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Terminology and abbreviations  

 

4GDH 4th Generation District Heating 

Networks 

5GDH 5th Generation District Heating 

Networks 

AHU Air Handling Unit  

AHP Absorption Heat Pump 

ATMP  Amino Tris Methylene Phosphonic Acid 

ANN Artificial Neural Networks 

ASHP Air Source Heat Pump 

ASHRAE  The American Society of Heating, 

Refrigerating and Air-Conditioning 

Engineers 

ATES Aquifer Thermal Energy Storage 

BIPV  Building Integrated Photovoltaics  

BTES Borehole Thermal Energy Storage 

CAPEX Capital Expenditure 

CDH Cold District Heating 

CFC chlorofluorocarbons  

CHP Combined Heat & Power 

CO2 Carbon Dioxide 

COP Coefficient of Performance 

CTES Cavern Thermal Energy Storage 

DEISY  Deep Drilling with Electric Impulse 

Drilling System 

DH District Heating 

DHC District Heating & Cooling  

DHN District Heating Network  

DHW Domestic Hot Water 

DSHP Dual Source Heat Pump 

DTH Down The Hole Hammer 

DX Direct Expansion  

EAHP  exhaust air heat pump 

ECHA European Chemical Agency 

EDT Easy Drill Technology 

EEDT  Enlarged Easy Drill Technology 

EER Energy Efficiency Ratio 

EGS Enhanced Geothermal Systems 

EHPA European Heat Pump Association 

EHPN European Heat Pump Network 

EIT  Electric Impulse Technology  

ET  Evacuated Tube 

ETC  Evacuated Tube Collectors  

FDM  Finite Difference Method  

FPC  Flat Plate Collectors  

FVM  Finite Volume Method  

GHE Ground Heat Exchanger 

GHEX Ground Heat Exchanger 

GHP Geothermal Heat Pump 

GHz Giga Hertz 

GPR Ground Probing Radar 

GRD  Geothermal Radial Drilling  

GSHE  Ground Source Heat Exchanger 

GSHP  Ground Source Heat Pump 

GWP Global Warming Potential 

HCFC HydroChloroFluoroCarbons 

HFC HydroFluoroCarbons 

HFO HydroFluoroOlefins 

HE Heat Exchanger 

HEDP  Hydroxyethylidene Diphosphonic Acid  

HP Heat Pump 

HT High Temperature 
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HT-MTES  High-Temperature Mine Thermal 

Energy Storage  

HVAC Heating Ventilation and Cooling  

HVACR  Heating, Ventilation, Air Conditioning, 

and Refrigeration 

IEA International Energy Agency 

kW kilowatt  

kWh kilowatt hour  

LCA Life Cycle Analysis 

LCOE Levelized Cost of Energy 

LPHW Low Pressure Hot Water 

LT Low Temperature 

LTDHC Low temperature District Heating and 

Cooling 

LTN Low Temperature Networks 

MEG Mono -Ethylene Glycol 

MIC  Microbially Induced Corrosion 

MMW  Millimetre  Wave Drilling 

MT Medium Temperature 

MVHR  Mechanical Ventilation Heat Recovery 

MW Megawatt  

MWh Megawatt hour  

MOP Maximum Operating Pressure 

MPC Model Predictive Control  

MPG Mono -Propylene Glycol 

MTES Mine Thermal Energy Storage  

O.D. Outer Diameter 

OPEX Operational Expenditure 

PCM Phase Change Material 

PDC Polycrystalline Diamond Compact 

PE Polyethylene 

PE100RC Polyethylene Type 100 Crack Resistant 

PEX Cross Linked Polyethylene 

PFAS  Polyfluoroalkyl Substances 

PG Propylene Glycol 

PHE Plate Heat Exchanger 

PID  Proportional, Integral, Derivative 

PN Nominal Pressure 

PPGD Plasma-Pulse Geo-Drilling  

PV  PhotoVoltaic 

PVC  Polyvinyl Chloride 

PVT  PhotoVoltaic Thermal  

RAC  Risk Assessment Committees 

REACH  Registration, Evaluation, Authorisation, 

and Restriction of Chemicals 

SCS Supervisory Control System 

SCW  Standing Column Well 

SDR Standard Dimension Ratio 

SEAC  Socio-Economic Analysis  

SGEs Shallow Geothermal Energy Systems 

SHMP  Sodium Hexa MetaPhosphate  

SPF Seasonal Performance Factor 

SWOT Strengths, Weaknesses, Opportunities 

and Threats 

TES Thermal Energy Storage 

TEWI  Total Equivalent Warming Impact 

THPS  Tetrakis (Hydroxymethyl) Phosphonium 

Sulphate  

TMY Typical Meteorological Year 

ULTDH Ultra-low temperature District Heating  

UTES Underground Thermal Energy Storage 

VCE Volumetric Cooling Effect 

VHE  Volumetric Heating Effect



 

 
Co-funded by the European Union. Views and opinions expressed are however those of the 

author(s) only and do not necessarily reflect those of the European Union or CINEA. Neither 

the European Union nor the granting authority can be held responsible for the m. 

Introduction  

This deliverable presents an inventory, description and qualitative assessment of different 

technical solutions applied for harnessing geothermal energy. It relates to task T5.1 of work 

package 5 (T5.1: Technological catalogue (existing and promising solutions).  

Work package 5 focuses on the whole range of different technological solutions, which are 

either established or are expected to enter the heating and cooling market within the next 

decade. The evaluation of concepts is based on a thermo-economical analysis and includes an 

evaluation of life-cycle costs and required services to boost these technologies. Furthermore 

WP5 aims to strengthen EU qualification services and develop a decision-support framework 

to aid non -technical consumers, project developers and other actors in the heating and 

cooling market. 

An overview of the different available technologies is required as a starting point, as the 

technologies to activate the ground as a source of geothermal energy are very diverse. An 

additional complicating factor is the dynamic relationship between the ground as a source or 

sink of thermal energy, the plant generating the final energy for the user and the building 

envelope and emission system: the temperature (and hence the energy potential) in the 

ground source will change in response to the energy delivered to the user. In this respect, 

ground source energy systems differ significantly from other heating and cooling technologies 

such as gas-fired boilers, chillers, air-source heat pumps or heating/cooling networks, where 

the thermal energy supplied to the user does not affect the source or sink temperature or 

energy potential. 

It is therefore not straightforward to select the best or most appropriate technology .  

The aim of the technical catalogue is to: 

¶ Provide a technical description of different available technologies and references. 

¶ Establish boundary conditions for implementation (such as project type, geology, 

climatic zone and such). 

¶ Provide a SWOT analysis in different applications, risk assessment of the technology in 

terms of economic, environmental and operational risk. 

¶ Define benchmarking parameters and Key Performance Indicators of each technology. 

The catalogue will describe recognized available ground coupling technologies and their 

performance in domestic (single family and multifamily settings) and commercial building 

applications. Ground source systems will include current state-of-art but also novel potential 

systems and their state of development, including those being developed as part of past and 

ongoing EU projects, such as: 
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GEOCOOL (2003 ð 2006) . Geothermal Heat Pump For Cooling And Heating Along European 

Coastal Areas. The principal objective of the project is the development of a commercial size, 

economic, energy efficient and environmentally friendly, fully integrated turnkey ground 

source heat pump system for cooling and heating, targeted specifically at coastal applications 

in the South European region. A total reduction of non -renewable energy use of 50 - 60% is 

aimed, by combining the significant reduction obtained by the use of a renewable geothermal 

energy source (40-50%) with the optimisation of a water -to-water heat pump unit using 

propane as refrigerant (additional 10%). 

The main objective, 'environmentally safe and friendly', will be attained through the reduction 

in energy consumption and by the use of a natural fluid as refrigerant (propane) which has a 

negligible Global Warning Impact. The target is a design with low cost of purchase and 

installation, simple installation, low maintenance and high reliability, and requiring a 

reasonable small piece of land. 

SHERHPA (2004 ð 2007). Sustainable Heat and Energy Research for Heat Pump Applications. 

Sustainable energy systems, such as heat pumping technologies, provide an efficient use of 

renewable energy from the ambient and of waste heat sources. Typical applications are space 

heating, domestic hot water and processes with combined heating and cooling. Doubling the 

number of heat pumps in Europe by 2010 would increase the annual energy and CO2 emission 

savings to 100 TWh and 40 million tons respectively. To achieve such an ambitious target on 

European level and to support the creation of a strong market impact, in addition to the 

European Heat Pump Association, EHP A1(policy, strategy and marketing) and the European 

Heat Pump Network, EHPN (dissemination of information, Website) a dedicated project 

towards SMEs is jointly proposed GRETh (Heat Equipment Association) and EHP A This project 

deals with the development of heat pumps that are cost -energy efficient and in compliance 

with the future environmental regulation s. 

The new environmental regulations, concerning greenhouse gases and the protection of the 

ozone layer, will lead to the phase out of conventional refrigerants. For example, in the EC the 

'Freon' R22 phase out is scheduled in 2010. Therefore 'natural fluids' have to be adopted 

(hydrocarbons, carbon dioxide or ammonia), but this implies a change in the components 

technology and control system. Heat pumps are components that allow energy savings for 

heating and cooling buildings and for many industrial applicat ions, and concern a very large 

spectrum of applications much wider than the existing heat pump market. During the first half 

of the project, components and subsystems (heat exchangers, controllers, ground coupling 

system, heat recovery...) will be developed, tested and optimi sed. Afterward, during the second 

half of the project, prototypes will be developed and tested in laboratories prior to field tests.  

GROUND-MED (2009 ð 2013). Advanced ground source heat pump systems for heating and 

cooling in Mediterranean climate. GROUND-MED project will demonstrate geothermal heat 
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pump (GSHP) systems for heating and cooling of measured SPF>5,0 in 8 demonstration sites 

of South Europe. As the SPF is determined not only by the heat pump unit, but by its operating 

conditions imposed to the heat pump by the ground heat exchanger and the  heating/cooling 

system of the building as well, integrated systems incorporating the following technological 

solutions will be demonstrated and evaluated: a) new water source heat pumps of improved 

seasonal efficiency; key technologies include use of the next generation of compressors, heat 

exchangers and automation; b) borehole heat exchangers and heating/cooling systems 

operating with minimum temperature difference between them, which also follows the 

corresponding heating/cooling demand from the buildin g; design aspects, thermal storage 

and system controls are important; c) minimum power consumption to system components; 

key parts are the fan-coil and air-handling units. GROUND-MED has a duration of 5 years and 

a budget of around 7,3 million euros, compr ising 25% research and 75% demonstration and 

other activities. The GROUND-MED consortium comprises 24 organizations mainly from South 

Europe, including a wide diversity of GSHP actors, such as research and educational institutes, 

heat pump manufacturers, national and European industrial associations, energy consultants 

and works contractors 

CHEAP-GSHP (2015 ð 2019). Cheap and efficient application of reliable ground source heat 

exchangers and pumps. To reduce the total cost of low enthalpy geothermal systems by 20-30 

% the project will improve actual drilling/installation technologies and designs of Ground 

Source Heat Exchangers (GSHEõs). This will be combined with an holistic approach for optimum 

selection, design and implementation of complete systems across different underground and 

climate conditions. The proposal will focus on one hand on the development of more efficient 

and safe shallow geothermal systems and the reduction of the installation costs. This will be 

realized by improving drastically an existing, innovative vertical borehole installation 

technology of coaxial steel GSHE and by developing a helix type GSHE with a new, innovative 

installation methodology. These GSHEõs will be installed to a depth of 40 ð 50 meters ensuring 

improved safety and faster permitting. On the other hand, the proposal will develop a decision 

support (DSS) and other design tools covering the geological aspects, feasibility and economic 

evaluations based on different plant set-up options, selection, design, installation, 

commissioning and operation of low enthalpy geothermal systems . These tools will be made 

publicly available on the web to users, including comprehensive training to lower the market 

entry threshold. Given that drilling and GSHE technologies are mature but costly, this holistic 

approach is included in the proposal to bring the overall cost o f the total project down, i.e. not 

just the cost of the GSHE itself but the avoidance of ground response tests, the engineering 

costs for the design of the GSHE and the integration of heat pumps with building heating and 

cooling systems. Also the use of novel the heat pumps for higher temperatures developed 

within the project will reduce the costs in the market for retrofitting buildings. The 

developments will be demonstrated in six sites with different undergrounds in different 

climates whilst the tools will be applied to several virtual demo cases. 



 

 

 

11 

  

 

 

GEOTûCH (2015 ð 2019) . Geothermal Technology for ûconomic Cooling and Heating. 

The GEOTûCH project significantly contributes to EU energy and environmental policies by 

offering versatile solutions for both new and existing buildings, ensuring energy savings and 

GHG emission reductions. The project aimed to promote greater utilization of renewable 

heating and cooling using shallow geothermal GSHP systems through innovative drilling and 

ground heat exchanger technologies. The primary objectives of GEOTûCH were to elevate the 

Technology Readiness Levels of selected innovative drilling and complementary ground heat 

exchanger technologies, with the application of these technologies leading to improved 

working conditions and safety levels for construction personnel. These technologies were 

demonstrated across a variety of building types and thermal capacities representing significant 

market sectors. The project also focused on the development of whole system geothermal 

heating and cooling solutions for large buildings, add ressing both small and large scale 

buildings with innovative and integrated geothermal system solutions. The overall ambition 

was to produce a cost-efficient ground source heat exchanger with a much-improved 

performance compared to conventional U-loop heat exchangers, alongside a hybrid dual-

source heat pump for economic and technical effectiveness. This project is pivotal for 

propelling forward DSHP technology and addressing construction and environmental 

challenges posed by drilling operations in shallow geothermal applications. For more 

information: https://cordis.europa.eu/project/id/656889.  

GEOFIT (2018 ð 2022) Deployment of novel GEOthermal systems, technologies and tools for 

energy efficient building retroFITting. GEOFIT is an integrated industrially driven action aimed 

at deployment of cost effective enhanced geothermal systems (EGS) on energy efficient 

building retrofitting. This entails the development technical development of innovative EGS 

and its components, namely, non-standard heat exchanger configurations, a novel hybrid heat 

pump and electrically driven compression heat pump systems and suite of heating and cooling 

components to be integrated with the novel GSHP concepts, all specially designed to applied 

in energy efficient retrofitting projects. To make viable the novel EGS in energy efficient 

building retrofitting, a suite of too ls and technologies is developed, including: low invasive risk 

assessment technologies, site-inspection and worksite building monitoring techniques (SHM), 

control systems for cost-effective and optimi sed EGS in operation phase and novel BIM-

enabled dedicated tools for management of geothermal based retrofitting works (GEOBIM 

platform). Furthermore, the project is committed  with the application of novel drilling 

techniques as the improved low invasive vertical drilling and trenchless technologies. 

GEOFIT brings these technical developments within a new management framework based on 

Integrated Design and Delivery Solutions for the geothermal based retrofitting process. The 

IDDS driven process will materialise in the Geo-BIM enabled Retrofitting Management 

Platform (Geo-BIM tool). By using the 5 demonstration sites as open case studies in 4 countries 

and climates, featuring different representative technical scenarios/business models, GEOFIT 

will leverage its key exploitable results, adapted business models and market oriented 
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dissemination for maximizing impact and wide adoption of these novel geothermal 

technologies and approaches. 

GEOCOND (2017 ð 2021) . Advanced materials and processes to improve performance and cost-

efficiency of Shallow Geothermal systems and Underground Thermal Storage. Shallow 

geothermal energy systems (SGES) are a stable, reliable and renewable energy source for 

buildings. They boast features such as being available everywhere and providing unparalleled 

efficiency for heating and cooling. However, certain obstacles must be overcome, including 

the removal of market barriers, achieving competitiveness. There is also need for developing 

the next generation of geothermal systems with new materials and harnessing improved 

underground thermal energy storage (UTES) technologies. The EU funded GEOCOND project 

will address these challenges by developing solutions that enhance the thermal performance 

of various subsystems within an SGES and UTES. This will be achieved through the combination 

of material solutions, sophisticated engineering, optimisation, testing, and on -site validation. 

The projectõs objectives include reducing overall costs by 25 % and improving competitiveness. 

GEO4CIVHIC (2018 ð 2023).  The GEO4CIVHIC project aims to expedite the implementation 

of shallow geothermal systems by innovating drilling methodologies, Ground Source Heat 

Exchanger (GSHE) types, and heat pumps among other renewable energy/storage 

technologies. The initiative is tailored to facilitate cost -effective geothermal energy solutions, 

promoting easier installation with reduced overall engineering costs. This endeavour is not 

only crucial for advancing DSHP technology but also for enabling a broader acceptance and 

implementation of geothermal systems in urban settings where space is often limited, hence 

making a substantial impact on energy efficiency and cost reduction endeavours. For more 

information: https://geo4civhic.eu/ . 

  

https://geo4civhic.eu/
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General aspects 

Terminology  

The main focus of the deliverable is ground source energy systems (in the widest sense). With 

regard to ground source energy systems different terminology is used in different countries.  

Often distinction is made between very shallow geothermal systems (depth up to 5 ð 10 

meters) such as horizontal ground heat exchangers and shallow geothermal systems (up to 

about 500 meters) which includes borehole heat exchangers. Deep geothermal systems (to 

depths of several kilometres) are not included in this survey.  

Another classification is on temperature: low-enthalpy systems operate on temperatures 

between -5 oC and +35 oC whereas high-enthalpy systems operate on temperatures of 60 0C 

or higher. 

Another possible classification of systems is based on the terminology from the IEA 

Implementing Agreement  Energy Conservation through Energy Storage òECESó. 

¶ UTES: Underground Energy Storage. 

¶ ATES: Aquifer Thermal Energy Storage used to store heat and cool, ground water 

systems (note that groundwater systems such as re-circulation systems do not store 

energy). Ground water systems are also referred to as òopen loopó. 

¶ BTES: Borehole Thermal Energy Store. Borehole Heat Exchanger System used to store 

heat and cold. 

¶ BHE: Borehole Heat Exchanger system, used to either extract or inject heat into the 

ground (no storage). Borehole heat exchanger systems are also referred to as òclosed 

loopó. 

In Sweden currently the classification is as follows: 

1. Classification on ground (closed loop) or groundwater (open loop) systems.  

Closed loop systems are also called Ground Heat Exchangers, these can be vertical or 

horizontal. Different configurations exist. Closed loop systems comprise a closed pipe-

network through which a heat transfer fluid is circulated. Heat is exchanged with the 

surrounding ground by temperature differences and heat flow in the ground is mainly 

by conduction (and possibly natural groundwater flow).  

Open loop are also called Aquifer systems. In these systems ground water is extracted 

and used as a source of heat or cool after which it is normally re-injected into the 

aquifer. 
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2. Classification on the (geothermal) source. The source is classified as top soil (horizontal 

systems), vertical ground heat exchangers (boreholes), ground water, caves, surface 

water . 

3. Third classification is whether there is storage. If both heat and cool are collected it is 

called storage, but storage can also be of other sources (waste heat, solar thermal, 

surface water etc.). 

Further classification (used e.g. in the Netherlands) relates to the combination of geothermal 

source and users. A distinction can be made between individual system collective ground heat 

exchanger systems (one building with one heat pump system connected to one ground heat 

exchanger array), multi-user collective ground heat exchanger systems (e.g. apartment 

buildings with one heat pump per apartment, connected to a common collective ground heat 

exchanger) and clustered individual systems (multiple systems with individual heat pumps and 

ground heat exchangers that have thermal interactions in the underground). Design 

methodologies differ between these systems. 

Locality 

For the application of ground source energy systems one of the key requirements of a project 

locality is the available space for the installation. Depending on the type of ground heat 

exchanger more or less surface area is required. For vertical boreholes installation beneath the 

building structure is possible, for shallow (horizontal/ring type) ground heat exchangers this is 

not done in practice.  

In a given locality more buildings can make use of a ground energy system. Where the design 

of a single system (that can use multiple wells or ground heat exchangers) can be done with 

available tools, when multiple systems are realized the thermal and hydrological interactions 

between those independent systems needs to be assessed and may limit the use of the ground 

as a thermal resource.  

Urban (large buildings, relatively small footprint)  

Urban areas are defined as areas with relatively dense building structure, often characterized 

by multi -family buildings such as apartment blocks.  

In urban areas ground source systems may be realized as Aquifer Thermal Energy Storage 

(ATES) systems as they require a relatively small footprint for installation. However, technical 

risks associated with ATES systems are relatively high and regular maintenance is required. 

Borehole Thermal Energy Stores (BTES) are also possible in certain cases and offer a technically 

robust and low maintenance system. BTES in urban environments are somewhat limited in 
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maximum capacity and may depend on achieving a good energy balance and are often 

combined with other sources of heat and cool (hybridized system). 

Village (multiple single family houses, limited space)  

In this type of locality the density of buildings is lower, with each building (house) having more 

space to install a ground heat exchanger. Often individual systems, where each single house 

has a heat pump and ground heat exchanger (borehole heat exchanger, BHE), are realized. 

Smaller collective BHE with a local low-temperature heating/cooling network are also possible. 

Passive heating systems (e.g. Drake Landing, Canada) have been installed as well. 

Rural (single systems, ample space)  

In a more rural setting, or in areas where the surface area of the ground surrounding the 

building is large, it is possible to install ground heat exchangers such as horizontal GHEX, ring-

collector GHEX or spiral/earth basket type GHEX. 

Historical buildings  

The integration of GSHP systems for heating and cooling in historical buildings has increased 

in recent years as a suitable methodology for decarbonising existing heating and cooling 

demands.  

The needs of historical buildings, which by their nature are sensitive to upgrade or 

refurbishment works particularly in the context of increasing their energy efficiency are often 

listed and protected structures of cultural and historical heritage importa nce. In many cases 

minimal intervention measures are possible to the building fabric in the way of upgrades as 

these can have an adverse effect of the architectural aspects and visual impact of these 

buildings. 

