from P. Ledingham, personal communication, February 29, 2022; GEL, 2021). Note 

that only major decisions relevant to case study discussions are recorded in this tree. Where 

noted, only decisions below 4km were recorded. 
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Decision pathways for drilling beyond 4 km Th2 at Holzkirchen in Molasse Basin are shown 

below. These decision pathways are a result of interviews with Lackner and Farquharson, as 

well information published by Lackner et al. in 2018. 
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Figure 3.8  Decisions made while drilling the production interval of Th2 at Molasse Basin 

(data source: D. Lackner, personal communication, February 4, 2022; N. Farquharson, 

personal communication, February 7, 2022; Lackner et al., 2018). 

 

Decisions made during for drilling beyond 4 km at IDDP-2 are represented below: 
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Figure 3.9 Decisions made while drilling beyond 4 km at IDDP-2 (data from G. Friðleifsson, 

personal communication, 14 February, 2022; Friðleifsson et al., 2017). Note that only major 

decisions relevant to case study discussions are recorded in this tree. Where noted, only 

decisions below 4km were recorded. 
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Orange nodes represent decisions made during each given drilling process. Some of the 

information represented above was publicly available; some was not. In the figures above, for 

decisions with intervals provided as possibilities, such as production interval diameter, exact 

values are provided. For modules such as lost circulation plan, multiple nodes can be 

selected. As noted earlier, not all engineering decisions faced in a drilling project could be 

incorporated into the decision tool--this is because the decision tool is based on the three case 

studies observed. However, after conducting interviews with the selected drilling specialists, 

it became clear that not all valuable discussion topics, such as RPM and WOB, could fit 

cleanly into representation within the decision tool. Findings not incorporated into the 

decision tool are discussed below. 
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4 Discussion 

4.1 Interview findings not incorporated into the 

decision tool 
 

Determining a drilling contractor 

It is a common theme in all case studies that engineers were intentional about the needs for a 

deep drilling project early in the process. Planning for major drilling operations should be made 

prior to posting a bid for a drilling contractor in order to ensure that the contractor can meet the 

needs of the drilling campaign. For example, two components were integrated into the bidding 

process are essential to the success of the HZK campaign: Defining needs for fluid additives 

and defining the maximum RPM and weight on bit (WOB) as a part of the drilling process (N. 

Farquharson, personal communication, February 7, 2022).  

ROP restrictions help to maintain a proper pump pressure, circulation rate, and avoid 

overloading a wellbore with cuttings while drilling. Therefore, defining RPM and WOB during 

bidding allows for engineers to select a contractor that has access to a drill rig that can maintain 

a proper pressure and circulation rate. Defining a maximum RPM and WOB are important to 

define early in the planning process because they can be restricted by the bit itself, and because 

it is common for drilling contractors to drill a hole as fast as possible. A low ROP allows the 

wellbore walls to be smooth and makes it easier to drill a clean hole that reduces friction along 

the wellbore walls (N. Farquharson, personal communication, February 7, 2022).  

Pivoting decisions during the drilling process 

It is critical to the success of high-risk drilling campaigns that the drilling process is flexible. 

Therefore, drilling engineers and operators should be able to communicate about challenges 

and progress daily and able to pivot on major decisions when needed. This can be ensured by 

scheduling daily drilling meetings with the full drilling team. Key parameters can be reviewed 

and whether instructions are being followed is revisited as well. Data reviewed includes ROP, 

depths, mud logger data, and adjustments should be made as needed. The most common 

parameter that needs to be revisited during regular meetings is slowing down the ROP (N. 

Farquharson, personal communication, February 7. 2022). 

Risk management and insurance schemes 

A major decision factor in making decisions on drill rig and BHA are risk calculations that can 

be highly dependent on the how the drilling campaign is insured, and the level of financial risk 

that a project is able to take on. For example, for determining what kind of bottle assembly will 

be used in a drilling campaign, a drilling engineer may not decide to utilize a bottom hole 

assembly that has features like steering and automatic logging in a high-risk zone where the 

BHA could be damaged (D. Lackner, personal communication, February 4, 2022). 
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There are some instances where major drilling operators can cover a risk that is higher than 

400 million Euros, and therefore do not opt into drilling insurance (D. Lackner, personal 

communication, February 4, 2022).  However, many municipalities cannot afford to cover such 

a risk, and therefore, the use of risk reduction methods, such as a risk matrix, and the use of a 

standardized selection process for major drilling decisions, can play a key role in reducing 

drilling risk. Insurance schemes are an important element of risk assessment, and thus decision 

making, when drilling a deep or superhot geothermal well (D. Lackner, personal 

communication, February 4, 2022). 

Risk matrices are adjusted based on the region drilled, and the insurance selected for drilling. 