Historical buildings in Europe are often also located in dense, historical urban settings, which 

make such interventions more logistically challenging. Low impact strategies focussed on 

preserving the historical nature of these buildings to the implementat ion of renewable heating 

solutions has been the focus of recent integrations of GHSP systems through national case 

studies and through the works of projects such as GEO4CIVHIC (Bernardi, 2022 & Pasquali, 

2023).   

The implementation strategies for deploying GSHPs in both historical buildings and the built 

environment is governed by a holistic system design approach. The holistic design process 

needs to seek to identify the best possible intervention measures that will lead to the 

decarbonisation of a heating and cooling system in a historical building. Such holistic approach 

must therefore not be limited to considering only the technical aspects of that implemented 

for a GSHP system design in more modern buildings, but needs to be extended to technical 

aspects unrelated to the mechanical and electrical system components. The critical technical 
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design aspects that need to be considered for the retrofit of GSHPs in historical buildings can 

in some cases represent additional challenges that need to be overcome on case specific basis. 

Some of these technical aspects include: 

¶ Building character and historical listing grade; 

¶ Location of the site (dense urban areas or other) including surface area distribution and 

space; 

¶ Building fabric and construction elements; 

¶ Energy demand profile for heating/cooling and requirement for secondary 

temperatures to be delivered; 

¶ Subsurface characterisation to determine the appropriate geothermal solution;  

¶ Geothermal collector design specification; 

¶ Plant room system design (P&ID) and specification of terminal to be installed in the 

building;  

¶ Management system and control strategy for operation.  

The sensitive nature of buildings and the sites where these are located, also requires additional 

considerations of aspects that can dictate the level of intervention and integration of GSHP 

solutions. Some of these non-technical aspects include (but are not limited to):  

¶ Building preservation regulations for a specific site : guidelines and standards 

around the potential for completion of retrofit measures in historical buildings are 

dictated by the historic character of the building, requiring the advice of a conservation 

architect and permission from the local (or internati onal) authorities responsible for 

building conservation. 

¶ Archaeological and Historical artefacts:  cultural heritage sites are often located in 

areas of archaeological heritage that can affect potential geothermal collectors 

installations in open spaces where such artefacts may be present. Additional specialist 

archaeological consultants and appropriate permission may be required to implement 

a GSHP solution. 

¶ Biodiversity and ecology:  the historical nature of many buildings is often 

accompanied by the presence of biodiversity elements that may include mature trees 

and other associated ecosystems. The preservation of these can also impact potential 

GSHP solution integration.  

¶ Visual impact:  the application of renewable heating and cooling solutions in historical 

building settings generally seek to minimise long term visual impact to the existing 
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building character and its surrounding. GSHPs have clear advantages given the below 

ground nature of the solution and the possibility of implementing landscaping 

measures to restore the original views, such measures require additional planning. 

The implementation of GSHP solutions in historical buildings is demonstrated in different 

climatic zones in Europe (Pockele, 2023) through the use of high temperature, dual cycle heat 

pumps (in very sensitive buildings with no fabric intervention possible)  and coupled with high 

temperature heating terminals in colder climates. In warmer climates, the deployment of dual 

source (air source and ground source heat pump) provide attractive solutions for 

decarbonising historical buildings as these maximise the efficiency of both technologies and 

can help reduce capital investment by delivering both heating and cooling solutions strategies 

optimised to both the annual ambient air temperature and the ground.  

Summary of localit ies and geothermal applications  

Table 1 gives an indication of which type of geothermal system would be applicable in different 

localities. Table 2 gives an indication of user type and size for each technology. 

Table 1. Indication of types of geothermal systems per locality type. Dark green (++): very suitable, 

light green (+): suitable; yellow (+/-): may be suitable; red (-): not or limited suitability. 

Open Loop : aquifer systems. Closed loop: BTES (Borehole Thermal Energy Store) systems, 

BHE (Borehole Heat Exchanger systems), Shallow horizontal heat exchanger systems, 

Ring: Shallow Ring collector heat exchanger systems (Slinky), Spiral: Spiral (including 

Earth-Basket) type heat exchangers. 

 Urban  Village  Rural 

Open Loop  ++  + +/ - 

Closed loop, BTES + + + 

Closed loop, BHE + ++  ++  

Closed loop, 

HORIZONTAL 

- +/ - + 

Closed loop, RING - +/ - + 

Closed loop, 

SPIRAL 

- +/ - ++  
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Table 2. Indication of type of application suitable for different geothermal technologies. Tertiary 

buildings: larger buildings such as offices, hospitals etc. 

 Single 

family 

house 

Multi -

family 

house 

Small 

tertiary  

Large 

tertiary  

Industrial 

&  

Agrifood  

Heat/Cool 

networks  

Capacity (kW)  
3 - 15 15 ð 350 50 ð 800 

800 ð 

2500 
> 2500  > 2500  

Open Loop  - - +/ - ++  ++  ++  

Closed loop, 

BTES 

- ++  ++  +/ - +/ - +/ - 

Closed loop, 

BHE 

++  ++  ++  - - - 

Closed loop, 

HORIZONTAL 

+ +/ - - - - - 

Closed loop, 

RING 

+ +/ - - - - - 

Closed loop, 

SPIRAL 

+ +/ - - - - - 

 

Geology and Hydrogeology  

Geology and hydrogeology (or geohydrology)  have a large impact on drilling conditions and 

cost as well as the type of system that can be installed. For the design and operation of the 

geothermal system key parameters are the vertical temperature profile, vertical thermal 

conductivity profile, heat capacity, hydraulic conductivity, ground water table level , gradient 

(for each aquifer), presence of aquitards and porosity (for fractured rock the secondary 

porosity) and rock hardness.  

For instance, horizontal systems that are installed by excavating or horizontal drilling require 

an unconsolidated overburden of a certain minimum thickness. On the other hand, drilling for 

vertical borehole heat exchangers in unconsolidated material may require casing to be used 

to prevent borehole collapse. Other geological risks associated with Karst geology, subsidence 

zones and such may prevent installation of a geothermal system. 
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The hydrogeological and geological properties of the underground play a pivotal role in the 

context of geothermal heat pumps. These affect the òdrillabilityó of the underground and 

therefore affect the construction, as well as characterising the geothermal resources that 

depend on these properties. Understanding the geological characteristics of a site is therefore 

crucial in determining the suitability of installing geothermal heat pumps.  

Factors like the type and structure of the subsurface rocks, soil composition, and groundwater 

presence affect heat transfer rates and thus impact the system's performance. Open loop 

systems are for example restricted to areas with suitable groundwater bodies. Additionally, 

geological assessments help identify potential risks, such as geological faults or areas with low 

thermal conductivity, which could affect the long -term stability and effi ciency of the system.  

A thorough investigation of the hydrogeolog ical and geological properties is essential to 

optimize system design, ensure sustainable energy extraction, and minimize environmental 

impacts, making it a fundamental aspect in the successful implementation of shallow 

geothermal energy solutions. 

The quality of those investigations highly depends on the accuracy of the information about 

the properties. In regions (especially urban areas) with a high data density, conducting reliable 

assessments is easier than in areas with a scarce data availability. Data can be gathered either 

by literature studies and from data holders such as companies and authorities, or by 

conducting field measurements but all of this slows down the application of geothermal heat 

pumps. Information systems displaying special geological and geographical conditions (e.g. 

conflict maps) on the other side enhance the planning/design of geothermal heat pumps and 

provide valuable information for drilling companies concerning the drilling equipment 

(Rupprecht et al, 2018). 

Depending on the geothermal heat pump systems, different hydrogeological and geological 

properties are more or less important. This depends ð amongst other factors ð on the target 

depth of the system. Near shallow geothermal heat pumps only use the upper few meters and 

therefore knowledge of the deeper underground (down to around 300 m) is not as important 

for these systems as it is e.g. for borehole heat exchangers. The specific boundary conditions 

for each system will be presented in more detail in the respective chapters of this report.  

Possible limitations due to geology or hydrogeology  

In this section we will summarize possible conflicts of use, that can effect groundwater based 

systems as well as borehole heat exchangers. They are mostly related to the drilling process. 

The majority of groundwater based systems rely on shallow porous and unconfined aquifers. 

In this case, the mentioned limitations do usually not  pose a problem. However, larger 

groundwater based systems also use deeper aquifers and borehole heat exchangers in general 

go down 100 to 350 m. The following risks can occur while drilling down to this depth, 

depending on the hydrogeology or geology ( from Stober 2014):    
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Artesian aquifers 

Drilling into a confined aquifer, with a high pressure, can cause a strong water outflow of the 

borehole. If the water masses flush out fine-grained material, they can destabilize the borehole 

permanently and might cause subsidence in the vicinity of the borehole. Therefore, certain 

safety measures are required in advance where the presence of artesian conditions cannot be 

ruled out. When drilling where artesian conditions could be encountered, the casing must be 

firmly implemented in the area above the aqu ifer. The installation of a barrier pipe is 

recommended. Since the use of weighted mud is required when drilling an artesian or confined 

groundwater, suitable heavy mud additives must be provided in advance, as well as a suitable 

packer system for a reliable shutoff. At low overpressures, it may be possible to seal the aquifer 

using a geothermal probe packer. In case of two or more groundwater levels, drilling into an 

artesian aquifer also poses the risk of connecting the artesian groundwater with an overlaying 

aquifer. This has to be prevented.  

Two or more groundwater levels 

Connecting two groundwater levels has to be prevented. It can cause subsidence or rising of 

the upper groundwater level. Furthermore, mixing groundwater of different chemistry, might 

lead to undesirable environmental impacts and may not be permitted by regulatory and local 

authoritiesõ.  

Gas occurrences 

When drilling into a gas deposit, gas can escape the borehole either suddenly and under high 

pressure, or it diffuses slowly through the underground. In areas where gas occurrences are 

known or can be expected, it is important to use a gas detector while drilling. Depending on 

the gas involved, there is a risk of gas explosion (methane), poisoning (hydrogen sulphide) or 

suffocation due to lack of oxygen (carbon dioxide).  

Soluble rocks, karst areas, mining areas 

A potential hazard involving the downward collapse of loose material exists in boreholes 

penetrating extensively karstified rock beneath sedimentary layers. Consequently, it is 

advisable to equip these boreholes with a standpipe or casing extending to the underlying 

bedrock. An additional risk for subsidence arises from leaching processes within soluble rocks 

due to a continuous influx of water facilitated by hydraulic pathways alongside the borehole.  

Challenges for drilling can arise within larger voids, as commonly encountered in karstified 

limestone or dolomite formations, as well as within salt or gypsum deposits, fault zones, heavily 

fractured aquifers or abandoned mines. These difficulties may lead to scenarios where the drill 

pipe inadvertently drops or mud losses are incurred. In such instances, issues frequently arise 

with effectively backfilling the annulus. To address these concerns, special backfill materials 

and potentially geothermal probe packers may need to be employed. In cases where fault 
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zones or tectonic fractures are intersected, abandonment and backfilling of the lower section 

or the entire borehole could become necessary. 

Swellable rocks (including anhydrite) 

When drilling through swellable clays a special drilling mud must be used to prevent swelling. 

After inserting the geothermal probe, the borehole around the probe has to be sealed properly 

and permanently. This prevents any water access to the clays, as otherwise swelling pressures 

may occur that could, which can cause damage to the probe or even to neighbouring  

structures. In this context, special attention must be paid to the drilling of anhydrite, as it can 

expand with water contact, increasing in volume by more than 60% (!) during the conversion 

to gypsum. If, additionally to anhydrit e, groundwater is found in the same borehole, extreme 

caution is required. In case of drilling into aquifers with overpressures at the bottom and/or 

under-pressures at the top, it is recommended that no probes should be installed and instead 

the borehole should be sealed. 

Landslide areas 

Drilling within landslide -prone areas presents significant technical and safety challenges. The 

inherent instability of landslide terrain introduces a high risk of ground movement, which can 

be exacerbated by the drilling process itself. The insertion of boreholes poses an immediate 

threat to the stability of the surrounding environment but also increases the likelihood of 

triggering further landslides or ground shifts. Additionally, the drilling operation itself might 

become compromised due to the unpredic table nature of landslides. This could potentially 

lead to borehole instability, misalignment, or even the complete loss of the borehole. 

Consequently, drilling for shallow geothermal energy in landslide-affected regions is strongly 

discouraged. 

Faults and highly fractured areas 

Encountering fault zones or tectonic fractures while drilling can result in the drill pipe 

becoming stuck or the borehole experiencing closure after completion, impeding the efficient 

transfer of geothermal heat. In many instances, corrective measures like overdrilling or re -

drilling the borehole might become necessary. 

Summary 

In case of any of those risks, special precautions have to be undertaken. Possible 

measurements range from drilling with casings, increasing the density of the drilling mud, 

implementation of a packer to sealing the borehole (Stober, 2014).  

When there are potential geological limitations or risks, it is recommended to consult local 

applicable regulations for drilling and completing systems in the such areas during the design 

and planning phase of geothermal system, as these may impose requirements/restriction on 

the possible drilling and completions of geothermal solutions in such areas  
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Climate zone 

The EN 148251 standard, used to calculate seasonal performance of (amongst others) heat 

pump systems defines three climate zones characterized by a specific reference climate: 

average (Strasbourg), cold (Helsinki) and warm (Athens). Using these reference climates user-

energy profiles can be calculated for different building types and average ground -temperature 

can be estimated. These parameters are useful to benchmark different geothermal (ground 

source energy) solutions. 

The main indicator for climate is the outdoor (ambient) temperature. For a typical year (based 

on the Typical Meteorological Year, TMY2. 

Table 3. Ambient temperature (oC) for different climatic zones according to Typical Meteorological 

Year (TMY2). Heating degree days and cooling degree days calculated with respect to 

16 oC threshold (according to EN 14528). 

 Cold  

(Helsinki) 

Average (Strasbourg) Warm  

(Athens) 

Average 4.5 9.8 18.4 

Minimum  -25.6 -11.5 1.4 

Maximum 26.4 32.0 37.5 

Heating degree Days 4284 2534 666 

Cooling degree days 95 271 1537 

 

For the different climate zones the typical yearly temperature profile can be further 

characterized and normalized using heating and cooling degree-days and bin-hour approach.  

The EN 14825 defines a bin-hour distribution of temperatures for cooling sEER calculation with 

a limit temperature of 16 oC for all climates (figure 1). For the heating sCOP calculations climate 

bins have been defined for the three different climate zones (figure 2).  

 

 

 

 
1 EN 14825. Air conditioners, liquid chilling packages and heat pumps, with electrically driven 

compressors, for space heating and cooling ð Testing and rating at part load conditions and 

calculation of seasonal performance. 
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Figure 1. Bin hour distribution cooling operation (limit temperature 16 oC). 

 

 

Figure 2. Bin hour distribution heating operation for three different climate zones (limit 

temperature 16 oC). 
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Heat pumps  

Application type and operating temperature  

Heat pump technologies are a key part of ground source energy systems as, in general, the 

temperature that can be obtained from the ground is not directly usable for the heating or 

cooling application. Typically only in Northern countries cooling is possible without use of the 

heat pump (this is called passive or free cooling), but for both cooling in warmer climates and 

heating application a heat pump is used2. 

In the case where direct heating is not feasible, a heat pump is used to raise the temperature 

from the ground source energy system to the temperature required by on the secondary (user) 

side. Similarly, when direct cooling is not feasible, the heat pump is used to lower the 

temperature from the ground source energy system to the temperature required by the 

cooling emission system.  

The fundamental principle of a heat pump or chiller (air conditioner) was described by Sadi 

Carnot (1824). The Carnot cycle is an ideal thermodynamic cycle where heat is moved from a 

high temperature reservoir to a low temperature reservoir and part of this energy is converted 

to work (conversion of thermal to mechanical energy). The Carnot cycle is reversible: when 

work is applied to the system heat is moved from the high temperature reservoir to the low 

temperature reservoir. The Carnot efficiency associated with the ideal Carnot cycle is the 

highest theoretical efficiency that can be achieved. The Carnot efficiency is related to the 

(absolute) temperature of the low temperature and high temperature reservoirs:  

 

– ρ
Ὕ

Ὕ
 

 

With Tc the cold reservoir absolute temperature and Th the hot reservoir absolute 

temperature. In practice there are losses (irreversibility) and the efficiency of any heat pump is 

significantly lower than the Carnot efficiency. 

 

 

 
2 Although some systems have been realized with passive heating, these need to generate and store 

the heat separately (either by solar harvesting, deep geothermal sources or use of waste-heat). A 

complicating factor is that the storage of heat is in many co untries limited by regulations to about 

30 oC and for high temperature storage a permit is required.  
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As the purpose of a ground source heat pump system is to reduce the energy required for 

heating and cooling of buildings (and thus the emissions of greenhouse gasses), the efficiency 

of the heat pump is of prime interest. The efficiency of the heat pump is defined as the ratio 

between the energy input required to drive the heat pump and the thermal energy supplied 

to the user. In practice a distinction is made between the instantaneous efficiency (at steady-

state conditions), the Coefficient of Performance (COP) or Energy Efficiency Ratio (EER) in 

heating and cooling operation and the Seasonal Performance Factor also sCOP or sEER: 

seasonal COP and seasonal EER) that is the average energy efficiency over the seasons.  

The COP or EER is calculated on power (kW) whereas the SPF is calculated on energy (kWh). 

Norms associated with these calculations are the EN 14511 (test methods and standards for 

air conditioners, liquid chilling packages and heat pumps) and the EN 14825 (Air conditioners, 

liquid chilling packages and heat pumps, with electrically driven compressors, for space 

heating and cooling, commercial and process cooling - Testing and rating at part load 

conditions and calculation of seasonal performance). 

The efficiency of the heat pump and ground source system can be defined at several 

boundaries. It can include the ground source circulation pump, emission side pumps and other 

energy users. The project SEPEMO-BUILD (http://sepemo.ehpa.org/uploads/media/SEPEMO-

brochure_final_03.pdf) gives a full overview of the different demarcations of energy-efficiency 

indicators. The boundaries of the efficiencies of main interest are: COP/SPF-00: ground source 

efficiency (only ground source system circulation pump), COP/SPF-01: heat pump compressor 

only, COP/SPF-02: heat pump compressor and ground source circulation pump, COP/SPF-

03/4: as COP/SPF-02 but also includes backup-heating and user side circulation pump. 

Table 3. Provides an overview of typical temperature bandwidth  of different applications and 

emission systems. 

Different heat pump technologies exist, these can be categorized as vapor-compression, 

vapor-absorption, gas-cycle (only used in aeronautics). With ground source energy systems 

by far the most common heat pump is a standard compression heat pump. Adsorption heat 

pumps are less common while acoustic heat pumps are more experimental yet. 
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Table 3. Temperature ranges for different applications and emissions systems.  

Temperature  

range 

Application Emission system 

6 ð 15 oC Low temperature cooling and 

dehumidification  

Air Handling Units, Fan Coils  

15 ð 20 oC High temperature cooling  Radiant floor cooling, cooling ceiling  

30 ð 40 oC Low temperature heating Radiant floor heating 

40 ð 50 oC Medium temperature heating  Radiant floor heating, radiators with 

forced convection 

> 50 oC High temperature heating  Radiators, domestic hot water 

production  

Heat pump technologies  

As a heat pump moves heat from a low to a high temperature and can be used for cooling or 

heating operation, depending on which side (hot or cold) is connected to the user and which 

side to the environment.  

The heat pump technologies described here generally have an internal refrigerant circuit that 

may or may not have phase changes and two secondary circuits that are the source (low 

temperature reservoir) and sink (high temperature reservoir) of thermal energy. The source- 

and sink are usually air or water. Thus there are air-to-air, air-to-water and water-to-water heat 

pumps. The internal refrigerant flow is driven by a pump or compressor, the external flows are 

provided by fans (air system) or pumps (water system).   

Vapour -compression heat pump  

A vapor-compression cycle heat pump (figure 3) is made up of a compressor (1), a heat sink 

(2, condenser plate heat exchanger), heat source (3, evaporator heat exchanger) and expansion 

device (4). The internal circuit is closed and filled with a suitable refrigerant (see figure 3). The 

vapour-compression cycle starts at the compressor where the refrigerant low-pressure vapor 

is sucked in from the evaporator (a) and compressed to high pressure. According to the ideal 

gas-law pressure, temperature and volume are related as:  

 

ὴὠ –ὙὝ 
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Where p, V and T are absolute pressure, volume and temperature, – is the amount of gas and 

R the ideal gas constant.  
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Figure 3. Simplified schematic of vapor-compression cycle (source: Groenholland). 

From this it follows that when the pressure is increased, the temperature also increases. 

Therefore, after the compressor (b) there is a high-pressure hot gas which enters the 

condenser. In the condenser plate heat exchanger the hot gas is cooled down by the secondary 

medium (fluid or air) and condenses at high temperature (c). The high pressure cool fluid (d) 

is then expanded by the expansion device and enters the evaporator as a low pressure 

fluid/gas mix (e) and evaporates at low temperature. 

Key points of the process are: 

¶ Due to the coupling between pressure, temperature and boiling point it is possible to 

extract heat at low temperature (low pressure = low boiling point) and reject heat at 

high temperature (high pressure = high boiling point). This allows the ăpumpingò of 

heat from low to high temperature.  

¶ During the phase change (condensation and evaporation) large amounts of heat are 

transferred at constant temperature. 

This efficiency depends mainly on the temperature difference between the cold and hot side 

of the heat pump,  the larger the difference the lower the efficiency. Ranges for typical 

efficiency of current domestic heat pumps (used for space heating, cooling and domestic hot 

water production) are listed in table 4 and table 5. 
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Table 4. Typical ranges of heating efficiencies (COP-01 compressor energy) of domestic heat 

pumps for different temperature ranges.  (Source: Groenholland/ISSO73). 

 

COP (Heating operation) as function of source and sink 

temperature 

Tuser(
oC) 

Tsource (
oC) 

25 35 45 55 

0 5,0 ð 5,4 3,7 ð 4,1 2,7 ð 3,1 2,3 ð 2,7 

10 6,3 ð 6,7 4,7 ð 5,1 4,1 ð 4,5 3,0 ð 3,4 

15 7,1 ð 7,5 6,2 ð 6,6 4,0 ð 4,4 3,4 ð 3,8 

 

Table 5. Typical ranges of cooling efficiencies (EER-01, compressor energy) of domestic heat pumps 

for different temperature ranges. For cooling operation potential passive (direct) cooling 

is indicated by grey cells (efficiency based on circulator energy). (Source: 

Groenholland/ISSO73). 

EER (Cooling operation) as function of source and sink  

temperature 

Tuser (
oC) 

Tsink (
oC) 

6 10 20 

8 x > 20 > 20 

18 4,5 ð 5,5 5,0 ð 6,0 > 20 

30 4,0 ð 5,0 4,5 ð 5,5 6,0 ð 7,0 
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Trans-critical  cycle 

So far the refrigerant cycle includes phase changes (between liquid and gas phase). The 

advantage is that with the phase-change large amounts of energy can be transferred at 

constant temperature. However, the maximum temperatures that can be achieved by 

conventional (sub-critical) heat pumps is usually limited to about 55 ð 60 oC.  

Many transcritical CO2 heat pumps in industrial applications can achieve 85 90. GEO4CIVHIC 

small scale dual cycle heat pumps ( 15-30 kW) achieve 65-70. In a transcritical heat pump the 

pressure is so high that no change from gas to fluid occurs, all heat transfer is sensible 

(temperature change). The condenser is then called a gas-cooler (as no condensation takes 

place). In practice most (if not all?) heat pumps with a trans-critical cycle use CO2 as refrigerant. 

CO2 is the most common refrigerant employed in a trans -critical cycle. 

Advantages are that when a high temperature lift (at least 30 ð 40 oC) is required the CO2 

transcritical heat pump performs better than a conventional heat pump. Examples of use of 

CO2 trans-critical heat pumps are e.g. in air-source heat pumps in very cold climates and with 

high emission temperatures (such as domestic hot water production).  

Disadvantages are that the secondary fluid/air temperature must be low enough to sufficiently 

cool the CO2 and that the system works with high refrigerant pressure (over 100 bars) that 

makes component selection and manufacturing an issue. 

Compressor types  

Different types of compressors can be used in the vapor-compression cycle. Figure 4. gives an 

overview of the different compressor types and their application (after Rubik, 2006). 

 

Figure 4. Different compressor types and their application (Rubik, 2006). 
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Dual source heat pump  

Dual source heat pump (DSHP) technology is a progressive approach towards enhancing 

energy efficiency and cost-effectiveness in heating, cooling, and domestic hot water (DHW) 

production systems. DSHPs operate by utilizing two distinct heat sources, typically air and 

ground, optimizing energy transfer based on prevailing external temperatures. This attribute 

significantly contributes to their high efficiency, especially when juxtaposed with conventional 

single-source heat pump systems. 

The main characteristic of DSHPs is their prowess in sustaining robust Coefficients of 

Performance (COP) and Energy Efficiency Ratios (EER) over extended timelines, a requisite for 

fostering sustainable energy utilization paradigms. Furthermore, DSHPs exhibit an exemplary 

Seasonal Performance Factor (SPF), surpassing the performance benchmarks set by air-to-

water heat pumps and, over a protracted temporal spectrum, unbalanced Ground Source Heat 

Pumps (GSHPs) (Zarrella et al, 2019). 

One of the pivotal advantages of DSHP technology lies in its ability to significantly reduce the 

requisite volume of Ground Heat Exchangers (GHEs). This reduction is particularly 

advantageous in urban settings where spatial constraints are prevalent. By diminishing the 

necessity for extensive geothermal plant infrastructure, DSHPs contribute to a reduction in 

capital investment and the overarching operational fiscal outlay (Corberán et al, 2018; Alonso 

et al 2022). 

DSHPs demonstrate a broad-spectrum adaptability to both low and medium heating systems, 

aligning impeccably with a myriad of heating and cooling demands inherent to a building's 

hydronic circuit. While the predominant emission system encompasses a fan-coil unit, the 

augmentation of a radiant panel also emerges as a viable alternative. In this scenario, the 

refrigerant fluid R454B is advocated as a favourable substitute for R410A in chillers and heat 

pump applications, courtesy of its advantageous thermodynamic attributes (Renato & 

Lazzarin, 2012). 

The exploration into the realm of Dual Source Heat Pump (DSHP) technology through various 

projects (e.g. H2020 GeoTûch project) and case studies has provided practical platforms where 

the theoretical knowledge is tested against real-world conditions, thus promoting a 

comprehensive understanding and advancement of DSHP technology. 

DŜƻǘϵŎƘ ǇǊƻƧŜŎǘ 

In the H2020 Geotûch project a dual source (ground and air) heat pump has been developed 

together with an innovative low -impact dry drilling technology. The heat pump system 

(Cazorla-Marin et al, 2018; Corberán et al 2018) is able to provide heating, cooling (passive 

and active) and domestic hot water (with direct recovery). The dual source heat pump was 

studied in detail in the laboratory and has been installed in three demo -sites (Hiref factory, 
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Tribano Italy; Groenholland office, Amsterdam Netherlands and De Montfort University, 

Leicester United Kingdom). An advanced control methodology based on Machine Learning 

and Artificial Neural Networks was implemented on a low-cost computational platform to 

optimize switching sources.  

Beijing Case Study: 

An empirical scrutiny conducted in Beijing delineated the energetic, economic, and 

environmental merits of a dual -source heat pump water heater. This study epitomized the 

economic alacrity of DSHP technology by showcasing a reduced energy cost when juxtaposed 

with a gas boiler, thus underscoring the economic viability of DSHPs in a pragmatic setting 

(Zhao et al, 2022) 

Office building located in the city of Padova (Italy) 

A poignant discourse under the aegis of the International Ground Source Heat Pump 

Association expounded upon a case study entailing a double source heat pump. The authors, 

Angelo Zarrella and Roberto Zecchin from the University of Padova, contributed their expertise 

towards elucidating the operational and performance metrics of DSHP technology in this case 

study (Zarella et al, 2018) 

Environmental performance analysis of a dual-source heat pump system: 

The environmental performance of DSHPs hinges on the LCA, encompassing all pertinent 

phases to render a holistic delineation of the environmental impact. The DSHP system's 

prototype, central to this analysis, was provisioned by the manufacturer, thus anchoring the 

data on a tangible and operat ional artifact. This meticulous approach elucidates the 

environmental validity of the DSHP system by juxtaposing it against conventional air source 

heat pump (ASHP) and ground source heat pump (GSHP) systems. LCAõs completed for DSHPs 

demonstrates the environmental merit of harnessing dual sources, thereby extending the 

discourse on the ecological efficacy of DSHP systems and their potential increased 

performance. (Marinelli et al, 2020). 

Solar-assisted Dual-Source Heat Pump Field Study: 

The case study demonstrates the use of coupling the ground collector with a solar thermal 

array to increase the efficiency of the DSHP system by raising primary side input temperatures 

resulting in an overall reduction of primary energy consumption during operation.  This 

demonstrated the possibilities of increased sustainability of heating and cooling solutions 

using HPs (Besagni, 2019). 

 

Experimental Performance Analysis Project: 

An experimental performance analysis of a dual-source heat pump integrated with thermal 

energy storage was conducted to mitigate disturbances to the electric grid caused by an 

increase of intermittent and decentralized renewable energy sources. This project accentuated 
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the pivotal role of DSHP technology in harmonizing the energy grid whilst optimizing thermal 

energy storage and utilization (Wang et al, 2022).  

Absorption heat pump  

The difference between an adsorption and absorption heat pump (AHP) is that an adsorption 

heat pump uses solid-sorption whereas a absorption heat pump uses liquid-sorption.  

As in a vapor-compression heat pump an absorption heat pump (figure 5) generates heat at 

the condenser (1) and cool at the evaporator (2). However, the compression is not achieved 

by a compressor, but is pumped in a liquid state by a pump (3). From the evaporator the low-

temperature refrigerant (usually water) is sucked into the absorber (4)(usually Ammonia or 

Lithium-bromide) where it is absorbed. During the absorption process heat is generated 

(exothermic reaction) that can be used for heating purposes. The absorbent is diluted and has 

to be regenerated. It is pumped by pump (3) to the generator (5) where heat from an outside 

source is added, boiling off the refrigerant. The vapor refrigerant is condensed in a condenser 

(1) and expanded (6) to the evaporator pressure (2). At the same time the absorbent is also 

throttled (7) to lower pressure and flows back into the absorber . Useful heat is produced at (a) 

and useful cool at (b). 

C
O

N
D

E
N

S
E

R

E
V

A
P

O
R

A
T
O

R

EXPANSION/
THROTTELING

CIRCULATOR

CIRCULATOR

3

a

ABSORBER

GENERATOR HEAT

2

1

6

4

5

7

b a

 

Figure 5. Simplified schematic an absorption heat pump (source: Groenholland). 
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Adsorption heat pump  

Unlike absorption where the refrigerant is absorbed in a liquid sorbent, in the case of 

adsorption the refrigerant is adsorbed in the pores of a solid sorbent. The adsorption heat 

pumping cycle is similar to the absorption cycle and has the same main components: 

evaporator, condenser, and a heat exchanger for adsorption and desorption. Unlike the 

absorption process where the liquid absorbent is pumped between absorber and desorber, 

adsorption is a discontinuously working process as the solid adsorbent cannot easily be moved 

from one vessel to the other. Adsorption and desorption can occur successively in the same 

vessel. To have a continuous useful heating or cooling effect, two so-called reactors can be 

used and operated in counter-phase. 

Acoustic heat pump  

An acoustic heat pump, or thermo-acoustic heat engine, use high amplitude sound waves to 

pump heat from one place to another. Although the fact that sound can produce heat has 

been known for a long time (e.g. Raleigh, 1887) and thermo-acoustic refrigeration has been 

used on e.g. the space-shuttle, the application to commercial heat pump systems is a relatively 

new development. Dutch researchers from TNO spinoff Bleu Heart Energy developed a 6 kW 

heat pump that works with acoustic waves and is able to produce both heat and cool 3.  

Advantages of the system are that is very easily modulated and has a high temperature 

flexibility, allowing it to work with different temperature s (source temperatures between  

-25 oC and 25 oC and sink temperatures between 10 oC and 75 oC), and is able to achieve higher 

temperature lift than existing heat pumps . The functioning is described as follows 

(https://www.pv -magazine.com/2022/06/29/thermo -acoustic-heat-pump-for-residential-

applications/): òDuring the expansion phase, the temperature of the gas drops, and the gas in 

the cold heat exchanger absorbs heat,ó the scientists explained. òThe gas then moves through 

the regenerator to the warm heat exchanger. Here, the gas is compressed, the temperature 

rises, and the heat previously absorbed is released into the warm heat exchanger. Finally, the 

gas moves back, and the cycle is complete.ó 

 

 

 
3 Commercial application by heat pump manufacturers is expected to be completed end 2024 

(https://www.blueheartenergy.com/contact  - FAQ). 

https://www.blueheartenergy.com/contact
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Figure 6. Blue heart energy acoustic heat pump (source: https://www.teamwork.nl/wp-

content/uploads/2016/11/Blue-heart-steel-render-1080x720.jpg) 

Heat pump system  

In commercial heating and cooling applications for buildings the heat pump is usually based 

on a scroll or screw or centrifugal compressor type (in refrigeration also reciprocating 

compressors are used).  

 

   

Figure 7. Examples of scroll (left), screw (centre) and centrifugal (right) compressors. 
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Selection of the heat pump and compressor technology depends mainly on the application. In 

domestic and tertiary buildings scroll compressors are mainly used. With heat pumps and 

compressors there are several ways in which they can be combined: 

¶ Cascading or multi -stage (several heat pumps and/or compressors) in tandem to 

increase total power output and be able to provide low power output at part -load 

conditions. Several compressors are used in parallel. The compressors are controlled 

on temperature setpoint with offset ( hysteresis) or by PID (Proportional, Integral, 

Derivative) control algorithm.  

¶ Cascading or multi -stage (several heat pumps and/or compressors) in cascade to 

achieve higher temperatures. The condenser (heat sink) of one system is used as source 

for the evaporator of the second system in the cascade. This allows the system to 

achieve higher temperatures than can be achieved by a single heat pump. 

¶ On/off or inverter -controlled: With a multi stage heat pump system a good match 

between the demand and the output of the system can often be achieved by selecting 

an appropriate thermal output per compressor/heat pump and controlling these by 

on/off. To ensure sufficient run time and close match between demand and output at 

part load conditions furthermore a buffer vessel can be installed in the circuit. In single 

stage heat pumps (as in domestic application) on/off control may (and has been) used, 

but inverter controlled compressor is currently preferred. This allows the compressor 

output to be modulated and also reduces starting currents. A buffer tank is than usually 

not needed.  

Heat pump application  

Based on their operational functions, heat pumps are classified into four main categories: 

1) Heating-only heat pumps ð Space heating/ water heating applications. 

The heat pump itself consists of a compressor, which moves a refrigerant through a 

refrigeration cycle, and a heat exchanger, which extracts heat from the source. The heat is then 

passed on to a heat sink through another heat exchanger. In buildings, the heat is delivered 

using either forced air or hydronic systems such as radiators or under-floor heating. Heat 

pumps can be connected to a tank to produce sanitary hot water or provide flexibility in 

hydronic systems. 

The efficiency of a heat pump depends critically on the source of the heat. In winter, the ground 

and external water sources typically remain warmer than the ambient air, so ground- source 

and water-source heat pumps consume less electricity than air-source ones, yielding a higher 

COP. This is particularly the case in cold climates where defrosting the outside components of 

air-source heat pumps can consume additional energy. However, ground- source heat pumps 
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are more expensive to install, as they require an underground heat exchanger ð a deep vertical 

borehole or a large network of pipes buried at least one meter below the surface of the ground. 

Connecting a water-source heat pump to a nearby river, groundwater or wastewater can also 

be costly.    

2) Heating and cooling heat pumps ð both space heating and cooling applications . 

Many of the heat pumps can also provide space cooling in summer in addition to meeting 

space heating needs in winter. Cooling is achieved via the heating pipes of underfloor and wall 

heating systems, which absorb the higher temperature indoors and transfer it to the cooler 

medium (ground or water) via a heat exchanger. Essentially, there is a distinction made 

between active and passive cooling.  

Active cooling: The operating principle of the heat pump is reversed. The compressor is in 

operation and brings the heat extracted inside to a higher temperature level via the refrigerant 

circuit. The heat is transferred to the heat source (ground, water, outdoor air). This method's 

cooling capacity is high, and the energy input is somewhat higher than with passive cooling. 

With this type of seasonal cooling using ground as the heat source (combining heating in 

winter and cooling in summer), according to VDI Guideline 4640 there are no concerns that 

the heat input could have negative consequences for the ground. On the contrary, active 

cooling offers an additional benefit. The heat emitted is stored in the ground and is available 

in winter to heat more effic iently with a heat pump.  

Passive cooling: With passive cooling the heat pump compressor is idle, the heat pump 

remains passive. The heat from the house is transferred to the brine via the surface heating 

system and heat exchanger and released to the ground or groundwater heat source. The 

cooling capacity is lower than with active cooling and equates to a few degrees. However, 

electricity consumption remains minimal because only the circulation pump for the brine in 

the geothermal collectors or ground or groundwater probes is runnin g. Passive cooling is not 

technically possible with air as the heat source; only active air conditioning can be considered 

here. 

3) Integrated heat pump systems ð space heating and cooling, water heating, and sometimes 

exhaust air heat recovery. 

An exhaust air heat pump (EAHP) transfers heat from a ventilation system to warm air that 

heats your home. The heat can also be used to heat water stored in a hot water cylinder for 

domestic hot water. An EAHP boosts the heat the mechanical ventilation heat recovery (MVHR) 

unit extracts from the warm, stale air, so that rather than simply saving energy, the ducting 

system can be used to heat the building using warm air. 



 

 

 

37 

  

 

 

The prevailing design of an exhaust air heat pump involves integrating a small heat pump into 

the upper part of a hot water cylinder. These integrated systems are commonly available in 

200 or 300-litre volumes. This setup features two duct connections on the cylinder's top 

surface - one for drawing air in and the other for expelling air out.  When the water in the 

cylinder requires reheating, the heat pump engages by pulling air through a heat exchanger 

(often from the bathroom or kitchen). This air's heat i s then transferred to the water storage. 

These types of exhaust air units have been around for a number of years and the quality of the 

products can differ greatly from manufacturer to manufacturer.  

Air-to-water EAHPs are predominantly used for hot water only and you will need an alternative 

solution for space heating. There are however some occasions where this unit can also be used 

for space heating if the heating demand is exceptionally low. 

There are also micro heat pumps that have been factory built into MVHR systems, often 

referred to as heat pump ventilation, and can do both heating and cooling. The heating and 

cooling function is done while the air is being delivered to the home so that i ndoor 

temperatures can be maintained. These systems are most effective in very low-energy homes 

like òPassivhausó (Passive house) buildings. For other properties, heat delivery might not 

suffice, requiring increased air speed, potentially leading to noise concerns. 

Refrigerants 

The internal fluid (commonly a gas) employed in the heat pump is typically referred to as the 

working fluid or refrigerant. In this section, we will explore how the selection of a refrigerant 

impacts the efficiency, evolution, and propagation of heat pump technology. Generally, a 

refrigerant should fulfil  five primary criteria: proficient performance within a thermodynamic 

cycle; chemical stability; compatibility with commonly used materials in manufacturing; safety, 

whereby flammable or toxic fluids are permissible only in industrial settings with adequate 

safety measures, while residential applications may only accommodate a minimal quantity of 

flammable or near-flammable fluids; and minimal environmental impact (Bernani et al, 2023). 

These criteria will be elaborated upon later in this section. 

Refrigerants are categorized into two broad groups: natural and synthetic refrigerants. The 

former, often referred to as "traditional" refrigerants, were employed in the earliest 

refrigeration devices. This group encompasses carbon dioxide, ammonia, water, and 

hydrocarbons. Conversely, synthetic refrigerants are not naturally occurring, but are chemically 

synthesized, predominantly from hydrocarbons. Notable sub-groups include 

chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), 

and hydrofluoroolefins (HFOs). Over the past decade, CFCs and HCFCs have been phased out 

due to their contributory role in ozone layer depletion. Similarly, HFCs have faced 
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environmental restrictions owing to their greenhouse effect. HFOs, the latest entrant in the 

refrigerant market, epitomize the "fourth generation" of refrigerants.  

Performance  

The foremost requirement of a refrigeration device is to ensure optimal performance during 

operations. The concepts of Coefficient of Performance (COP) and Energy Efficiency Ratio (EER) 

have been introduced in preceding sections as indicators of cycle efficiency during heating 

and cooling seasons, respectively. While efficiency is often deemed the pivotal parameter 

when evaluating the performance of a refrigeration device, other parameters also merit 

consideration: 

¶ The Volumetric Heating/Cooling Effect (VHE or VCE) delineates the size of the 

refrigeration system. A high VHE facilitates the construction of more compact devices, 

thereby positively impacting material costs and installation ease. For instance, CO2, with 

its high-density characteristic, lends itself to highly compact device configurations. 

Conversely, water, despite its potential thermodynamic efficiency and environmental 

friendliness, is no longer viewed as a viable refrigerant due to its inadequate volumetric 

effect. This inadequacy necessitates the construction of extraordinarily large 

refrigeration or heat pump  devices, entailing elevated costs. 

¶ Compressor Discharge Temperature is another crucial parameter to consider in 

refrigerant selection. During operation, working fluids mix with lubricating oils to 

mitigate friction damage to the compressor. The lubrication effectiveness is maintained 

within a specific temperature range; hence, it's imperative to ascertain the maximum 

temperature the refrigerant can attain under adverse working conditions to avert 

compressor failure. 

¶ Additional considerations include heating/cooling capacity and off -design operations. 

Every device is engineered to deliver a specified capacity under fixed conditions ñ 

typically the most adverse ones ñ but it is imperative for the device to retain efficiency 

even when the load or operating conditions fluctuate.  

All these parameters are contingent on multiple factors like components and cycle 

arrangement. Nonetheless, the choice of refrigerant plays a pivotal role as it dictates 

the thermodynamic behaviour of the refrigeration device, courtesy of the thermo -

physical properties of the fluid in question.  

Safety  

In handling refrigerants, safety is paramount, particularly regarding potential toxicity 

and flammability. A distinction between natural and synthetic refrigerants has been 

outlined, with examples such as hydrocarbons, known for their use as fuels, and 

ammonia, recognized for its toxicity. In the realm of refrigeration, fluid leakages are 
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not uncommon and could be attributed to various factors, typically associated with 

installation or manufacturing anomalies. In the event of leaks, the toxicity and 

flammability of the refrigerant pose significant concerns, as they could endanger 

individuals. ASHRAE (The American Society of Heating, Refrigerating and Air-

Conditioning Engineers) has furnished a globally recognized safety classification for 

refrigerants based on toxicity and flammability, as illustrated in table 6 alongside some 

examples. 