As part of EU’s Horizon 2020 initiative, GeoRisk was funded – a project assessing the 

mechanism for insuring geological risk in drilling. Drilling campaigns generally pose a high 

amount of investment risk to project developers, and in order to help find better ways to manage 

this risk, the GeoRisk project, coordinated by EGEC, is focused on developing risk mitigation 

and insurance schemes specifically adapted to geothermal drilling (GeoRisk, 2022).  Insurance 

schemes are beyond the scope of this decision tool and project. 

Drill rig availability and selection 

Interviews with specialists revealed that in a real-world scenario, the drill rig selected will be 

based on the type of rigs that are owned by the drilling company that is contracted for a given 

project. Therefore, make and model of specific drill was not incorporated into the decision tool. 

However, drilling rig selection is a decision that is controlled by a large amount of drilling 

decisions: The power generating system, the hoisting capacity, the circulation pump 

functionality, the BOP system, the monitoring system, the compatible bottom-hole assemblies 

(BHA), and the temperature capability. 

As of 2022, there are five drill rigs available for contracting through Iceland Drilling. These 

include both mobile core rigs, and high-capacity rotary drill rigs, such as Thor Bentec Euro Rig 

350, which has a theoretical drilling depth of 6000 m, a hook capacity of 3.500 kN, and was 

used to drill IDDP-2 during the Iceland Deep Drilling Project. Erdwerk, which drilled the HZK 

well in the Molasse Basin, often uses MND Drilling as its primary drilling contractor. As of 

2022, MND owns nine drill rigs, including: Bentec 250, Bentec 350, Bentec 450, and others. 

Their largest rig, the Bentec 450, has a Drawworks Power Rating of 2,000 HP and a maximum 

depth of 7.2 km (MND Drilling, 2022). 

The depth and hoist capacity of a drill rig is the most important consideration when selecting a 

rig. Drilling to deep depths often requires larger immobile drill rigs that come at a higher cost 

to the drilling project. In the process of drill rig selection, rig capacity likely refers to the 

maximum weight that can be hung from the drill rig’s hoisting system. This hoist capacity has 

a direct correlation with the BHA and drill string weight, and thus the total depth, that can be 

hoisted with a given drill rig’s hoisting system (Finger & Blankenship, 2010). 

Another consideration for rig selection is the drill hole diameter. Wellbore diameter is 

dependent on the casing plan, productivity goal, and the formation competency. It is also 
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dependent on the end goal of the wellbore: the diameter of the logging tools used, the core size 

needed in an exploration wellbore, the use of packers, whether flow tests are a desired outcome 

of the hole (Finger & Blankenship, 2010), and intended production volume and fluid 

temperatures (Lackner, personal communication, 4 February 2022). The size of a drill rig is 

controlled by four factors: site accessibility, site population density (community guidelines in 

populated areas may require rigs with less noise and air pollution or that are generally smaller 

in size), site accessibility, and the estimated depth of the target production or injection zone, so 

that a proper hoist capacity is selected (Finger & Blankenship, 2010). 

The ability for drill rigs to pump fluids at the pressures required to maintain needed downhole 

temperatures and circulation pressures varies based on the drill rig. Therefore, the pump 

capacity and fluid cleaning ability of a drill rig is an essential part of selecting the correct drill 

rig. These pumps also need to be able to handle the chosen drill fluid and fluid additives such 

as LCM required for a given drilling campaign (M. Smith, personal communication, July 17, 

2021). Because drill fluid is s essential to the success of a drilling project, and its needed 

qualities vary greatly based on the method of drilling and properties of the formation drilled, a 

drill rig should only be selected after the drilling method planned, and the drill fluids required 

for drilling, have been selected. The use of mud chillers is also an essential part of downhole 

cooling while geothermal drilling, so a drill rig’s fluid circulation system must include the use 

of a mud chiller (M. Smith, personal communication, July 17, 2021). The use of a BOP stack 

is essential for preventing well blowout in deep geothermal drilling projects. However, some 

drill rigs do not have the clearing height required for a proper BOP stack while drilling, so 

making sure that a drill rig setup is compatible with the use of a sufficient BOP stack is essential 

(Finger & Blankenship, 2010). 

Finally, in order to effectively make informed drilling decisions and understand the drilling 

conditions, it is important that a drill rig includes a monitoring system that allows for an 

ongoing understanding of the drilling efficacy and downhole conditions. Information 

monitored may include the torque applied to the bit (for rotary drilling), the WOB, the fluid 

inflow and outflow, mud weight, mud pump pressure, a rotary torque gauge, and more. Prior 

to rig selection, it is important that decision-makers thoroughly understand the information that 

will be most useful to keep aware of during a given drilling operation. 