Table 6  ASHRAE Safety Classification for Refrigerants (source: ANSI/ASHRAE 34-2022) 

ASHRAE Safety Classification  

A. Low toxicity  

Not -toxic for concentration up to 400 

ppm by volume  

B. High toxicity  

Toxic for concentration below 400 

ppm by volume  

¶ 3. Higher 

flammability  

Flame propagation at 60°C and 1 atm 

and either  

heat of combustion > 19 MJ/kg  

or LFL* < 0.10 kg/m3 

A3 
Propane, isobutane and other 

hydrocarbons 

B3 

¶ 2. Lower 

flammability  

Flame propagation at 60°C and 1 atm,  

heat of combustion < 19 MJ/kg  

and LFL* > 0.10 kg/m3 

A2 
R152a, R1132a 

B2 
R40, R1130(E) 

2L. Mild flammability  
Flame propagation at 60°C and 1 atm,  

heat of combustion < 19 MJ/kg,  

LFL* > 0.10 kg/m3 and 

Burning velocity Ó 10 cm/s 

A2L 
R32, R1234yf, R1234ze(E), and most of 

HFOs 

B2L 
Ammonia 

¶ 1. No flame 

propagation  

No flame propagation at 60°C and 1 

atm 

A1 
R134a, R410A, R404A, CO2 

B1 
R123, R514A 

* LFL: Lower Flammability Limit  

Concerning flammability, combustion necessitates not only a fuel but also an oxidizer and an 

ignition source. Consequently, fire accidents can be averted with appropriate precautionary 

measures. The EN 60335 standard delineates precautionary measures categorized by ASHRAE 

safety classes, encompassing aspects such as: the installation site (indoor or outdoor); 

ventilation, and the dimensions and design of the roo m housing the device; onboard control 

requisites for the refrigeration device like leak detectors or emergency stop mechanisms; and 

restrictions on the refrigerant quantity permissible. For a comprehensive understanding, 

readers are encouraged to refer to the specified standard [IEC 60335-1:2020]. 
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2.4 Environmental impact  

As previously mentioned, leakages in the refrigeration sector are not a rare occurrence. When 

dispersed into the atmosphere, certain refrigerants pose a significant environmental threat, 

leading to international regulations governing their use. In 1995, Mo lina and Rowland were 

honoured with the Nobel Prize for their pivotal work, demonstrating that chlorine molecules 

from CFCs and HCFCs were culpable for the degradation of the ozone layer (Molina & 

Rowland, 1974). Their groundbreaking research published in the early 70s laid the foundation 

for the Montreal Protocol in 1987, endorsed by all 198 United Nations member countries, 

aiming to phase out chlorine -based refrigerants gradually. Subsequently, HFCs emerged as 

the predominant market alternatives to CFCs and HCFCs. However, further scientific 

investigations uncovered the substantial greenhouse gas impact of HFCs, prompting the Kigali 

Amendment to the Montreal Protocol and the European Union F -Gas Regulation [Regulation 

(EU) No 517/2014] to orchestrate a progressive phase-down of HFCs. The following diagrams 

elucidate that carbon dioxide and methane are the principal contributors to the greenhouse 

effect. However, not all substances exhibit identical behaviours upon atmospheric release.  

 

 

(a) (b)  

Figure 8: (a) Global warming effect per fluid; (b) Example of GWP comparison among refrigerants 

The Global Warming Potential (GWP) index was introduced to quantify the greenhouse 

potency of a compound relative to that of CO 2 over a specific time frame (typically 100 years) 
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(Lashof & Ahuia, 1990). Figure 8 clearly illustrates that, despite their minuscule atmospheric 

release, HFCs significantly contribute to global warming. 

The cumulative environmental impact of refrigerants is assessed via another metric, the Total 

Equivalent Warming Impact (TEWI), accounting for both direct greenhouse gas emissions from 

refrigerant leakages and indirect emissions resulting from the energy consumption associated 

with the operational lifecycle of the refrigeration device. The TEWI is formulated as follows: 

4%7)ὋὡὖẗάÌÅÁËὋὡὖ ẗὪÅÑẗὉ ẗὔ 

Here, Ὃὡὖand Ὃὡὖ  represent the GWP values of the considered refrigerant and CO2, 

respectively; ά
ÌÅÁË

 (kg/year) is the mass of refrigerant released into the atmosphere annually; 

Ὁ (kWh/year) denotes the yearly energy consumption of the device; ὪÅÑ (kgCO2/kWh) is the 

amount of CO2 released per unit of energy consumed; and ὔ (years) is the considered time 

range. 

Presently, R410A and R134a dominate the market in the air conditioning and heat pump 

sectors for both buildings and automotive applications. They offer satisfactory performance, 

exhibit neither flammability nor toxicity issues, and are affordably priced. However, they bear 

GWP values of 2088 and 1340, respectively. In alignment with the EU F-Gas regulation, which 

mandates a GWP lower than 750 for refrigerants used in heat pump and air conditioning 

applications from 2025 onwards, both R410A and R134a necessitate imminent replacement. 

Potential Refrigerants for the Near Future  

Considering the EU F-Gas regulation, refrigerants can be bifurcated into mid-term and long -

term categories. Mid-term refrigerants possess a GWP ranging between 150 and 750, while 

long-term refrigerants are characterized by a GWP lower than 150, making them less likely to 

face restrictions in the foreseeable future. Under the EU GEO4CIVHIC project, an extensive 

analysis of available refrigerants was undertaken to identify viable alternatives to the prevalent 

R410A and R134a. A meticulous screening was executed, evaluating thermo-physical 

properties such as critical temperature, critical pressure, and normal boiling point, with GWP 

serving as a pivotal parameter. Special emphasis was bestowed upon refrigerant blends. 

Blending different refrigerants culminates in a new fluid, embodying characteristics that are a 

compromise between its constituents, thereby potentially offering advantages in terms of 

GWP, performance, and safety considerations. Precisely, the GWP of a blend is computed as 

the weighted average of the GWP values of the pure components based on their mass 

composition. Conversely, amalgamating components with significantly disparate thermo-

physical properties might result in the blend exhibiting subpar perfor mance, or necessitate a 

more intricate design for the device. The outcomes of the aforementioned screening, 

delineated in Table 7, unveil several alternatives to R134a and R410A. However, all these 
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alternatives exhibit, at a minimum, mild flammability. In the ensuing section, the examination 

of these alternative refrigerants will persist, assessing their performance within a refrigeration 

device. 

In May 2020, five European nations ñ Germany, Netherlands, Norway, Sweden, and Denmark 

ñ initiated the preparation of a joint REACH (Registration, Evaluation, Authorisation, and 

Restriction of Chemicals) regulation proposal aimed at restricting the use of per- and 

polyfluoroalkyl substances (PFAS), encompassing several HFCs and HFOs. 

In January 2023, these authorities submitted a proposal to the European Chemicals Agency 

(ECHA) to curtail the use of PFASs under the REACH framework. This proposal is slated for 

evaluation by ECHA's Scientific Committees for Risk Assessment (RAC) and for Socio-Economic 

Analysis (SEAC) in the ensuing months (as per the ECHA website). 

It is pertinent to mention that synthetic refrigerants such as HFOs may pose viable options for 

various HVACR (Heating, Ventilation, Air Conditioning, and Refrigeration) applications, 

especially in scenarios where natural refrigerants are either unsuitable or exhibit suboptimal 

performance. Continuous research endeavours are underway to thoroughly comprehend the 

health and safety implications associated with the utilization of these refrigerants. 

Table 7. Selection of feasible alternative to R410A and R134a with GWP up to 150. 

Fluid  GWP100 
ASHRAE Safety 

class 

Tcrit  

[°C] 

Pcrit  

[MPa]  

Tglide  

[K]*  

R134a 1430 A1 101.06 40.59 0 

R410A 

R32/R125 (50/50) 
2088 A1 71.34 49.01 0.12 

PROPANE 1 A3 96.74 42.51 0 

ISOBUTANE 1 A3 134.66 36.29 0 

R1234yf  4 A2L 94.7 33.82 0 

R1234ze(E) 7 A2L 109.36 36.35 0 

R444A 

R152a/R32/R1234ze(E) (5/12/83) 
91 A2L 106.36 44.78 9.5 

R445A 

R134a/R1234ze(E)/CO2 (9/85/6) 
135 A2L 106.04 45.444 22 

R451A 

R134a/R1234yf (10.2/89.8) 
149 A2L 94.36 34.43 0.05 
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R454C 

R32/R1234yf (21.5/78.5) 
148 A2L 85.67 43.19 7.45 

R455A 

R32/R1234yf/CO2 (21.5/75.5/3) 
148 A2L 85.61 46.54 11.11 

R457A 

R32/R1234yf/R152a (18/70/12) 
139 A2L 90.05 43.08 6.67 

R459B 

R32/R1234yf/R1234ze(E) 

(21/69/10) 

145 A2L 87.49 43.61 7.69 

R516A 

R134a/R1234yf/R152a 

(8.5/77.5/14) 

142 A2L 96.64 36.15 0.01 

ARM-42A 

R152a/R32/R1234yf (11/7/82) 
64 A2L 93.7 39.04 4.9 

ND2 

R134a/R1234yf (5/95) 
75 A2L 94.51 34.12 0.04 

ND3 

R134a/R1234ze(E) (10/90) 
149 A2L 94.37 34.42 0.4 

ND4 

R32/R1234yf/CO2 (22/72/6) 
150 A2L 84.95 49.8 14.19 

* Max evaporation/condensing temperature difference between refrigerant blend components 

Heat exchangers 

Heat exchangers (mainly plate-heat exchangers, ground heat exchangers are discussed later) 

are used in ground source heat pump systems to transfer heat between the refrigerant and 

secondary fluids inside the heat pump (evaporator and condenser) and are used at other 

interfaces in the system such as between ground-water and system-water in aquifer systems 

or between circuits with anti -freeze mix and water (e.g. between the ground heat exchanger 

and underfloor heating circuit during passive cooling).  

Typical plate heat exchanger (PHE) are brazed or gasketed (figure 9). Brazed PHE are used 

inside the heat pump where high pressures and phase-changes occur. Gasketed PHE are used 

more in situations where two fluids are circulating (no phase-changes) at relatively low 

pressures. Advantage of gasketed PHE are that they can be cleaned and extended. 

For efficient operation of the plate heat exchanger it is essential that the two flows are in 

counter-flow. In ground water systems with flow-reversal on the ground water circuit therefore 
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usually a flow-reversal installation is included. The same holds for heat pumps reversible on 

the refrigerant side. 

 

 

Figure 9. Examples of plate heat exchangers. Brazed (left) and gasketed (right) configuration. 

Control systems 

As any mechanical system, a ground source heat pump system requires a control system so 

they can operate. The simplest control is on/off (thermostat) with a constant setpoint on the 

user side.  

With regard to the control system we  can make a distinction between the internal heat pump 

controller that primarily controls the refrigerant cycle (and may control circulation pumps and 

control valves) and the supervisory control system (SCS) which controls the complete plant 

(that may be hybridized or have multiple units, user setpoint temperatures and operating 

mode (such as mechanical heating, mechanical cooling, passive cooling, domestic hot water 

production etc). 
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The main purposes of the control system of a ground source heat pump system can be 

summarized as: 

¶ Satisfy the user control setpoints on flow temperature to the emission system. 

¶ Match the user load with production capacity.  

¶ Optimize operation with regard to energy efficiency.  

¶ Monitor and adjust operation with regard to equipment limits (such as flow rate, 

temperature). 

¶ Provide safety interlocks and alarm processing. 

¶ Provide history of key operational parameters for optimization and troubleshooting.  

¶ Provide a user interface to interact with the control system. 

Typical issues with control of ground source heat pump systems and low-temperature 

emission systems that often have a high thermal capacity is that the control systems are not 

well tuned to deal with response-lag and thermal capacity. 

For the technical catalogue we focus on the SCS. No description of the physical interface to 

the mechanical components is included, these may be directly wired control signals or 

networked systems based on different network protocols (e.g. LON, Modbus RTU, Modbus 

TCP, Bacnet MS/TP or Bacnet IP). 

 Conventional  

Conventional or classical control is mainly based on either a thermostat control (control on a 

setpoint with hysteresis) or on Proportional Integral Derivative (PID) control algorithms.  

As an example of a thermostat control consider a heat pump system with single stage on/off 

compressors. In this case the thermostat control will have a setpoint and a hysteresis 

(bandwidth). The controller compares a reference (usually the temperature measured in the 

user circuit) to the setpoint and will turn the compressor on when the reference is below the 

setpoint minus the hysteresis and will turn the compressor off when the reference is above the 

setpoint plus the hysteresis. For staged control of compressor systems there is an additional 

offset (stage offset) on the required setpoint to prevent simultaneous starting/stopping of 

stages.  
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Figure 10. Example of on/off control with thermostat and hysteresis (source: Groenholland). 

 

 

Figure 11. Example of PID control  (source: Groenholland). 

PID control is used to generate a smooth output and attenuate an output to a reference. The 

PID controller uses three control terms (Proportional, Integral and Derivative) to calculate an 

output based on a measured reference and required setpoint. The PID controller calculates the 

difference between the reference and setpoint and implements a direct action (Proportional 
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action to the error), an action where the error is integrated over time (Integral action) and an 

action where the rate of change is used to predict future trends (Derivative action). An example 

is given in figure 11. 

PID controllers are often used in process control of a continuous process variable such as 

pump or compressor speed or mixing/diverting valve setting. Sometimes they are also used 

for discrete variables (on/off control) in control of staged compressor systems. 

Machine learning  and Artificial  Neural Network control  

Recently Machine Learning and Artificial Neural Network control have been developed as more 

advanced control technologies. Where classical control methods may have issues with close-

control or part -load operation (on/off control) or control instabilities (PID control), ML and 

ANN methodology can provide more advanced control mechanisms that do not rely on any 

specific control model.  

Machine Learning is an umbrella term for different methods of automated problem solving. It 

may incorporate automated statistical methods (such as regression analysis) to extract 

information about building behaviour ( e.g. relationship between ambient temperature and 

heating or cooling demand) or physical models of system behaviour. Artificial Neural Networks 

(ANN) are a branch of ML that attempt to solve a problem by òtrainingó the ANN on examples 

of input and output.  

Figure 12 shows a generic example of a Machine Learning approach, different inputs are (after 

possible pre-processing) analysed by a data-driven neural network and/or by simplified 

analytical or empirical/statistical models. The results of this processing is again processed by 

a Neural Network to yield one or more control parameters.  
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Figure 12. Example of a Machine Learning data-processing control algorithm (source: Wang & Chen, 

2023). 

Other control methods  

Other control methods and algorithms have been described in literature but are perhaps less 

common in state-of-art practice. These include Genetic control algorithms, fuzzy set control 

and Model Predictive Control. 

Genetic control algorithms are used in practice to optimize the operation of heating and 

cooling systems. Mainly, controller operational parameters are optimised and not so much the 

control -algorithm itself. Classic optimization of control parameters, based on gradient 

methods, can be difficult as heating/cooling systems are not linear and continuous. Genetic 

Algorithms overcome this, as they are stochastic in nature.  

A Fuzzy Set control system analysed a continuous analog input in terms of a logical output 

that is not limited to the logic values 0 (False) and 1 (True) but that is able to vary continuously 

between 0-1. Conceptually this means that the output can be at the same time partially true 

and partially false. A fuzzy controller can achieve many of the tasks that can be achieved by an 

ANN, but is conceptually much simpler. 

In Model Predictive Control the process to be controlled is modelled explicitly (what nowadays 

would be called òdigital twinó). The model is used to predict the output at a time in the future 

using the current process state and a cost-minimization on a specific control output. The MPC 

calculates the optimal control value to bring the  process to the required setpoint.  
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Application types  

Single family houses (3 ð 15 kW) 

One of the most common uses of geothermal heat pump systems is heating small residential 

houses, most of them use a thermal capacity (output) between 3 ð 15 kW.  

Residential houses in countryside benefit from plenty of open space, where horizontal loop 

systems (trench collector) are possible to install. The major advantage of this system is that in 

majority of European countries it is not necessary to ask for a permission for this system. The 

main disadvantage of the trench collector system is that it requires more space for installation 

and that, due to near-surface temperature gradients, performance may be lower than a 

comparable vertical configuration. 

The most common type of geothermal heat collector is a vertical system with closed loop 

ground heat  exchanger (or borehole heat exchanger, BHE). The depth of the boreholes usually 

ranges from 30 to 250 meters, and in some regions up to 500 m, depending on factors like 

underground conditions, energy demand, climatic zone, altitude, and the state regulations. For 

heating application one longer BHE can be more efficient than several shorter BHEs, due to 

the higher temperatures at greater depth (geothermal grad ient). This system is suitable for 

towns and cities or other high density builds where little area is available for the boreholes.  

Multifamily and tertiary application (15 ð 1000 kW) 

One of the novel methods used for newly constructed modern buildings is pile foundation 

heat exchangers, or other activated geostructures, which integrates the heat exchange 

function within the building's pile foundation system. This system  may have economical 

benefits as the piles are needed for the stability of the multi -story building. However, 

installation requires a high degree of site coordination  and these systems can generally only 

provide part of the buildingõs energy demand. 

Vertical Borehole Systems are widely used for larger installations in single-family, multi -family 

and tertiary buildings. Vertical borehole systems involve drilling deep boreholes into the 

ground, reaching 100 ð 300 meters, the distance between adjacent probes are 5 to 10 meters, 

depending on site conditions , depth of the boreholes  and thermal energy demand. These 

probes in the cities are often placed below the building, parking lots or below the green 

courtyards.  

Larger buildings might use open loop configuration, which can achieve larger thermal capacity 

with a small footprint , but needs more service than the close loop configuration and 

maintenance and operational life depend to a large extent on quality of the aquifer . 
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Large tertiary, i ndustrial application  (> 1000 kW) 

The industry that needs the thermal energy in the temperature range comparable to heating 

and cooling for space conditioning and tap water production (between 5 oC and 55 oC) might 

be considered as a larger version of above mentioned systems. As the thermal capacity is often 

much greater, open loop systems are better suited then closed loop systems.  

Ground source energy systems can play a role in situations where thermal energy needs to be 

stored  seasonally or diurnally for instance, storing waste heat from industry during summer 

for heating in winter.  

On the other hand, industry very often works with high temperatures that need to be cooled 

during or after the process on one hand, or pre heat the materials on the other hand. In many 

cases the heat needs to be stored to be used later. Heat storage could work in the 

temperatures close to the original temperature of the bedrock. If the higher temperatures are 

needed, or the heat might be deposited in special build sand or basalt grit storages where the 

temperature might reach 600°C for the quartz sand or 700°C for the Basalt grit. During some 

industrial processes, the co-generation of electricity and heat is vital. And the heat might be 

stored and used later as well.  

Agricultural application  

The geothermal storage might be used also for heating greenhouses in winter and cooling 

them during summer. This is needed in continental climatic zones, like especially in European 

continental climatic zone, where are hot summers and cold winters. It also works well in the 

Mediterranean climate zone. Cooling is almost entirely done by passive system, while the 

heating is often enhanced by a heat pump. 

Heating is obviously required when ambient temperature is low. Conventionally this is done 

with fossil sources, in the Netherlands for instance mainly gas. For greenhouse heating deep 

mid-enthalpy geothermal sources are used (providing direct heating with source temperatures 

ranging between 60 ð 80 oC). However, summer cooling can also increase production in 

warmer climates by lowering ambient temperature in the greenhouse and allowing to maintain 

higher CO2 levels in the greenhouse required for growth. 

Integration with heating/cooling networks  

A district heating/cooling network is categorized into generations based on the operational 

temperature and the method of heat transport within the network (se e figure 13). In some 

cases, a low or high temperature heat pump can be employed to raise the network 

temperature either centrally (central heat pump) or at the end -user level (decentralized heat 

pump). Depending on the location providing the geothermal conditions/re alities, the district 
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network, and the local heat demand a number of combinations is available to optimize the 

heat supply. 

 

Figure 13: Evolution of District Heating Networks (Source: https://www.innovativ-

schmid.de/files/schmid/bilder-slider/Screenshot%202021-07-10%20115237.png; 

illustration based on Lund et al., 2014).  

In general, geothermal energy, especially shallow geothermal systems with low source 

temperatures in combination with heat pumps can play a significant role in the 4th 

and 5th generation networks (4GDH, respectively 5GDHC), including heating and 

cooling  because of the lower network temperature levels and the need for storage for 

balancing the energy flows. But, for energy planning procedures and to assess the 

potential for the integration of ground source heat pumps into networks it is necessary 

to follow a common terminology.  As pointed out in the study o f Buffa et al., (2019) the 

nomenclature and definition of those networks is unfortunately not uniform. Compared 

to the 4GDH systems, the 5GDHC development operates with even lower grid 

temperatures (below 20 °C) and includes heating and cooling. But in practice, different 

terminologies are in place for those networks (Buffa et al, 2019): Low temperature 

District Heating and Cooling (LTDHC), Bidirectional) Low temperature networks (LTNs), 

Cold District Heating (CHD) (òKalte Fernwªrmeó or òKalte Nahwªrmeó in German and 

òTeleriscaldamento Freddoó in Italian and Anergy networks or Anergy grid 

(òAnergienetzó in German). It must be also noticed, that the classification, respectively 

separation in 4GDH and 5DGHC networks is under discussion and the classification 
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scheme mainly based on grid temperature levels is criticized (Sulzer et al., 2021). 

Hence, some of the 5GDHC definition overlaps with descriptions for 4GDH-systems, 

like òLow temperature District Heating (LTDH)ó, òUltra-low temperature District 

Heating (ULTDH)ó and general òLow-Ex systemó definitions.  

To be part of a smart energy system by exploiting synergies from cooperation with 

other elements or sectors of the energy system is an essential aspect of 4GDH/5GDHC 

networks (Sulzer et al, 2021). However, for both systems (4GDH and 5GDHC) the 

temperature difference between the heating emission system and the indoor air is 

small and both network types are favourable to integrate shallow geothermal sources 

(open loop and closed loop systems) and storage (UTES). These low temperature 

networks can be regarded as the extension of Ground-Source Heat Pumps (GSHP) 

systems at a district scale (Buffa et al, 2019). Also different  descriptions for the network 

configuration exists (Sulzer & Hangartner, 2014) considering i) number of pipelines 

with different temperature levels and ii) the way of combined energy and medium flow 

directions.  

Table 8:  Classification of thermal low temperature networks after Sulzer & Hangartner (2014) in 

Buffa et al, 2019. 
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Regarding the implementation of shallow geothermal systems, an European-wide survey of 40 

low temperature networks (5GDHC) shows that about 35 % of these networks have open or 

closed loop shallow geothermal systems as single source. Another 27 % integrate shallow 

geothermal systems in combination with other sources. In total more than 60 % of those low 

temperature grids includes shallow geothermal systems as direct source or storage 

component. Often the energy flows in the low temperature networks between sources and 

sinks are such that the storage medium regeneration is achieved by means of vertical or 

horizontal ground heat exchangers (Buffa et al., 2019). A study in Germany evaluated 53 low 

temperature networks (5GDHC). There, in about 85 % shallow geothermal systems were 

integrated in the networks, mainly horizontal or vertical collectors (Wirtz et al., 2022). In 5GDHC 

networks with very low temperatures also the distribution pipes can act as ôcollectorsõ and can 

add energy to the network and hence, contribute to the energy efficiency of the system.  

   

Figure 14:  Schematic diagram of a 5GDHC solution with one-pipe network topology, unidirectional 

mass flow, and DSS connected in series. The energy source is borehole heat exchangers. 

(Source: Abugabbara et al.,2023)  
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There are several possibilities to integrate shallow geothermal systems into the networks and 

many variations of network designs (see e.g. table 8). In the following some examples of low 

temperature grid designs, especially 5GDHCs are given. 

 

 

Figure 15: Schematic diagram of a 5GDHC solution with aquifer thermal energy storage, waste heat 

recovery, and established synergy with existing conventional DHC systems (Source: 

Abugabbara et al.,2023). 

Passive systems 

Passive systems use the source as a direct source of cooling or heating, without the use of a 

heat pump to lift the temperature to the required level. Only a circulation pump is required to 

circulate the fluid  resulting in a very high efficiency. Probably the most widely used example 

of passive use of the geothermal system is passive cooling in aquifer and ground heat 

exchanger systems, where the temperature of the store (between 0 oC and 20 oC) is used for 



 

 

 

55 

  

 

 

direct cooling in high temperature cooling systems (operating temperature between 18 oC and 

25 oC) in underfloor heating systems, cooling ceilings or concrete-core activation. 

Passive systems can be integrated with a heat pump or other generators. As the temperatures 

in the store are usually not high enough for direct heating, but can be low enough for passive 

or direct cooling, usually in these systems a heat pump is used for heating in winter. For passive 

cooling with a ground heat exchanger system, where the temperature during the cooling 

season increases, in domestic applications often the ground source can provide all cooling 

passively. In tertiary buildings mechanical cooling may be required in addition to passive 

cooling. 

Other example applications of passive systems are: 

¶ Road or bridge deck heating in winter and road cooling in summer. This technology 

extends the lifetime of the road surface due to better temperature stability. The smaller 

amount of salt, that is needed in winter, saves both environment and transport vehicles 

(electronics and carrosserie). In the northern countries and in the alpine regions are 

towns and cities where the winter temperature might be below -20 °C that is the 

freezing temperature of the salt -water solution. The same technology is being used 

also for sidewalks or for open air sport stadiums. 

¶ Passive heating systems. Here the ground is used as a store where heat is harvested 

during summer and used during winter for space heating. Heat harvesting is normally 

achieved by solar-thermal panels yielding relatively high temperatures (> 60 oC) that 

can be stored for direct heating application. An example of successful implementation 

is Drakeõs Landing (Canada), figure 16, where over 90 % of all heat is passively 

generated with a sCOP over 30.  
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Figure 16 Overview passive heating system Drakeõs Landing (source: http://www.dlsc.ca/how.htm, 

31/08/2023) 

Ground energy systems 

Circulation media  

The purpose of the circulation ð or heat transfer media ð is the transport of thermal energy 

from the ground heat exchanger to the heat pump or (in passive systems) directly to the user. 

There is no phase change in the ground heat exchanger (exceptions are direct expansion 

systems and thermo siphons), all energy transport is due to changing the temperature of the 

medium (sensible heat). 

In general water is considered a very good heat transfer media, it has low (no) toxicity, high 

heat capacity and low viscosity. However, with a freeze point of 0 oC it is less suitable for 

systems with dominant heating demand in average or cold climates. In those operational 

conditions an anti-freeze mixture with a lower freeze point is used. 

The main properties of the heat transfer medium to be considered are: 

¶ Heat capacity, this is a measure of the energy transported per degree temperature 

change. 

¶ Density. 

¶ Viscosity, is important for the pressure drop in the circuit (and hence pumping power) 

as well as for the heat transfer as it affects the transition between laminar and turbulent 

flow. 

http://www.dlsc.ca/how.htm
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¶ Freeze point, is important to operate the system at lower temperatures. With the 

exception of Scandinavia freezing of boreholes is generally not allowed, minimum 

freeze point is usually at least 5 K below lowest temperature in the system (in the 

Netherlands lowest allowed would be -8 oC). 

Other properties that may be important include corrosivity (in certain cases corrosion 

inhibitors are used). Other additives to circulation fluids are used to increase stability, prevent 

bacteriological contamination, scaling and mechanical and chemical corrosion. 

Where many pure product anti-freeze mixes (such as Monopropylene glycol, Monoethylene 

glycol, Methyl alcohol) have no or low toxicity and are not considered a threat to the ground -

water (as they degrade easily), additives may constitute a problem when leakage occurs as 

they can be toxic and persistent.  

Main compounds of Circulation media  

Water 

Water is a highly effective circulation media for Ground Source Heat Pumps (GSHPs), and it is 

widely used as a primary heat transfer fluid in geothermal heating and cooling systems. Unlike 

other antifreeze options, water is non-toxic, environmentally friendly, and readily available. It 

is also a highly efficient heat transfer medium with excellent thermal conductivity properties 

that help with efficient heat transfer between the ground and the heat pump system.  

However, despite its many benefits, water does have some drawbacks as a circulation media 

for GSHPs. One of the primary concerns is the potential for freezing temperatures that are 

often close to the operating source temperature of the heat pump , requiring a relatively high 

design temperature ( 5 oC or higher) which increases cost of the system significantly. Freezing 

can cause significant damage to pipes and other components such as heat exchangers in the 

heat pump. To avoid this, it is common practice to add antifreeze agents to the water in GSHP 

systems to lower its freezing point and protect against damage. 

Another potential issue with using water as a circulation media is the risk of mineral build -up 

and corrosion. Depending on the mineral content of the water in a particular location, it may 

be necessary to add water treatment chemicals to prevent scaling or other issues that could 

impact the efficiency and lifespan of the system. Additionally, it is essential to use only 

corrosion resistant pipes and fittings. 

Despite these considerations, water remains a highly effective and popular circulation media 

for GSHPs, and it is an excellent choice for environmentally conscious individuals and 

organizations. With careful planning and proper maintenance, a water-based GHP system can 

provide reliable and efficient heating and cooling for years.  
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Moreover, water is always the main component of the circulation media, and its properties are 

enhanced by special additives.  

Carbon dioxide 

Carbon dioxide (CO2) is a gas that can be used as a working fluid (refrigerant) in geothermal 

heat pump systems (Ghazizade-Ahsaee and Ameri 2018, Ghazizade-Ahsaee et al. 2019, Esteves 

et al. 2019). However, it requires special materials and equipment that can withstand high 

pressures and corrosion. CO2 has a low specific heat capacity and a high compressibility, which 

reduces the thermodynamic performance and increases the compression work. It has a low 

solubility in water, which limits its application in w ater-based geothermal systems.  

It is widely available and has zero GWP (Global Warming Potential), which makes it 

environmentally friendly . Carbon dioxide is not toxic. CO2 under high pressures has high 

density and a low viscosity, which reduces the pumping power and improves the heat transfer 

efficiency. CO2 allows it to operate the heat pump at higher temperatures and pressures than 

conventional refrigerants. CO2 can also be used a secondary fluid, in thermos-siphon systems 

or Natural Circulation Loop. The convection is driven by density gradient, which is caused by 

heating up and cooling down of the CO 2 in the loop. If the system is well designed, a circulation 

pump is not necessary, which reduces power consumption. The system usually works in wide 

range of pressures from around 3.5 to 15 MPa in the near-critical zone. The thermosiphon flow 

will switch from unstable sub-critical two-phase flow to steady liquid flow.  

Antifreeze agents  

Table 9 and table 10 provide a list of different antifreeze agents and their main 

properties. 
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Table 9.  Main physical and safety properties of antifreeze used in circulation media (sources: Safety 

Data Sheets)  

  
Density 

(at 20°C) 

boiling 

point  
flash point  

Autoignition 

temp. 

water 

solubility  

explosive 

limit values 

  g/cm 3 °C °C °C g/l  
 

Water 1 100 - - - - 

Monopropylene 

glycol 
1.03 184 104 371 no limit  

2.6% - 

12.5% 

Monopropylene 

glycol 25% 

solution  

1.02 101 ±109 
Not applicable 

> 500 
-  

Monopropylene 

glycol 33% 

solution  

1.02 102 ±109 
Not applicable 

> 500 
-  

Ethyl alcohol 0.79 78 12 363 Ô1.000 
2.5% - 

13.5% 

Ethyl alcohol ð 

water solution 

25% 

0.962 85 32.5  -  

Monoethylene 

Glycol 
1.11 197.4 111 410 no limit  

3.2% - 

15.3% 

Monoethylene 

Glycol solution 

25% 

1.037 102 >111 
Not applicable 

> 500 
-  

Methyl alcohol  0.791 65 11 °C 455 no limit  5.5% - 44% 

Methyl alcohol ð 

water solution 

25% 

0.96 83 39  -  

Calcium Chloride 

(CaCl2) 
2.15 1935 - - 745 - 

Calcium Chloride 

ð water 25% 
1.23 107 - - -  

Triethylene glycol 1.12 288 330 371  0.9%-9.2% 

Propane-1,3-diol   214 140 405   
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Table 10:  Thermal properties of circulation media (sources: The Engineering ToolBox, and Safety 

Data Sheets, the prices are separated from different on-line stores) 

 Thermal 

conducti-

vity 

Specific 

heat 

capacity 

Dynamic 

Viscosity 

at room 

tempera-

ture 

Dynamic 

Viscosity 

at 0° 

 

Freezing 

Point 

Price 

 W/mK J/gK mPa s mPa s °C û/kg or 

û/ton 

Water 0.606  4.18 1.0  

(0.89) 

 0 0.003 û/kg 

Monopropylene 

glycol 

0.37  2.5 60   From -57 

to -60 

9.84 û/kg 

983 û/ton 

Monopropylene 

glycol ð Water 

solution 25% 

0.435   3.96 

1 

6.18 From -13 

to -15 

 

Monopropylene 

glycol ð Water 

solution 33% 

0.415   3.86 

1.3 

12 From -17 

to -20 

 

Ethyl alcohol 0.167  2.44  1.2  7 -114 3.6 û/kg 

Ethyl alcohol ð 

water solution 25% 

0.44 ±4 2.45 6 From -12 

to -16  

 

Monoethylene 

Glycol 

0.28  2.51 60  -13 

Below -50 

(55-72%) 

3.59 û/kg 

760 û/ton 

Monoethylene 

Glycol 25% 

solution  

0.49 3.93 1-2  3.1 From -12 

to -15 

 

Methyl alcohol  0.22 2.51  0.54  -97.6 450 û/ton 

Methyl alcohol ð 

water solution 25% 

0.44 3.9 1.8 3.4 From -20  

to-22 

 

Calcium Chloride 

25% solution  

0.57 2.80  From 2.5  

to 7 

5 From -27 

to -30 

(-51 at 

29% sol.) 

Pure CaCl 

126 û/ton 

Triethylene glycol 0.26 2.39  32  From -4 

to -7.2 

1000û/ton  

Propane-1,3-diol   0.13 2.51  50  From -28 

 to -33 

4.5 û/l 

900 û/ton 
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Monopropylene glycol 

Monopropylene glycol (sometimes called as monopropylene, propylene glycol or Propan ð 1,2 

ð Diol) is a popular choice for antifreeze in Ground Source Heat Pump (GHP) systems.  

Monopropylene glycol is generally considered to have low toxicity. It is also used in the 

cosmetic industry as a lubricant into shaving lotions, deodorants, creams and many others. 

Monopropylene glycol has low environmental toxicity and is biodegradable. I t poses minimal 

risk to aquatic life and is not expected to bioaccumulate. 

It is generally considered safe for use among geothermal heating and cooling systems. It is 

also a highly effective heat transfer agent, with properties that allow efficient heat transfer 

between the ground and the heat pump system. 

One advantage of monopropylene glycol as a circulation medium is its low freezing point, 

which makes it suitable for use in colder climates. Additionally, monopropylene glycol is less 

corrosive than other antifreeze options, which can help extend the lifespan of pipes and other 

components of the system. 

However, there are potential drawbacks to using monopropylene glycol as a circulation 

medium in GHPs. It has higher viscosity than other antifreeze options. Second concern is the 

potential for the glycol to degrade over time, which can lead to reduced effi ciency and 

potentially costly repairs.  

Overall, monopropylene glycol is a popular choice for antifreeze in GHP systems, particularly 

in colder climates where freezing can be a concern. With proper maintenance and care, a 

monopropylene glycol -based GHP system can provide reliable and efficient heating and 

cooling for many years. However, its viscosity can be an issue at low temperatures, which limits 

its suitability for some GHP loops. As a result, careful planning is essential when installing 

underground heat collectors. 

Monoethylene Glycol 

Monoethylene glycol (MEG) is commonly used as an antifreeze agent in geothermal heat 

pump systems. MEGðwater solution has excellent antifreeze properties, such as very low 

freezing point and very low viscosity of the fluid. MEG has slightly better physical properties 

than propylene Glycol, and it is also cheaper. The most often used solutions are 25% and 33%. 

These concentrations prevent freezing (or over heating in hybrid systems) and it keeps the 

system operational in larger range of temperatures than oth er antifreeze agents. MEG is not 

only the best antifreeze in GHP systems but it is also classical agent used in industry, 

automotive, and in the central heating system of the weekend houses. It is widely used in 

Germany, Poland and many other European countries. 



 

 

 

62 

  

 

 

Monoethylene Glycol is toxic to human when ingested, and could irritate skin, when touched.  

Moreover, its toxic to aquatic environments is similar as of other antifreeze agents. The 

persistence of MEG in an environment is similar like for the other chemicals. MEG should be a 

bit more dangerous to pets, especially cats if they lick the sweet liquid.  

Table 11:  Toxicity and ecological information * More precise evaluation is not available. ** high 

dispersion of reported data *** high dispersion among different species **** algae growth 

promotion (sources: Safety Data Sheets) 

 

Toxicity 

LD50 rat (oral) 

(g/kg)  

LC50 fish 

(g/l)  

EC50 Aquatic 

invertebrates 

(g/l)  

ErC50 Aquatic algae 

(g/l)  

Monopropylene 

glycol 
21.7  41 - 52 (96h) 

13 (13  days) 

19 (96h) 
19 (96h) 

Ethyl alcohol 5 - 20 
15 (96h) 

11 (24h) 
50 (24  hours) 

>5g/l acute  

0.28 (72h) 

Monoethylene 

Glycol 
7 - 10  73 (96h) 

8.6 (7  days) 

74 (24h) 
6-13 (96h) 

Methyl alcohol  5.6 - 10  13 ð 21 (96h) 18 (96h) 22 (96h) 

Calcium 

Chloride  
0.2 - 2  4.6 (96h) 

0.6 (chronic) 

2.4 (48h) 
2.9 ð 4 (72h) 

Triethylene 

glycol 
10 - 22  

10 - 70 (96h)*** 

1.5 (28d) 

42 - 49 (48h) 

11 - 34 (21d) 
> 10 (8d) * 

Propane-1,3-

diol  
10-15  9.7 g/l (96h) 3.8 ð 7-4 (48h) 1.6 - >10 (72h) ** 

Sodium Nitrate 0.1 - >5 ** 

0.00054ð 

0.0079 (96h) 

*** 

8.6 (24h) 

0.015 - 3.6 (48h) *** 
>1.7 (10 d) ****  

Potassium 

Nitrate 
0.2 ð 3.8 ** 

0.18 - 1.3 (4d) 

** 

0.27 (30d) 

0.49 (48h) 

0.9 (96h) 
>1.7 (10 d) ****  

 

Ethyl alcohol 

Ethyl alcohol (Ethanol) is a commonly used antifreeze alternative to methanol. Although, it is 

less toxic than methanol when in pure form, it is still highly flammable and can lead to 

explosions if not handled properly. However, as an antifreeze, ethanol has similar heat transfer 

properties to methanol. It flows well, acts as a good heat exchanger, and remains liquid, even 

if the temperature stays below zero. 
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Ethyl alcohol is relatively safe for humans. Problematic might be Ethanol vapor if it evaporates 

in non-ventilated object. Ethanol can have negative impacts on the environment. When 

released into water bodies, it can be toxic to some aquatic organisms.  

Pure ethanol as an antifreeze is expensive, so denatured ethanol is often used instead. Many 

of the denaturing agents used to make ethanol unsafe for human consumption are also 

poisonous to the water life. The denaturing agents are also harmful to underground pipes. For 

instance, ethanol denatured with petroleum -based products can dissolve piping materials. 

Fortunately, some antifreeze manufacturers are developing safer ethanol-based antifreeze 

liquids suitable for earth loops.  

Methyl alcohol 

Methyl alcohol is highly toxic and can be dangerous if ingested, inhaled, or in contact with the 

skin. It can cause severe health effects, including blindness, organ damage, and even death. 

Methanol is toxic to aquatic life and can be harmful to the enviro nment. It is also volatile and 

can contribute to air pollution when released into the atmosphere.  

It requires strict regulation when used in ground source heat pumps. In many countries, 

methanol use for underground heat collectors deeper than 5 meters is illegal due to the 

potential risks of leakage, which could contaminate groundwater. Additionally, m ethanol is 

highly flammable and can easily cause explosions if not used properly. Considering the 

potential hazards associated with methanol, it is recommended to avoid its use and opt for 

more stable and environmentally friendly alternatives. 

Calcium Chloride 

CaCl2 is rather rare antifreeze in GHE. The physical properties are relatively favourable. 

However. Calcium Chloride can pose serious health and safety hazards, such as burns, irritation, 

low blood pressure if ingested or in contact with skin. CaCl2  can also harm the environment, 

especially aquatic life. It can increase the chloride levels in water, which can produce toxic 

effects on freshwater organisms. The major problem is that it can bioacummulate, when the 

circulation media start to leach out o f the closed system. 

Triethylene glycol 

Triethylene glycol (TEG) is usually used to dry natural gas, however, it might be also used as a 

heat transfer fluid in Ground-Source Heat Pump (GHP) systems, although it is not as commonly 

used as other fluids such as water and propylene glycol. However, TEG is more expensive than 

other heat transfer fluids, and it may require additional safety measures due to its flammability. 

The TEG based cooling agent is probably produced only by one company in the world 

(Dynalene).  
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Triethylene glycol has low acute toxicity for humans and is generally considered safe However, 

prolonged or repeated exposure can cause skin and eye irritation for normal use. Triethylene 

glycol is biodegradable and has low toxicity to aquatic organisms. It is not expected to persist 

in the environment or bioaccumulate.  

Propane-1,3-diol 

Propane-1,3-diol also known as 1,3-propanediol (PDO), is very similar to Monopropylene 

glycol. In fact, propane-1,3-diol is isomer of propylene glycol. Propane-1,3-diol has a higher 

boiling point and a lower freezing point than propylene glycol (. Propane -1,3-diol also has a 

lower viscosity (and a higher thermal conductivity than propylene glycol at 20 °C.  

Toxicity of Propane-1,3-diol is considered to have low toxicity. It is generally safe for use in 

cosmetics, food, and pharmaceuticals. However, some individuals may experience skin 

irritation or allergic reactions. Propane-1,3-diol is biodegradable and has low toxicity to 

aquatic life. One of the main advantages is that Propane-1,3-diol is produced from Corn sugar, 

which is renewable resource.Propan-1,3-diol, , is a compound that can be used as an antifreeze 

and heat transfer fluid. When Propan-1,3-diol is mixed with water, it also offers certain 

corrosion-inhibiting properties:  

Passivation: Propan-1,3-diol can form a protective film on metal surfaces, similar to other 

glycols. This film acts as a barrier, reducing the contact between the metal and corrosive 

elements present in the system, thus inhibiting corrosion. 

pH Buffering: Propan-1,3-diol solutions tend to have a neutral pH, which can help maintain 

the pH balance of the circulating fluid. A stable pH can contribute to corrosion inhibition in 

the system. 

Inherent Corrosion Resistance: Propan-1,3-diol itself has inherent corrosion-resistant 

properties, which can contribute to the protection of metal surfaces in the GSHP system. 

Sodium and Potassium Nitrate 

A solution of water and either sodium nitrate  (NaNO3) or potassium nitrate (KNO3) can be used 

as a heat transfer fluid in geothermal heat pump (GHP) systems. This type of fluid is often 

referred to as a "nitrate solution" or a "molten salt solution."  

Nitrate solutions have several advantages as heat transfer fluids, including high thermal 

stability, high thermal conductivity, and a wide temperature range. They probably can also be 

used in open-loop GHP systems. Figure 17 shows advantages of water solution with sodium-

potassium nitrate- over the glycol based circulation media in the temperatures below zero. 