4.2 Challenges in decision tool construction 
 

The most difficult part of building the decision tool was finding an appropriate platform for 

hosting the tool--due to its size, this project had to find a platform that could host a decision 

tool with numerous modules while still being reasonably usable. Another element to ensuring 

that the decision tool was reasonably usable was limiting the structure of the decision tool to 

only major decisions. While this decision tool strives to capture all major engineering decisions 

considered while planning each of these drilling projects, the natural structure of a decision 

tool requires that each decision captured multiplies out into multiple possible decision paths 

which can expand quickly. The major decisions selected for incorporation into this decision 
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tool were determined to be the most significant decisions in the drilling process and were 

selected. 

An additional difficulty in structuring the decision tool was to determine how to deal with ever-

changing decisions within the drilling process, such as the drill fluid additives and the drill bit. 

The environmental conditions, i.e., temperature, lithology, pressure, fluid conditions, wellbore 

diameter, etc. can be vastly different at depth than at the surface, therefore, require a vastly 

different decision path based on depth. The purpose of this project was to help provide a more 

structured method for tackling drilling to deep reservoirs. Therefore, in order to achieve that 

goal as well as to avoid confusion in the decision tool, the decision tool is only designed for 

decisions made about drilling in the deepest part of the wellbore—below 4km. Contents of the 

decision tool are based on learnings gained while drilling in the deepest parts of the case study 

wellbores. This decision tool is not designed for decision making in shallow drilling.  
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5 Conclusions 
 

The purpose of this project was to provide a structured approach to planning deep drilling 

projects, and to build institutional knowledge for reducing risk in deep geothermal drilling. 

This was done by building a decision tool to help with decision-making for deep drilling. This 

project began with a deep dive of literature in successful drilling campaigns at depths greater 

than 4 km around the world. In order to try to represent some geological diversity in this study, 

3 deep dive drilling campaigns were selected for further investigation: IDDP-2 in Iceland, 

which represented deep drilling in a superheated volcanic environment, UD-1 at United Downs 

in the UK, which represented drilling into a deep granitic environment, and finally, Th2 in 

Holzkirchen in the Molasse Basin of Germany, a deep sedimentary basin. After the three deep-

dive projects were selected, interviews were conducted with specialists on each project to 

discuss there are major challenges, associated solutions, unpublished drilling methods, 

discussions of what they suggest doing differently in the future, and if they have experience 

with drilling in other geological environments, the major difficulties they faced that were 

unique to their project’s geological setting was discussed as well. After interviews were 

conducted, a decision tool was built to represent the decisions encountered while drilling in 

each of the environments. Common challenges across projects included bit wear, stuck pipe, 

circulation loss, and gaining public support for drilling. Circulation loss is an especially crucial 

challenge for deep drilling projects and led to other drilling challenges encountered by all case 

studies.  

In the end, the drilling tool developed served three purposes: to provide a flow structure for 

decision-making that allows users to make decisions that are compatible with one another, to 

provide advice for decisions in tandem with the use of the tool, and to warn of challenges for 

the specific geological environment and choices made. Future work could include the 

expansion of the decision tool by incorporating major decisions faced in other drilling projects. 

Risk of failure in deep drilling is a major deterrent to deep geothermal drilling around the world. 

Incorporating a structured approach to making major decisions while planning a drilling project 

is one piece of the puzzle.  

Enabling the global utilization of geothermal energy will be no small feat and will require the 

advancement of deep geothermal drilling around the world. Drilling campaigns such as the 

Iceland Deep Drilling Project, the Molasse Basin in the Germany, and United Downs in the 

UK, provide essential information on what challenges to expect for deep geothermal drilling. 

Reducing risk in deep geothermal drilling through the structuring of learnings from successful 

projects is the first step to expanding geothermal energy to more geographies around the world.
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6 Future work 
 

Future work on this project could include answering the following questions: Can a decision 

tool like this be used to provide guidance for choices made in insuring drilling project? How 

can the factors of insurance coverage and weighted risk be incorporated into a decision tool? 

What other engineering choices can be reasonably incorporated into this tool? Incorporating 

the impact of insurance schemes into decisions is an important piece of decision-making in 

drilling, but was outside of the scope of this project. Expansion of this decision tool to 

incorporate other engineering choices into the decision tool could also be a useful next step to 

increase its applicability to more deep drilling environments.  