Toxicity of Sodium and potassium nitrate solutions are generally considered to have low 

toxicity for humans. However, ingestion of large amounts can be harmful and may cause 
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gastrointestinal distress. Sodium and potassium nitrate solutions can contribute to water 

pollution if released in large quantities. They promote the growth of algae and have the 

potential to disrupt aquatic ecosystems. Inorganic salts are not biodegradable. 

 

Figure 17. Dependence of dynamic viscosity on temperature (translated from master thesis of Josef 

Hylský, Heat transfer fluids for solar thermal systems 2014) 

Kilfrost GEO 

Kilfrost GEO is Thermal Fluid mixture for Ground Source Heat Pumps. It is stated as high 

efficiency, increases density of fluid, it is not flammable and environmentally friendly 

alternative of circulation media for closed loop ground and water source heat pumps. Free 

from nitrates, nitrites, borates, heavy metals and phosphates. The main disadvantage is that 

the chemical composition is the manufactures secret and the physical properties such as 

viscosity are published only by the producer itself. 



 

 

 

66 

  

 

 

Comparison of the antifreeze agents  

All the 25% antifreeze-water solutions have specific heat capacity between 92% and 95% of 

heat capacity of water, which is sufficiently similar so that the difference with water is 

negligible.  

The viscosity should be as low as possible. The lowest dynamic viscosity has Ethylene Glycol. 

The viscosity of mixtures of Methanol, Ethanol or Propylene Glycol - water solutions have 

slightly higher viscosity. This makes the Ethylene Glycol as the best antifreeze.  

The freezing point ranges between -12 and -30°C. The lowest values are of the Methyl alcohol 

and Calcium Chloride water solution. 

Carbon Dioxide, Ethylene glycol, Propylene glycol, Ethyl alcohol are the best antifreeze 

substances from the point of toxicity and environmental safety.  Although Monoethylene 

glycol is often  considered to be extremely toxic in comparison with òsafeò Monopropylene 

glycol. The actual data does not agree with this hypothesis. Monoethylene glycol might be 

toxic to people, and it is twice more toxic to rats, however, it has similar toxicity in water 

environment as MPG. Biodegradability of MEG and MPG is almost the same. 

Corrosion inhibitors and stabilizers  

Corrosion inhibitors and stabilizers play an important role in preventing the degradation and 

aging of fluids in ground source heat pumps (GSHPs). The specific type of inhibitor and 

stabilizer used may vary depending on the type of fluid being used and the  particular system 

design, but here are some commonly used options:  

- Sodium nitrate is a common corrosion inhibitor that is often used in water -based heat 

transfer fluids. It helps to prevent rust and other forms of corrosion by forming a 

protective film on the surface of the metal.  

- Sodium molybdate is another common corrosion inhibitor that is often used in water -

based heat transfer fluids. It works by forming a protective layer on the metal surface 

that prevents corrosion. 

- Ethylene glycol is a common heat transfer fluid used in GSHPs. It also has some 

inherent corrosion inhibiting properties, but additional inhibitors may be added to 

enhance its effectiveness. (molybdate-based inhibitors).  

- Propylene glycol is another common heat transfer fluid used in GSHPs. Like ethylene 

glycol, it also has some inherent corrosion inhibiting properties.  
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Sodium nitrite 

Sodium nitrite (NaNO2) is an anodic inhibitor, that reduce corrosion by suppressing anodic 

reaction by passive film on the metal surface. It is probably not used among GHPs circulation 

media; however, it is used in many cooling liquids in the industry. 

NaNO2 interferes with metal dissolution and reduce the corrosion rate through the formation 

or maintenance of inhibitive film on the metal surface (Marziya Rizvi et al. 2021) 

Sodium nitrite is toxic, the median lethal dose for rats is 180 mg/kg, it is also used to prevent 

grows of bacteria Clostridium Botulinum. However, in small doses it not a very dangerous 

substance for environment, since it is also used for meat preservation and colouring. It is also 

used in human medicine as an antidote to cyanide poisoning. 

The concentrations of NaNO2, in the circulation media in the wide range of industry typically 

ranges between 50 and 500 PPM.  

Ethylene glycol 

Ethylene Glycol is good especially against cavitation and erosion corrosion, that are usually 

produced in fast flowing liquids, where is the reduction of the pipe diameter or around the 

fast-rotating parts of the pump.  

Ethylene glycol has anti-corrosion properties at lower temperatures. However, when the ant 

freezing agent is mixed with water and heated up to 200 °C, the Ethylene glycol degrades 

lowering its pH below 7, and then starts a galvanic corrosion. This problem has to be addressed 

during hybridization of GHPs with solar system. 

It is a toxic substance, but also is very soluble and biodegradable. In some countries, ethylene 

glycol is as an antifreeze prohibited due to the potential risks of contaminating groundwater 

sources. However, in other countries is one of the commonest circulation media for GSHPs.  

The typical concentration of EG vary between 20 % and 50 %. 

Propylene glycol 

Propylene glycol (PG) is commonly used as an alternative to ethylene glycol (EG) in various 

applications, including as an antifreeze and heat transfer fluid in systems such as GSHPs. When 

propylene glycol is mixed with water, it offers several corrosion-inhibiting properties:  

- Passivation: Propylene glycol can form a thin protective film on metal surfaces, known 

as passivation. This film acts as a barrier between the metal and corrosive elements in 

the system, reducing the likelihood of corrosion.  
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- pH Buffering: Propylene glycol solutions tend to have a slightly alkaline pH, typically 

around 9. This mildly alkaline environment helps maintain the pH of the circulating 

fluid, which can help inhibit corrosion.  

- Reduced Oxidation: Propylene glycol has a lower tendency to oxidize compared to 

ethylene glycol. Oxidation can contribute to the formation of corrosive byproducts. The 

lower oxidation potential of propylene glycol helps minimize the likelihood of 

corrosion in the system. 

Corrosion Inhibitors: Many commercially available propylene glycol-based heat transfer fluids 

contain specific corrosion inhibitors. These inhibitors are added to further enhance the 

corrosion resistance of the solution, protecting the metal surfaces in the system. 

Compatibility with Materials: Propylene glycol is generally considered to be less aggressive 

towards various metals and materials commonly used in heat transfer systems, such as copper, 

aluminium, and various types of steel. This compatibility helps reduce the risk of corrosion and 

material degradation. 

Common concentration range for PG in GSHP circulation media vary typically between 20 % 

and 40 % by volume. Recommended concentration in European countries is around 30 % to 

35 % propylene glycol. 

Sodium molybdate 

Sodium molybdate in a solid state is mostly in a dihydrate form: Na◘MoO◦ ā 2 H◘O. Sodium 

molybdate is not acutely toxic, however the amounts should not exceed 35.7 mg Mo/L in 

marine and 6.85 mg Mo/L in fresh water environment  (Heijerick and Carey, 2017) 

Sodium molybdenate, also known as sodium molybdate, can act as a corrosion inhibitor in 

water-based circulation media through various mechanisms. Here are some of the main 

processes that contribute to its effectiveness: 

- Passivation: Sodium molybdenate can form a protective oxide layer on metal surfaces. 

This oxide layer acts as a physical barrier, preventing direct contact between the metal 

and corrosive elements in the water. Passivation helps inhibit the corrosion process by 

reducing the availability of reactive sites on the metal surface. 

- Formation of Protective Films: Sodium molybdenate can react with metal surfaces, 

promoting the formation of thin protective films. These films provide an additional 

layer of protection against corrosion, helping to inhibit the electrochemical reactions 

that lead to metal degradation.  
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- pH Buffering: Sodium molybdenate has the ability to buffer the pH of the water -based 

media. It can maintain the pH slightly above 7, which is important for corrosion 

inhibition. An optimal pH level can help create an environment less conducive to 

corrosive processes. 

- Complexation and Adsorption: Sodium molybdenate can form complexes with metal 

ions present in the water. These complexes can help reduce the availability of metal 

ions for corrosive reactions. Additionally, sodium molybdenate can adsorb onto metal 

surfaces, creating a protective layer that hinders corrosive attack. 

- Synergistic Effects: Sodium molybdenate may exhibit synergistic effects when used in 

combination with other corrosion inhibitors or additives. These synergies can enhance 

the overall corrosion inhibition properties of the circulation media, providing impro ved 

protection against corrosion.  

Typical concentration of Sodium molybdenate in the circulation media is between 50 and 

500 ppm. 

Biocides  

Biocides are chemicals that are used to prevent the growth of bacteria and other 

microorganisms in the fluid. This is important because these organisms can cause corrosion 

and other problems over time.  

Chlorine-based biocides: Chlorine-based compounds, such as sodium hypochlorite  (bleach), 

calcium hypochlorite , or chlorine tablets , can be used to disinfect and control microbial 

growth in GSHP systems. These biocides release chlorine ions into the fluid, which have 

antimicrobial properties. However, chlorine-based biocides may have limitations in terms of 

long-term effectiveness and potential corrosion issues. 

Bromine-based biocides: Bromine-based compounds, such as sodium bromide , bromine 

tablets , or other bromine -containing chemicals, are also used as biocides in some GSHP 

systems. Bromine is effective against a wide range of microorganisms and can provide longer-

lasting disinfection compared to chlorine -based biocides. However, like chlorine, bromine may 

have the potential to cause corrosion in certain system components. 

Non-oxidizing biocides: Some GSHP systems may employ non-oxidizing biocides that work by 

disrupting microbial metabolism or cell structures. These biocides can include quaternary 

ammonium compounds  (quats), glutaraldehyde , isothiazolinones , or other specialized 

chemicals. Non-oxidizing biocides are often used in systems where corrosion is a concern, as 

they are generally less corrosive than chlorine or bromine-based alternatives. 
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Tetrakis (hydroxymethyl) phosphonium sulphate  (THPS), is rarely used as a biocide in the 

circulation media, its chemical equation is [(CH2OH)4P]2SO4. 

THPS exhibits broad-spectrum antimicrobial activity against bacteria, fungi, and algae. It is 

effective in both aerobic and anaerobic conditions. THPS acts by interfering with microbial 

enzymes and disrupting their metabolic processes, leading to microbial cell death. It is 

considered to have relatively low toxicity to mammals, including humans, when used 

appropriately and in accordance with the recommended guidelines. The other positive 

characteristic is biodegradability in the environment.  

Scale inhibitors  

Scale inhibitors are commonly used in the circulation media of geothermal heat pump (GSHP) 

systems to prevent the formation of scale deposits. Scale refers to the buildup of mineral 

deposits, typically calcium carbonate or calcium-magnesium carbonate, which can accumulate 

on heat exchange surfaces and reduce system efficiency. 

Polyphosphates: Polyphosphates, such as sodium hexametaphosphate (SHMP), are often used 

as scale inhibitors in GSHP systems. These compounds sequester hardness minerals, such as 

calcium and magnesium, by forming stable complexes with them. By sequestering these 

minerals, polyphosphates help prevent their precipitation and subsequent scale formation.  

Phosphonates: Phosphonates, such as hydroxyethylidene diphosphonic acid (HEDP) or amino-

tris(methylenephosphonic acid) (ATMP), are also commonly used as scale inhibitors. Similar to 

polyphosphates, phosphonates have the ability to bind and sequester hardness minerals, 

preventing their deposition as scale. 

Polymers: Various polymeric scale inhibitors can be used in GSHP systems. These polymers are 

designed to inhibit the growth and deposition of scale -forming minerals by adsorbing onto 

the heat exchange surfaces and disrupting the crystal formation process. 

Sodium hexametaphosphate 

Sodium hexametaphosphate (SHMP) is a chemical compound commonly used as a scale 

inhibitor in various applications. It is an effective sequestering agent that helps prevent the 

formation of scale deposits. 

Sodium hexametaphosphate is a sodium salt of polyphosphoric acid. It is represented by the 

chemical formula (NaPO3)n, where 'n' represents the number of phosphate units. SHMP acts 

as a scale inhibitor by sequestering hardness minerals such as calcium and magnesium ions in 

the water. It forms stable complexes with these ions, preventing them from precipitating and 

forming scale deposits on heat exchange surfaces. By keeping these minerals in a soluble form, 

SHMP helps maintain the efficiency and performance of the GSHP system. SHMP acts as a 

chelating agent, which means it has the ability to bind and form complexes with metal ions. 
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This property helps to control the formation of scale caused by metal ions in the water, such 

as calcium and iron. 

In addition to inhibiting scale formation, SHMP also has dispersing properties. It helps to 

disperse particulate matter and prevent the accumulation of suspended solids that can 

contribute to fouling and reduced heat transfer efficiency in the GSHP system. Sodium 

hexametaphosphate is generally compatible with the materials commonly used in GSHP 

systems, such as copper, aluminium, and plastic components.  

It is also generally considered to be of low toxicity to aquatic organisms. And it is not very toxic 

to mammals. 

Hydroxyethylidene diphosphonic acid 

Hydroxyethylidene diphosphonic acid (HEDP) is a commonly used anti-scaling agent in various 

industrial applications, including the circulation media of GSHP systems. It is an effective 

chelating and sequestering agent that helps prevent the formation of sc ale deposits. 

HEDP is an organophosphonic acid compound with the chemical formula C 2H8O7P2. It works 

by sequestering and chelating ions, particularly calcium and magnesium, which are the main 

components of hard water scale. By forming stable complexes with these ions, HEDP prevents 

them from precipitating and forming scale on heat exchange surf aces, thus maintaining system 

efficiency. It effectively inhibits scale formation at low concentrations. Even at low dosages, it 

can provide significant scale control by sequestering and stabilising metal ions, preventing 

them from causing scale deposition. 

HEDP has good stability over a wide pH range, making it suitable for a variety of water 

conditions. It remains effective in both acidic and alkaline environments, allowing for effective 

scale control in various GSHP system operations. 

In addition to scale inhibition, HEDP also has dispersing properties that help prevent the 

accumulation of suspended solids and improve system cleanliness. It can also provide a degree 

of corrosion inhibition by forming a protective film on metal surfaces,  reducing the potential 

for metal corrosion. HEDP is generally compatible with the materials commonly used in GSHP 

systems, including copper, aluminium, and plastics. Like other phosphonates, HEDP is toxic to 

water environment, and is not biodegradable. 

Amino-tris(methylenephosphonic acid) 

Amino-tris(methylenephosphonic acid) (ATMP) is a commonly used anti-scale agent. Chemical 

Composition: ATMP is an organophosphonic acid compound with the chemical formula 

C3H12NO9P3. It has excellent chelating properties, effectively sequestering metal ions, 

particularly calcium and magnesium. By forming stable complexes with these ions, ATMP 



 

 

 

72 

  

 

 

prevents them from precipitating and forming scale on heat exchange surfaces, thus 

maintaining system efficiency. 

ATMP exhibits high thermal stability, making it suitable for GSHP systems operating at elevated 

temperatures. It remains effective even under high-temperature conditions, ensuring 

continued scale inhibition performance. Which might be used in GSHPs hybridized with solar 

system. ATMP is stable over a wide pH range, including both acidic and alkaline conditions. 

This makes it suitable for various water conditions encountered in GSHP systems.  

Dispersion and Corrosion Inhibition: In addition to scale inhibition, ATMP exhibits dispersing 

properties, which help prevent the accumulation of suspended solids and enhance system 

cleanliness. It can also provide some level of corrosion inhibition by forming a protective film 

on metal surfaces, reducing the potential for metal corrosion. ATMP is generally compatible 

with the materials commonly used in GSHP systems, including copper, aluminium, and plastics. 

Polyacrylic Acid 

Polyacrylic Acid is a widely used polymeric scale inhibitor due to its excellent scale inhibition 

properties. It can inhibit the precipitation of various types of scales, including calcium 

carbonate and calcium sulphate. Polyacrylic Acid forms complexes with metal ions, preventing 

their aggregation and precipitation as scale. 

Polyaspartic Acid 

Polyaspartic Acid is common polymeric scale inhibitor used in GSHP systems. It exhibits 

excellent sequestering and dispersion properties, inhibiting the formation and growth of scale 

deposits. It can effectively chelate ions, such as calcium and magnesium, preventing their 

precipitation as scale. 

Polycarboxylates 

Polycarboxylates, such as polyacrylates and polymaleates, are used as scale inhibitors in GSHP 

systems. They possess excellent chelating and dispersing properties, preventing scale 

formation and aiding in its removal. Polycarboxylates are effective against a range of scales, 

including calcium carbonate and calcium sulphate. 

Copolymers 

Copolymers, are formed by combining different monomers, can be tailored to provide specific 

scale inhibition properties. They offer versatility in inhibiting different scale types encountered 

in GSHP systems. Copolymers may combine properties of various polymeric scale inhibitors, 

enhancing their overall effectiveness.  

pH stabilizers  

In geothermal heat pump (GSHP) systems, pH stabilizers are often used to maintain the desired 

pH level of the circulation media. These stabilizers help prevent significant fluctuations in pH, 
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which can affect the system's performance and cause potential issues such as corrosion or 

scaling. Here are some common types of pH stabilizers used in GSHPs: 

Sodium Hydroxide 

Sodium Hydroxide (NaOH) is a strong base that can be used to increase the pH of the 

circulation media. It is commonly used when the pH needs to be raised to prevent corrosion 

caused by acidic conditions. Sodium hydroxide is effective in neutralizing excess acidity and 

maintaining a more alkaline pH range. 

Sodium Carbonate 

Sodium Carbonate (Na2CO3), also known as soda ash, is another pH stabilizer that can raise 

the pH of the circulation media. It acts as a buffer and helps maintain a more stable pH level. 

Sodium carbonate is commonly used when a moderate increase in pH is desired. 

Sodium Bicarbonate 

Sodium Bicarbonate (NaHCO3), can also be used as a pH stabilizer in GSHP systems. It has a 

moderate pH buffering capacity and can help maintain a relatively stable pH level. Sodium 

bicarbonate is often used when a slight increase in pH is required. 

Phosphates 

Phosphates, such as sodium phosphate or potassium phosphate, can act as pH stabilizers in 

GSHP systems. They help maintain a stable pH range and provide buffering capacity. 

Phosphates can be effective in controlling pH fluctuations caused by acidic or alkaline 

conditions. 

Ground source energy systems 

General introduction  

A very broad classification of ground source energy systems is related to the fact if heat and 

cool is stored (Thermal Energy Storage or TES) or if it is a single-use system (Borehole Heat 

Exchanger, BHE or recirculation system). A secondary classification is on open loop (using 

ground water) or closed loop (not using ground water but a ground heat exchanger).  

Underground thermal energy storage (UTES) uses the ground to store heat (or cold). UTES can 

be generally divided into 2 main categories: ATES (aquifer TES) and BTES (boreholes TES). 

Other types of UTES like CTES (cavern TES), MTES (mine TES) or Energy Piles are less popular 

and rarely in commercially used. The possibility of their implementation is mostly influenced 

by geological and hydrogeological conditions.  

In this section, after a general wider overview of Ground Energy Systems, more detailed 

discussion of open loop (including ATES and recirculation systems) and closed loop (BTES, 

BHE) will be presented. 
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In an open loop system ground water is used directly as a source or sink of thermal energy. In 

addition, heat and cool can be stored e.g. seasonally and then the open loop system is also 

called an aquifer thermal energy storage (ATES). Then excess heat and cool is stored in 

subsurface aquifers in order to recover the heat at a later stage. Thermal energy is stored and 

recovered by producing and injecting groundwater from the aquifer through wells. The ATES 

system generally consists of one or more pairs of tube wells, so-called doublets that extract 

and simultaneously infiltrate groundwater to store and extract thermal energy in aquifers with 

help of the heat exchangers (Bloemendal et al. 2015). The basic operating principles of ATES 

are presented in figure. 18.  

A recirculation system works in much the same way, although then only one well is used for 

production (pumping) and the other for injection. Both ATES and recirculation systems can 

also be configured in a single well (mono well systems). 

 

 

 

Figure 18.  Basic principle of open loop ATES (Bloemendal et al., 2015) 

A closed-loop or BTES/BHE system (figure 19) circulates fluid through a loop of pipes buried 

in the ground at a certain temperature and does not abstract groundwater itself  but exchanges 

heat with the subsoil through temperature differences . The circulating fluid exchange heat and 

is then recirculated back through the buried ground loop to exchange heat with the 

surrounding soil or rock (Preene and Powrie 2009), if the fluid is colder than the surround 

ground heat is harvested while if the fluid is warmer heat is rejected (figure 19). 
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Figure 19.  Basic principle of closed loop BTES (source: BodemenergieNL/Groenholland). 

Borehole thermal energy storage (BTES) uses the underground itself as a storage material, 

from unconsolidated material to rock with or without groundwater. Typically for a solid -state 

material as a storage medium, the heat transport mechanism is heat conduction and thus 

requires heat exchangers for injection and extraction. Due to geological conditions, different 

types of borehole heat exchangers (BHEs) have been realized (Reuss 2015). 

The BTES system has several closely spaced boreholes, mostly from 50 to 200 m deep, usually 

in the U-pipe form, which act as heat exchangers to the underground. BHEs can be joined 

together in strings and series (figure 20). 
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Figure 20.  Top view of an exemplary BTES (Reuss 2015) 

There are many countries with thousands of BTES systems ranging from one borehole to up 

to a few hundred boreholes, usually used for heating and cooling of buildings ð residences, 

hotels, offices and similar buildings (Cabeza et al., 2015). 

Cavern TES (figure  21) is also a type of UTES system in which heat or cold is stored and 

distributed to the end -use load demand through the water reservoirs available on large 

landscapes. Two types of cavern TES systems are commercially known: hot water storage and 

gravel/water storage. The configuration of a hot water cavern TES system is comprised of a 

huge underground insulated cavern or pit -like structure (storage tank) that is filled with the 

designed capacity of water (Kalaiselvam and Parameshwaran 2014). 
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Figure 21  Schematic layout of hot water cavern TES system (Kalaiselvam and Parameshwaran 

2014) 

CTES systems require a suitable natural or man-made cavern. Abandoned mines with stable 

caverns can provide such a facility, especially when located near urban areas. Depending on 

the geology and local groundwater conditions, contaminated mine water must b e treated 

permanently, as it will become a long-term economic burden on current and future 

generations (Chicco et al. 2022, Menéndez et al. 2019). An example of a high-temperature 

mine thermal energy storage (HT-MTES) pilot plant for the energetic reuse of the abandoned 

Markgraf II colliery can be seen in figure 22. 