In the near future, this work could be applied to ongoing projects like the Newberry Deep 

Drilling Project (NDDP) to aid in decision structure and record the decisions made. NDDP is 

located at the Newberry Volcano in Oregon within the United States. Its target is to drill to the  

brittle-ductile transition zone and recover energy from fluid above 400˚C (ICDP, 2022). The 

NDDP was inspired by results of flow tests in the IDDP-1 project, where production tests 

indicated 36 MWe of power potential from a single well by producing superheated fluid 

(Friðleifsson et al., 2015). Entering into the next generation of geothermal energy could be 

transformative for renewable energy advancement but will require significant de-risking of 

deep geothermal drilling (Lukawski et al., 2014). One strategy to help de-risk deep geothermal 

drilling is to build a database of knowledge gained during successful deep drilling campaigns, 

and to make that knowledge more structured and accessible moving forward. A decision tool 

such as the one presented in this paper, that records decisions, could be a helpful platform for 

using a structured approach to recording project decisions and quickly referencing the 

knowledge of past deep drilling projects. Asking those involved with successful and 

challenging deep drilling campaigns to record their decisions is it apply to this decision tool 

may help to build institutional knowledge to help push the future of geothermal further. 
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Appendix A: Questionnaires 
 

 

The questionnaires below were used as discussion points that started the interview, but the 

interview was not limited to discussion topics listed below. Questionnaires varied based on 

available information and specialist availability. Interviews ranged from 40 - 100 minutes in 

length. 

 

Neil Farquhason Questions 

 

• Can you run me through what is involved in the drill rig selection process for your 

projects? 

  

• Can you run me through what is involved in the specific BHA selection process for 

your projects? 

  

• Can you talk about your process of choosing a PDC vs. roller cone bit? 

  

• I am formulating a decision tool to reflect major decisions made by drillers during a 

project (Fig 3.4). Are there any other major decisions made while planning a drilling 

project that you believe should be a part of a decision tool? 

  

• Can you discuss the primary challenges you faced in deeper boreholes that you’ve 

drilled? Did you come up with engineering solutions for those challenges, and if so, 

what were they? 

  

• Are there any challenges specific to sedimentary drilling that you may be less likely to 

find in drilling in other geological environments? 

  

• Could you choose a similar recent drilling campaign to talk about in more detail? 

o Do you recall the rig model used? 

o Do you recall the max temp and depth of the well? 

o Do you recall the major difficulties encountered while drilling that well? 

 

Daniel Lackner Questions 

 

• Can you discuss where you used a PDC drill bit vs. a roller cone bit, and why you 

used each? 

 

• In your 2018 paper, a “risk matrix” was referenced. Is this a health and safety matrix, 

or is it more focused on risk of drilling failure? If a risk matrix for drilling failure, can 

you recall what variables were included in that matrix? 

 

• To minimize risks of gas kick, fluid losses, and differential sticking, in the 2018 paper 

you suggest lowering the mud weight to the lowest possible weight while maintaining 

enough weight to avoid gas kicks or borehole instabilities. Can you explain the 
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process of finding the right mud weight? Which one of these risks is helped by a 

lower mud weight?  

 

• Can you discuss the general fluid additives were used while drilling? (Densifiers, 

viscosifiers, filtration control material, pH conditioners, LCMs, Surfactants) 

 

• Can you discuss decision do use the Innovarig?  

 

• Can you discuss your methods for reducing circulation loss? 

 

• Do you have any additional advice for drilling into deep sedimentary rock, concerning 

weight on bit (WOB), circulation pressure, and rotational speed? 

 

• Can you confirm that the bubbles highlighted in orange in the PowerPoint reflect the 

methods for drilling at Th2? Are there any major drilling decisions that you 

considered during drilling in Holzkirchen that aren’t captured in the PowerPoint 

figure? 

 

• The 2018 mentioned that seismic data failed foresee the lower high pressure zone 

encountered? Is there are there anything that you suggest should be change about 

collecting geophysical data that can be changed in the future? 

 

Peter Ledingham Questions 

 

• What was the greatest challenge you faced when drilling? 

 

• What solution did you come up with? 

 

• What you might do differently in the future as far as engineering decisions made 

during drilling? 

 

• How did drilling at United Downs compare to other projects you’ve been on? 

 

Dr. Guðmundur Friðleifsson Questions 

 

• Looking back at major challenges encountered during IDDP-2, is there anything you 

would change about the drilling of IDDP-2? 

  

• If you had to guess, what do you predict will be the biggest challenges for deep 

drilling at Hengill (IDDP-3), and how do you think those challenges should be 

approached? 
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• Can you discuss what drilling challenges are unique to the IDDP-2 geological 

environment (superhot, volcanic) that you wouldn’t likely encounter in a sedimentary 

or granitic environment? 

  

• I am formulating a decision tool to reflect major decisions made by drillers during a 

project (Fig 3.4). Are there any other major decisions made while planning a drilling 

project that you believe should be a part of a decision tool? 

  

• Can you tell me more about the decision to use a hybrid drill bit and switch to a roller 

cone bit? Can you discuss the drill bit selection process for IDDP? 

  

• Can you discuss the drill fluid additives used in the drilling of IDDP-2? (Densifiers, 

viscosifiers, filtration control material, pH conditioners, Surfactants) 

  

• What was the process at IDDP for selecting a BHA?  

  

• Were there any people you worked with during the drilling process that you think 

would be helpful to talk to about decision-making in drilling?
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