 

Figure 22.  Conceptual model of a HT-MTES (Hahn et al. 2019) 
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According to Hahn et al. 2019 there are several examples of MTES: 

¶ The Mijnwater - project in Heerlen (Netherlands), with a completely flooded mine;  

¶ The building of the School of Design at the Zeche Zollverein in Essen (Germany), which 

is heated by 28°C warm drainage mine water; 

¶ The former Robert Müser colliery in Bochum (Germany) as an energy source for the 

heat supply of two schools and the mine drainage station in Bochum; 

¶ Seven operational mine water utilization plants in Saxony (Germany), which can be 

categorized as shallow geothermal reservoirs; 

¶ A deep mine water project for the West Saxon University of Zwickau with mine water 

from a depth of 625 m below ground with a temperature of 26 °C is planned to be 

extracted. 

The main characteristics of open and closed systems are summarized in table 12. 

Table 12.  Characteristics of ground energy systems (Preene and Powrie 2009) 

Characteristic  Open-loop systems  Closed-loop systems  

Requirements for 

groundwater 

abstraction and 

reinjection 

All open-loop systems involve the 

abstraction of groundwater. For many 

open-loop systems, it is impracticable or 

unsustainable to discharge water to a 

sewer or surface water; in those 

circumstances, the water must be 

reinjected into an aquifer  

Groundwater abstraction and 

reinjection are not required  

Regulatory constraints The abstraction and discharge of 

groundwater is closely regulated in many 

countries. Open-loop systems will be 

subject to the constraints of any such 

legislation 

In many countries, there is currently 

little or no regulation of the ground 

element of closed-loop ground energy 

systems. One issue that is sometimes 

regulated is to ensure that boreholes 

are adequately sealed or grouted to 

avoid the creation of seepage pathways 

from the surface and between different 

geological units  

Dependence on 

favourable 

Hydrogeological 

conditions  

Open-loop systems are only practicable 

when significant water-bearing strata 

(which collectively form a continuous 

Closed-loop systems do not require the 

presence of an aquifer and are 

practicable in a wide range of 

geological settings 
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water-bearing layer of soil or rock termed 

an ôaquiferõ) are present beneath a site 

Number and capacity 

of boreholes 

Under favourable hydrogeological 

conditions, where borehole water yields 

are significant, relatively small numbers 

of abstraction boreholes can supply large 

peak demands. For example, a borehole 

yielding 25 l/s could provide a peak 

thermal output of 500 kW  

The peak thermal capacity of an 

individual closed-loop borehole is 

typically much less than that of an 

open-loop borehole. Closed-loop 

systems typically require a much 

greater number of boreholes than 

equivalent open-loop systems. A typical 

100 m deep closed-loop borehole 

could have a peak thermal output of 3ð

7 kW 

Requirements for heat 

transfer system 

Depending on the water temperatures 

required by the building system, open -

loop systems can operate in cooling 

mode using a heat exchanger only, 

without the need for a heat pump. This 

improves energy efficiency as there is no 

additional energy requirement t o power 

the heat pump compressor. For heating 

operation a heat pump is normally used  

Closed-loop systems almost always use 

heat pumps as the heat transfer 

mechanism for heating. For cooling 

application in high temperature 

emission systems (such as underfloor 

heating or cooled ceilings) passive 

operation is feasible 

Ability to handle 

annually imbalanced 

thermal loads 

Where open-loop systems discharge to 

waste they can operate successfully with 

very unbalanced thermal loads, where 

heating or cooling demand dominates 

during the annual cycle. Where aquifer 

reinjection is used, open-loop systems 

work best where the annual total of 

heating energy and an annual total of 

cooling energy is approx. balanced. If the 

thermal load is unbalanced there is a risk 

that warmer/cooler water from the 

injection boreholes will migrate to the 

abstraction boreholes (a phenomenon 

termed ôthermal breakthroughõ); this will 

affect system efficiencies 

Closed-loop systems work best where 

annual totals of heating energy and 

cooling energy are approximately 

balanced. If the thermal load is 

unbalanced there is a risk of long-term 

year-on-year changes in ground 

temperature, which will affect system 

efficiencies 

Potential for off -site 

thermal impacts 

Where open-loop systems discharge to 

waste, there is potential that the 

discharge of warmer/ cooler water to a 

For many closed-loop systems heat flux 

in the ground is predominantly by 

conduction. Resulting in zones of 
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surface watercourse will cause 

environmental impacts. Where aquifer 

reinjection is used, the advective flow of 

warmer/cooler groundwater over 

extended periods (typically several years) 

can potentially result in plumes of 

warmer/colder groundwater migrating  

off -site 

ground heating and cooling migrate 

only slowly, reducing the risk of 

significant off -site thermal impacts 

Constraints on the 

location of boreholes 

making up the ground 

element 

Although open -loop systems typically 

require relatively modest numbers of 

boreholes, boreholes should be spaced 

as widely apart as practicable to minimise 

interference between boreholes. This is 

especially the case where aquifer 

reinjection is used when the distance 

between abstraction and reinjection 

boreholes has a direct influence on the 

risk of thermal breakthrough  

Because of the large number of 

boreholes typically required for closed-

loop systems and the need to arrange 

them on a grid pattern to maintain a 

minimum horizontal separation 

between boreholes, a significant site 

area may be needed to accommodate 

the borehole array 

 

Open loop ( storage [ATES] and recirculation)  systems 

Geothermal heat pumps that use groundwater, depend on the availability of suitable shallow 

groundwater bodies. In ideal conditions for groundwater related systems, a productive aquifer 

is present at shallow depths, which allows for economic pumping costs. A productive aquifer 

has a high hydraulic porosity, sufficient thickness of the water saturated zone and high quality 

ground water (chemical composition) . 

In recirculation systems, higher natural groundwater velocities are preferred as they replenish 

the geothermal resources of the groundwater more quickly. Conversely, for ATES where energy 

is stored, higher groundwater velocities are less desirable. Here the primary objective to 

recover as much stored heat or cool as possible. In locations with naturally flowing 

groundwater, the movement tends to displace the heat  or cool, which undermines the system's 

effectiveness. Therefore, low groundwater velocities are more conducive to maximizing the 

recovery of stored heat and cool in ATES installations. 

In order to keep the quantity of the groundwater and secure groundwater resources for other 

use, it is required in most countries that after its thermal use, the groundwater is reinjected 

back into the aquifer. Infiltration poses difficulties in aquifers with a low hydraulic conductivity  

and/or a unconfined aquifers with high groundwater level. In areas with a low infiltration 

capacity, some authorities allow a discharge of the used water into a surface water body or 
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into the sewage system. In general, both high and low water levels have to be considered when 

installing a groundwater related system. High water levels represent a threshold for injection 

and low water levels determine the depth of the extraction well and  the positioning of the 

underwater pump. The screened sections of the wells and the pump should be covered by 

water at all times. This is especially important when facing problematic groundwater chemistry, 

as described below.  

When injecting the used water back into the aquifer, the heat dissipates with the groundwater 

flow and forms a thermal plume. The orientation and geometry of the thermal plume of warm 

(in cooling mode) or cold water (in heating mode) depends on the amount of pumped water, 

the temperature shift used and the hydrogeological conditions. Low hydraulic conductivity 

and slow flow rates lead to broader and shorter plume, whereas high hydraulic conductivity 

and fast-moving groundwater elongates the plume and narrow s it. The propagating thermal 

plume can have a negative or positive impact on geothermal installations or other 

groundwater uses located downstream. This is especially important for larger installations, 

since they create larger heat plumes. In some countries there is a limit for a change of 

temperature at the location of the next water right, to avoid a negative impact on existing 

installations. Hence, also neighbouring installations should be or have to be considered during 

the planning phase. 

In order to avoid a negative interference between the extraction and injection well of the same 

installation, the distance between the wells and their positioning related to the groundwater 

flow direction have to be considered. The extraction well is best located upstream of the 

injection well, or both wells are placed next to each other. 

Unfavourable underground conditions can pose significant challenges. In regions with limited 

groundwater availability, water chemistry issues, or very low permeability, using groundwater 

for shallow geothermal systems may be problematic. 

Groundwater chemistry  

Contaminated or corrosive groundwater can damage the system's components over time, 

leading to reduced efficiency and increased maintenance costs. Therefore, the groundwater 

chemistry should be investigated in areas with possible corrosive or scaling conditions. High 

content of iron and/or manganese in a groundwater with low oxygen can lead to precipitation 

and clogging of infiltration wells. If the reduced, pumped water comes into contact with air 

(inconveniently during its passage through the heat exchanger system and possibly latest in 

the infiltration shaft or well) iron and/or manganese transforms and precipitates. As 

precautionary measure it is recommended to place the screened well sections of the extraction 

and reinjection at a depth level, where they are covered by water at all time. This avoids 

changing the chemistry of the groundwater within the process of thermal use.  
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Carbonate precipitation arises from alterations in the calcium carbonate balance induced by 

well operations. This equilibrium adjustment is ideally accomplished through CO2 degassing 

during depressurization processes. The solubility of carbon dioxide is contingent upon factors 

such as its partial pressure and the composition of the gas phase, as well as the overall pressure 

conditions. Carbonate incrustations mostly occur during reinjection. In this context, carbonate 

compounds tend to precipitate predomina ntly within the filter gravel pack or along screened 

pipes. It is generally possible to alleviate these deposits through a combination of mechanical 

and chemical cleaning interventions. 

Apart from causing blockages, microorganisms active within the biofilm can also contribute to 

the corrosion of plant components (Microbially Induced Corrosion = MIC). Moreover, 

corrosion can arise solely due to chemical factors, characterized by elevated levels of oxygen, 

sulphate, ammonium, chloride, carbon dioxide content, and pH values. Areas that are 

particularly at risk include downstream regions of landfills or contaminated sites. Corrosion-

related damage is primarily observed in metallic materials or coatings on steel surfaces. 

Examples of highly susceptible components are copper heat exchangers. Countermeasures 

involve the use of corrosion-resistant and sulphate-resistant materials (e.g., stainless steel heat 

exchangers). 

Each ground energy system can be divided into three main elements: 

¶ the source side (the below-ground elements such as boreholes, ground loops and 

associated infrastructure); 

¶ the load side (the building, its controls, users and the thermal load); 

¶ the heat transfer system (heat pumps, heat exchangers and associated control 

systems). 

Aquifer Thermal Energy Storage (ATES) 

The general principle of ATES systems is that excess energy is stored as thermal energy in the 

groundwater, i.e. by increasing the temperature of the groundwater. The excess energy is 

mostly available in summer months when heat demand is low. When the heat demand is high, 

mostly in the winter months the heat is extracted and used (Bloemendal et al. 2020). The 

characteristic of ATES systems in terms of operational, underground-related and technical 

aspects is shown in figure 23. 
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Figure 23.  ATES characteristics in terms of building characteristics, operational design, subsurface 

characteristics, and system size (Fleuchaus et al. 2018) 

LT-ATES, MT-ATES and HT-ATES (flow schemes of the technology)  

There are several classifications of ATES systems corresponding to the depths or operational 

temperature (Lee 2013): 

¶ low temperature (LT) ATES are operated below 30 °C and are usually located in shallow 

aquifers (figure 24). There is however a threshold of the temperature of 25 °C for 

injection temperature in several countries, therefore the most popular injection 

temperature below 25 °C. 

¶ medium temperature (MT) ATES refer to a temperature range between 30 °C and 50 °C. 

¶ High temperature (HT) ATES are operated at 50 °C and higher (figure 23). There are 

however other classifications which declare HT ATES as having temperatures higher 

than 60 °C (GeoEra Fact sheet). 
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Figure. 24.  Scheme of an LT-ATES as in summer mode (NextGen, Kleyböcker et al. 2023) 

In LT-ATES, a heat pump  is used to increase the temperature to the level required to heat the 

associated building such as 40 °C. That is not necessary for MT- and HT-ATES which operate 

at higher temperatures. The extracted groundwater is cooled to a temperature between 5 °C 

and 8 °C. Subsequently, the cold groundwater is reinjected into the cold well. In summer, 

buildings can be efficiently cooled using groundwater from the cold well. This water is heated 

due to the cooling process by the heat pump to a temperature range between 14  °C and 18 °C 

(Kleyböcker et al. 2023). 
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Figure 25.  General scheme of an HT-ATES (Kleyböcker et al. (2023) 

An HT-ATES system can be used to store excess heat from geothermal systems or other surplus 

heat. The main purpose is to store the produced heat in summer and deliver this in winter 

during peak demands. The combination of a geothermal system and HT-ATES allows for 

optimal utilization of the available heat and increases the reduction of emissions Kleyböcker 

et al. (2023). 

Requirements of the technology and operating conditions  

Compared to standard open-loop geothermal systems, ATES systems require a more complex 

pre-investigation and are typically more sensitive to groundwater flow and aquifer 

heterogeneities (Fleuchaus et al. 2018) as well as the mineralogical composition of the rocks 

in the aquifer, the compaction, stratification, porosity and permeability of the aquifer 

(Kleyböcker et al. (2023). Parameters influencing the thermal storage potential of an aquifer 

are shown in table 13. 
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Table 13.  Parameters influencing the thermal storage potential of an aquifer (Kleyböcker et al. 

2023, Stober and Bucher 2014, Freeze and Cherry 1979) 

Parameter Units Sandstone 
Water-bearing 

sand/gravel 
Dry sand/gravel 

Specific heat capacity kJ/(kg*K) 0.82 ς 1.00 0.85 ς 1.90 0.50 ς 0.59 

Volumetric heat capacity MJ/(m³*K) 1.6 ς 2.8 2.3 ς 3.0 1.4 ς 1.6 

Thermal conductivity J/(s*m*K) 1.3 ς 5.1 1.7 ς 5.0 0.3 ς 0.8 

Porosity % 30 > 40 

Permeability cm² 10-13 ς 10-9 10-9 ς 10-3 

Hydraulic conductivity m/s 10-10 ς 10-6 10-6 ς 1 

  

Kleyböcker et al. (2023) show examples of HT-ATES and LT-ATES from Germany and the 

Netherlands with their characteristics and operating conditions. The operating conditions are 

shown in table 14. For the LT-ATES in Berlin, two aquifers in different depths are used. For the 

cold store, the upper aquifer at a depth of around 60 m is used and for the heat store, the 

aquifer at a depth of around 320 m is used (Sanner et al. 2005). 
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Table 14.  Characteristics, operating conditions and energy balance of HT-ATES and LT-ATES 

Parameter Units 

Neuruppin 

Neubrandenburg 

(start 1987) 

Berlin 

(start 2003) 

NextGen  

Westland (NL) 

 (start 2015) 

(HT-ATES) (HT-ATES) 
(LT-ATES;  

cold store) 
(MT-ATES) 

Reservoir rock ς Sandstone Sandstone Sand Sand 

Depth m 1700 1250 30 ς 60 50 ς 180 

Tcold/Twarm °C 50/63 45 ς 54/65 ς 85 6/30 5/30 ς 45 

Injection flow 

rate (max) 
m³/h 50 80 300 160 

Reference for 

the above 
    Lerm et al. 2011 Bloemendal et al. 2020 

Energy balance 

Energy charge 
MWh/

a 
n.d. 12000 

cold (heat) 

4250 (2650) 

4200 

Energy 

discharge 

MWh/

a 
n.d. 8600 3950 (2050) 3750 

Recovery 

factor 
ς n.d. 0.72 0.93 (0.77) 0.89 

Reference for 

the above 
  n.d. Paci 2016 Sanner 2005 Bloemendal et al. 2020 

  

In ATES systems heat or cold from other sources can be integrated similarly to other UTES 

systems. The source of heat is most commonly waste heat from heat pumps which are 

employed to cool in summer months, thermal solar and waste heat. The source of cold can be 

outside air in winter. It can be provided by coo ling towers, dry coolers, or heat exchangers 

from fresh air intake on a building or from industrial processes (Nordel et al. 2015). 
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System performance of ATES  

The ATES system performance can be assessed based on several thermal, economic or 

sustainability criteria. The evaluation of system performance shall be done for certain boundary 

conditions. The frequency of criteria and boundary conditions used in several research is given 

in figure 26. 

 

 

Figure 26.  Frequency of research activity addressing the performance of LT-ATES as a function of 

various boundary conditions (Fleuchaus et al. 2020) 

According to Fleuchaus et al. (2020), most of the performance evaluations shown in research 

papers are only based on theoretical assumptions. Moreover, there is lack of information on 

the performance of long -term monitoring data for ATES. 

Indicators for ATES system thermal performance 

The efficiency of ATES is connected with the system's thermal performance. The underground 

part of the system is dependent on the conditions of the aquifer. If the wells are placed too 
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close to each other it may induce thermal interference, which means that the water 

temperature of the area near one well changes due to the water temperature of another well. 

This phenomenon can be described by thermal interference intensity  or time of thermal 

breakthrough. 

The thermal storage potential of an ATES strongly depends on the mineralogical composition 

of the geological formation of the aquifer, its compaction, stratification and permeability 

(Kleyböcker et al. 2023). Furthermore, also the characteristics of the geothermal fluid such as 

its temperature, salinity and dissolved gases influence the efficiency of the heat transfer from 

and to the fluid and the heat transport. The thermal recovery factor  is a typical key 

performance indicator showing the recovery efficiency of warm or cold stored thermal energy 

over the whole charge and discharge cycle (usually refers to one year). The recovery factor is 

defined by the ratio between the annually discharged and charged energy. 

Examples of energy balance for several HT-, LT- and MT- ATES systems for heating and cooling 

mode are given in tab. 3. The definitions of the basic parameters, and the formulas that 

quantify the performance of ATES systems, are given below: 

Thermal recovery factor which is the ratio of energy extracted from the subsurface to energy 

injected into the subsurface (Gao et al. 2017): 

 

 –
᷿  Ͻ  Ͻ  Ͻ 

᷿
 Ͻ  Ͻ  Ͻ 

 

The ratio of the difference between the energy that is extracted in cooling and heating mode 

to the total extracted energy over a certain period can be used as an energy balance ratio  for 

assessing the system performance (Gao et al. 2017): 

ɰ  

Exergy efficiency  can be provided by considering second-law of thermodynamics and 

calculating the ratio between the exergy that is extracted from the subsurface and that is 

stored within the subsurface (Gao et al. 2017): 
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‭  

The performance of the whole system can be calculated using the seasonal performance factor 

(SPF), which is the ratio between energy supplied to the end user and energy consumed by 

pumps (and for lower temperatures by heat pumps as well). 

The amount of injected heat and cold during the season in ATES systems should be in balance. 

Some information about the thermal imbalance  of the system gives the following equation 

(Fleuchaus et al. 2020): 

ὍάὦὥὰὥὲὧὩ  

Software used for simulation of the underground part of ATES 

Numerical simulations of underground thermal energy storage are done for heat and 

sometimes mass transport. Several codes are used for such simulations. The most popular 

software both commercial and non -commercial use finite elements or finite difference 

methods (table 15). There are some combinations possible as well as other methods, which 

are not such popular though.  

Table 15 The most common codes used for numerical simulations of UTES (based on Gao et al. 

2017) 

Finite element codes Finite difference codes 

AQUA3D HST2D/3D 

FEFLOW HSTWin 

FlowHeat MT3DMS 

COMSOL SEAWAT 

  SHEMAT 

  TOUGH2 

  UTCHEM 



 

 

 

91 

  

 

 

  VS2DH 

  

Numerical codes can be distinguished into two categories: codes that use k-orthogonal 

structured or unstructured meshes and codes that use non-k-orthogonal unstructured 

meshes. For k-orthogonal meshes, the finite difference method (FDM) or the finite volume 

method (FVM) is used. For ATES simulation mostly MODFLOW-MT3DMS, UTCHEM, TOUGH2 

and HSTWin were used. For non-k-orthogonal meshes, the finite element method (FEM) or 

hybrid FVM-FEM schemes are used. To simulate ATES mostly COMSOL, FEFLOW, OpenGeoSys 

and hybrid FEM-FVM simulator CSMP are used (Regnier et al. 2022). 

Exploitation systems  

Doublet 

There are two different well designs: multi-well systems use one or more well doublets to store 

thermal energy horizontally (Fleuchaus et al. 2018). Each pair of warm and cold wells can form 

a doublet (figure 27). 
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Figure 27. Scheme of ATES doublet and mono well (Fleuchaus et al. 2018) 

Monowell 

If well screens are developed in the same borehole but separated at different depths it is called 

a monowell (figure 28). Even with lower thermal capacity, monowells have lowers costs for 

installation. Typically, mono-well storage systems are thought to require the use of separate 

aquifers but use two hydraulic circuits in one well (Zeghici 2015). In the Netherlands however, 

it is not allowed to install wells in different aquifers and mono wells are limited to situations 

where the aquifer is of sufficient t hickness to allow two wells to operate. This limits the 

maximum pumping rate, usually a maximum of 60 m3/hr (where a single well can do up to 

250 m3/hr). 
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Figure 28. Mono well with thermal storage (source: BodemenergieNL) 

Standing column well (SCW) 

Standing Column Well (SCW) can be an alternative to closed- and open-loop systems. An SCW 

consists of a long open borehole (75-450 m long, 150 mm in diameter) mostly drilled in 

bedrock. To prevent the surface unconsolidated soils from falling down into the  open hole, 

the overburden is cased from the surface to the rock basement with a steel or PVC pipe as 

shown in figure 29. Unlike open-loop systems, the pumped groundwater is reintroduced in 

the same well below the dynamic level in the annular space of the SCW (Pasquier et al. 2016). 
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Figure  29.  A standing column well system scheme (Pasquier et al. 2016) 
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Ground heat exchanger systems (BTES and BHE) 

 

Figure 30.  Examples of different types of ground heat exchangers: A: horizontal ground heat 

exchanger, B: ring-collector (also called òslinkyó), C: Earth basket/spiral and D: vertical 

borehole type ground heat exchanger (source: Groenholland/ISSO 73). 

A ground heat exchanger provides the thermal coupling between the ground and the heat 

pump (active mode) or user (in passive mode). A ground heat exchanger (excluding thermo-

siphon or direct expansion systems) are made up of one or more hydraulic circuits through 

which a fluid (usually water or water-antifreeze mix) is circulated. When the temperature of the 

fluid is lower than the surrounding ground energy heat is being harvested from the ground 

(system operates in heating mode), when the temperature of the fluid is higher than the 

surrounding ground energy is being stored in the ground (system operates in cooling mode). 
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A ground heat exchanger can operate in òsingle modeó (only heat extraction or heat injection) 

and is then usually called a òBorehole Heat Exchangeró (BHE) system, or it can be used as a 

diurnal or seasonal store of heat and cool and is then usually referred to as a Borehole Thermal 

Energy Store (BTES). 

The performance of a GHEX can be described by two parameters: pressure drop (affecting the 

pumping energy required to move the fluid through the pipes) and temperature difference 

between the fluid and the ground.  

To drive the heat transport between ground and fluid a temperature difference is required, the 

magnitude of this temperature difference depends on the thermal resistance between the fluid 

and the ground ((mK)/W)and the specific heat rate (W/m). Aspects of the GHEX that affect the 

thermal resistance are: 

¶ Borehole/trench diameter and backfilling properties (thermal conductivity, density and 

heat capacity).  

¶ Borehole/trench length (with regard to thermal losses between flow and return 

channel. 

¶ GHEX pipe material properties (thermal conductivity, wall thickness) and configuration 

(type of GHEX, pipe diameter, positioning in the borehole or trench). 

¶ Contact resistance between GHEX pipe and borehole/trench backfilling and between 

borehole and surrounding ground.  

¶ Fluid properties (thermal conductivity, thermal capacity, density, viscosity) and fluid 

flow profile. Note that fluid properties are temperature dependent. 

The pumping energy required to move the fluid through the pipes depends on the total flow 

required by the heat pump / user system and the pressure drop in the circuit. The total pressure 

drop in the circuit depends on:  

¶ Number of parallel circuits. 

¶ Pipe inner diameter, roughness and length. 

¶ Pipe geometry (straight, ring-shaped). 

¶ Fluid properties (thermal conductivity, thermal capacity, density, viscosity) and fluid 

flow profile. Note that fluid properties are temperature dependent.  

¶ For calculation of pressure drop the friction coefficient (or roughness) is important. The 

Colebrook-White roughness is about 0.0015 mm2. 
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Ground heat exchanger materials  

Virtually all ground heat exchanger or geothermal probes (with the exception of e.g. thermo -

siphons) are constructed of plastic materials. The material most used is high density 

polyethylene (even if metallic pipes are used polyethylene is used for corrosion protection).  

Polybuthene is common in underfloor heating systems and is also used in ground heat 

exchangers, the main difference is that it allows higher temperatures.  

Standard polythelene pipes used for geothermal installations is PE 100. Variants include PE-

RC (crack resistant), PE-RT (high temperature resistant) and PE-X (crosslinked, higher strength 

and lower diffusion). To prevent diffusion of e.g. oxygen or other c hemicals into the pipe 

coated pipes can be used, the coating applied later or during extrusion (co-extrusion). 

Key characteristics of the pipes are related to strength and durability: 

¶ Minimum required strength (MRS ) ð long term strength and creep resistance. For PE 

100 this is 10 Mpa (100 bar) for 20 oC and 50 years. 

¶ Stress crack resistance ð also known as slow crack resistance. 

¶ Rapid crack propagation resistance 

Using the standard dimension ratio (SDR), the ratio of outer nominal diameter (OD) to wall 

thickness and the MRS the pressure class (Maximum Operating Pressure or MOP) can be 

calculated: MOP (bar) = 2 * MRS (Mpa) / (C * (SDR ð 1). Here is C the design factor, the 

minimum design factor for water supply pipe systems is 1.25. 

Example: a PE 100 pipe, 32 mm OD pipe SDR 11, has an MRS of 100 Mpa.  

MOP = 2 * 100 / (1.25 * 10) = 16 bars. 

 

With a MOP of 16 bars the maximum depth of a geothermal pipe would be 140 meters (with 

a static pressure of 2 bars this yields a total pressure of 16 bars at the footer). However the 

backfilling of the borehole provides an outside pressure, especially in saturated soils, and 

deeper boreholes are feasible. 

It is well known that strength of materials is temperature dependent. For PE pipes the average 

and peak operating temperatures are important. The MOP is defined at a temperature of 20 
oC, the pressure reduction coefficient is therefore 1 at 20 oC, 0.87 at 30 oC and 0.74 at 40 oC. 

As the operational life of a ground source heat exchanger should be 50 years or more, this 

limits the operational temperature bandwidth . 

In addition to the PE pipes, a U-pipe heat exchanger has a footer (figure 31 shows typical 

examples from three manufacturers) that connects the two pipes comprising the up - and 
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downward flow channels. This footer is factory-welded to the pipes. To facilitate installation 

into the borehole weights may be connected to the footer. In addition to mechanical strength, 

the pressure drop over the bend is one of the main characteristics of the footer. 

   

 

Figure 31. U-pipe footers from three manufactures. Left: Haka Gerodur; Middle: Muovitech; Right: 

Rehau. 

Vertical borehole heat exchangers  

Geological and hydrogeological conditions   

The heat extraction rate of vertical borehole heat exchangers depends on the borehole design, 

operational factors as well as geological and hydrogeological conditions. A high permeability 

combined with fast groundwater flow transports the heat away efficie ntly from the borehole 

via advection. This is an undesired effect for borehole heat exchanger arrays used for storage 

(BTES). On the other hand, this helps installations with an unbalanced operational mode of 

heat extraction and injection to replenish the heat in the underground. Advection plays the 

most important part of heat transport in a groundwater dominated regime. Conductive heat 

transport has to be considered in areas with stagnant or no groundwater. Consolidated rocks 

(e.g. metamorphic and magmatic rocks) have a higher thermal conductivity, than 

unconsolidated rocks with a higher permeability (like sediments). The underground 

temperature also affects the efficiency of heat exchange. The larger the temperature difference 

between the underground and t he heat transfer fluid, the higher the heat extraction rate. The 

land surface temperature affects the underground temperature in the upper part of the 

borehole. Hence, in colder regions the heat extraction rate can be increased with few deeper 

boreholes, compared to multiple shallow ones.  

In summary, the heat extraction rate of borehole heat exchangers depends on a complex 

interplay of geological, hydrogeological, design, operational, and system-specific factors. 
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Proper consideration of these factors is crucial to designing an efficient and effective borehole 

heat exchanger system for heating and cooling applications. 

Design   

Two main variants of vertical borehole heat exchangers are used in practice. The so-called U-

pipe ground heat exchanger is constructed by connecting two pipes with a U -bend at the 

bottom, fluid flow is downward in one pipe (channel) and upward in the other  pipe (channel). 

Common installations use single U-pipe, double or triple U -pipe arrangements. 

The second type of ground heat exchanger is the concentric or coaxial heat exchanger. The 

concentric heat exchanger consists of a pipe of smaller diameter inserted in a pipe of larger 

diameter. The larger pipe is capped at the end. In certain situations the borehole wall can be 

the  With a concentric heat exchanger, in hard rock boreholes only a inner pipe may need to 

be installed, the annular space between the inner pipe and the borehole wall acting as the 

outer flow channel. Sometimes a òlineró needs to be installed to hydraulically seal the borehole 

wall. 

For the design and construction of the ground heat exchanger two aspects are key: the 

dimensions of the different parts and the material properties.  

Figure 32 provides the main dimensions of a U-tube (U) or concentric (C) vertical ground heat 

exchanger.  

Parameters not shown are the buried depth (important for correct use of design software) and 

the pipe inner diameter or pipe wall thickness (used to calculate the pipe inner diameter). 
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Figure 32.  U-pipe and concentric heat exchanger main construction parameters (source: 

Groenholland/ISSO 73). L: active length of the ground heat exchanger. Dbg : Borehole 

diameter, typically between 0.1 and 0.2 m. Abg: Distance between adjacent boreholes, 

this depends on the depth of the borehole but in general it will vary from 3 meters (shallow 

boreholes, < 50 m) to 5 meters (borehole depth 50 ð 150 meters) and 7 meters or more 

(deeper boreholes). Another factor affecting Do-u: outer diameter of the outer pipe.  

Do-i : outer diameter of the inner pipe (and inner diameter of the outer channel) Do: outer 

diameter pipe (U-pipe heat exchanger) h: distance between the up- and downflowing 

channel in the U-pipe heat exchanger, when spacers are not used this is usually the 

average between touching pipes and the pipes touching the borehole wall. 

 

Horizontal GHEX  

Geological and hydrogeological conditions 

Horizontal ground heat exchangers benefit from a cheap installation of excavating the top soil 

layer and inserting the pipes of the heat exchanger in a shallow depth of only a couple of 

meters. Easily extractable underground, such as unconsolidated sediments, are the basic 
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geological and hydrogeological requirements for this type of installation. Horizontal collectors 

are also limited by the slope of the terrain. Some manufacturers recommend a slope of < 20°.  

Main geological and hydrogeological factors influencing the heat extraction rate of such a 

system are the thermal conductivity and the specific heat capacity of the soil, which are directly 

depending on its water and air content, as well as on the soil temperature. Voids filled with air 

instead of water decrease the efficiency of ground heat exchangers. Water saturated sand or 

gravel provides the highest extraction rates followed by moist cohesive soil and dry non-

cohesive soil (OWAV, 2009).  

The soil around the heat exchanger freezes during winter in the heating mode, which provides 

latent heat, an extra boost to the heat extraction. However, a connection between the naturally 

freezing top soil layer and the freezing soil surrounding the heat exchanger has to be avoided, 

since such a compact frozen soil pack aggravates the thawing process in spring. Defrosting 

the ground as soon as the heating season is over, is important to recharge the soil for the next 

heating season and because it enables the infiltration of precipitation and avoid extensive 

surface runoff.  

Design 

Horizontal (straight pipe) GHEX can be installed either in trenches that are excavated, laid out 

on an excavated surface (both trenches and surface being backfilled) or by using a horizontal 

drilling technology.  

A key aspect of horizontal GHEX is the near surface temperature gradient that varies according 

to the seasons. This affects the temperature in the GHEX directly (lower temperature during 

heat extraction in winter, higher temperature during heat rejection i n summer) but also results 

in higher natural regeneration of the temperature (no temperature trend with energy 

imbalance). Figure 33 gives an example of seasonal near surface temperature variations for the 

typical average climate (according to EN 14825, Strasbourg). 
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Figure 33.  Seasonal temperature evolution at different depths (Climate: Strasbourg, Soil thermal 

conductivity: 1.5 W/mK, Soil heat capacity: 2.0 MJ/m3K. 

 

In a typical trenched horizontal ground heat exchanger (figure 34) the flow and return channels 

are located in a single trench. Each trench can accommodate one or more circuits and several 

trenches can be coupled in parallel.  
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Figure 34.  Horizontal ground heat exchangers main construction parameters  (source: 

Groenholland/ISSO 73). Lc is the active length of the horizontal heat exchanger. Bc: width 

of the trench. Ac: distance between parallel trenches or horizontal boreholes. d: buried 

depth of the heat exchanger pipes. s: distance between the heat exchanger pipes. 

Slinky or ring collector GHEX  

A slinky or ring-collector ground heat exchanger is a shallow horizontal ground heat 

exchanger that is not based on straight-pipe configuration but on rings, the rings can 

be oriented horizontally or vertically.  

 

As with horizontal ground heat exchangers based on straight-pipe configuration the 

seasonal varying near-surface temperature gradient is important. Another key -aspect 

is that the calculation of the thermal response G-function, critical Reynolds number, 

thermal resistance (between fluid and ground) and pressure drop are governed by 

different equations. 

 

The main construction parameters are (Figure 35): 
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Figure 35.  Slinky / ring collector ground heat exchangers main construction parameters  (source: 

Groenholland/ISSO 73). Lc is the active length of the horizontal heat exchanger. Bc: width 

of the trench. Ac: distance between parallel trenches. D: width of the rings. d: buried depth 

of the heat exchanger pipes p: Pitch (shift) of the rings. 

Spiral or earth -basket GHEX 

Spiral or earth-basket ground heat exchangers are installed in excavated pits, large 

diameter shallow boreholes or in foundation elements. As with horizontal ground heat 

exchangers based on straight-pipe configuration the seasonal varying near-surface 

temperature gradient is important. Another key -aspect is that the calculation of the 

thermal response G-function, critical Reynolds number, thermal resistance (between 

fluid and ground) and pressure drop are governed by different equations.  

 

The main construction parameters are (Figure 36): 
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Figure 36.  Spiral/earth basket ground heat exchangers main construction parameters  (source: 

Groenholland/ISSO 73). Lc is the active length of the horizontal heat exchanger. D: width 

of the rings. d: buried depth of the heat exchanger pipes. p: Pitch (shift) of the rings. 

Other GHEX 

Foundation GHEX 

There is quite some interest in foundation type ground heat exchangers, as most buildings 

have some foundation providing an interface with the ground. Different types of foundation 

heat exchangers have been used in practice amongst others: 

¶ Pile heat exchangers in driven or bored piles (figure 37). These can be of small diameter 

(micro piles) which are usually driven or bored or in large diameter piles. 

¶ Foundation wall GHEX (figure 38) 
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Figure 37. Examples of foundation pile heat exchangers. Left: large diameter cast piles with heat 

exchanger connected to the rebar (source: Haka Gerodur, 

https://img.archiexpo.com/images_ae/photo-mg/62315-6049621.jpg), Right: driven pile 

ground heat exchanger (source: Kodie Netherlands). 

 

 

Figure 38. Principle of foundation wall (diaphragm wall) ground heat exchanger (source: Meho 2013) 

Main obstacles for these types of ground heat exchangers are lack of robust design methods, 

complicated coordination with other works during construction and protection against 

damage during construction process. 

Stainless steel Coaxial ς Piled HEX (GEO4CIVIC) 

The most common heat exchangers on the market are based on the use of a sealed, 

polyethylene or PEX pipework that are installed in the completed boreholes.  The plastic based 

collectors offer a lower cost solution to installing GHEs for a GSHP, however their thermal 

properties are not optimal to energy exchange with thermal conductivities of c. 0.4W/mK.  In 

order to maximise the energy exchange potential, the designer needs to consider the thermal 

https://img.archiexpo.com/images_ae/photo-mg/62315-6049621.jpg
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properties of the subsurface which can vary between 1.2 to 2.2 W/mK for unconsolidated, 

saturated sediments and reach value of >3.5 W/mK in some hard bed-rock conditions. 

The reduced space (and potential depth of completion for GSHPs dictated by local regulations) 

particularly in urban city centres and historical building sites, therefore, requires that the 

energy exchange potential from the ground is maximised with the use of higher thermal 

conductivity materials for the GHE.  The use of coaxial heat exchangers developed initially as 

part of the Cheap-GSHP project and then progressed during the course of GEO4CIVHIC, are 

based on the use of stainless steel outer pipework and enhanced plastic materials developed 

originally in the GEOCOND project.  In both cases, the outer pipe of the collector offers 

significantly higher thermal conductivity properties (up to 16 W/mK for stainless steel and 1.2 

W/mK for enhanced plastic probes developed as part of the GEOCOND project).  The improved 

performance of the collector pipe material coupled with the careful design of the GHE 

borehole and selected grouting materials, offer significant improvements in borehole therm al 

resistance values compared to common market competitor products (Bertermann, 2023).  The 

use of stainless steel heat exchangers therefore offers the opportunity to design a vertical 

closed loop heat exchanger with reduced total drilling depth requiremen ts for a given energy 

demand profile when compared to more conventional PE/PEX materials. 

The recent developments as part of the GEO4CIVHIC project have focussed on improving the 

heat exchanger outer pipe connections using thread lock sealed fittings to facilitate the 

installation process as well as improved BHE configurations using different outer and inner 

pipework to reduce pressure drop. 

The result of the analytical studies and subsequent measured data from the Cheap-GSHP and 

Geo4Civhic project case study sites shows that the use of stainless steel coaxial heat 

exchangers offer a substantially lower borehole resistance at equivalent pressure drop 

conditions when compared to other PE/PEX single U or double U probes on the market 

(Urchueguía, 2019). 

The main advantages of the use of coaxial heat exchangers, aside from the improved thermal 

conductivity of the outer material, is the ability to couple the technology with the GEO4CIVHIC 

drilling methods (Hydra -RED & Hydra-TI).  These methods allow the heat exchanger to be 

directly piled into the ground in the case of unconsolidated materials using the Hydra -RED 

method and installed as part of the main drilling process.  This provides significant time saving 

in the BHE field completions.  The of stainless steel materials in BHEs is currently less cost 

competitive per metre of installation than that completed with plastic PE materials.  A cost 

saving can therefore only be achieved in the overall capex of a geothermal field when the 

pipework can be installed using the Geo4Civhic methods where drilling time savings can be 

achieved.  In addition to this, whilst stainless steel heat exchangers have been recently included 

in European standards (prEN17522:2022) as a BHE material, the implementation and itõs use 
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needs to be considered against local regulations and the local requirements for completion 

(and grouting) of BHEs in certain subsurface environments (Sanner, 2022). 

Direct expansion 

Direct expansion geothermal heat pumps, also known as Direct-Exchange GHPs, differ from 

ordinary GHP systems in that they use copper tubes filled with refrigerant in the ground. This 

method is very effective and requires a shorter ground exchanger, less space for horizontal 

loops and shorter boreholes for vertical loop.  

In the past, when Freon-based refrigerants were used, leakage caused environmental 

problems, especially to the ozone layer. However, with modern techniques that can work with 

higher pressures, CO2 can be used as an environmentally friendly alternative to Freon. This 

means that CO2 might also be used instead of the circulating medium.  

One problem with DX systems is the corrosion of copper ground heat exchangers caused by 

aggressive ground water or stray voltage. Therefore, cathodic protection should be 

considered.  

Although the DX method was popular in the 80s and 90s, it was later almost forgotten. 

However, with modern heat pumps, it is possible to use it again. 

Thermo siphon 

The idea behind a thermo-siphon is that is provides heat exchange without a pump to circulate 

a fluid. It works based on two-phase flow: a liquid is injected into the heat exchanger and 

moves down under gravity. It evaporates using ambient thermal energy and the gas rises 

upward where it is cooled (releasing thermal energy) and condenses. When the pressures and 

temperatures are correct, it is a self-propelled passive system. 

An example of an application is a thermo siphon used for snow melting and de -icing for 

road/bridge surfaces or railway switches (Staudacher et al 2022) 

Freezing energy system 

The freezing type of GHE is based on the latent heat acquired during the freezeðthaw cycles 

of water. The GHE has a vertical double-U configuration and is placed into a borehole that is 

filled with water -saturated sand grouting. The temperature of the GHE is around 0 °C. The U-

tube exchangers work separately: one loop extracts geothermal heat and the other restores 

heat from solar collectors during sunny winter days. The latent heat of water is 80 times higher 

than its thermal capacity. This reduces the length of the expensive borehole by 38 percent 

(Eslami-nejad and Bernier 2012). This system is quite common in Sweden, where annual mean 

temperatures are around zero. The freezing method is widely used among the horizontal GHE 

in the states with temperate oceanic and continental climate zones, such as Germany and 

Austria. 
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Other advances in ground heat exchangers  

In addition to the different technologies described so far, a few other advances can 

be mentioned: 

¶ Concentric heat exchangers with insulated inner pipe and helical vanes in annulus 

(Witte, 2012). The idea behind this configuration is to reduce the thermal losses 

between the inner and outer flow channel and, at the same time, achieve better heat 

transfer in the annulus. This was indeed achieved, but at a cost of higher pressure loss 

in the ground h eat exchanger. In the Geotech project this concept was further 

developed and tested. 

¶ U-type heat exchangers with òriflingó on the inner surface (MuoviTech, 

www.mueovitech.com). The idea behind this is to prevent the laminar boundary layer 

at the surface and enhance turbulent flow. 

¶ U-type heat exchangers with varying inner diameter. The idea is to have thinner walls 

at shallower depths and thicker walls at greater depth to maintain strength but reduce 

pressure loss for deeper borehole heat exchangers. 

Drilling Technologies  

Drilling is the technological process of creating a hole for a specific purpose. The ever-growing 

demand for drilling services across various industries is driving a continuous revolution, 

adaptation, and combination of existing drilling techniques. This applies to equip ment, tools 

and the underlying technology.  

Classification of drilling methods  

The inherent complexity of drilling processes poses challenges when it comes to classification. 

Drilling methods can be classified in various ways, depending on a number of factors. Here are 

criteria commonly taken into account when classifying drilling me thods: 

¶ Type of drilling tool: Drilling methods can be categorized based on the specific drilling 

tool employed for material fragmentation and machining.  For example, drilling with 

bits, diamond augers, spiral augers or hammer drills.  

¶ Drive mechanism: Drilling methods can be classified by the type of drive mechanism 

used to rotate the drilling tool. These mechanisms may include electric, diesel, 

pneumatic, hydraulic, or manual drives. 

¶ Purpose of drilling: Drilling can be divided based on the specific objectives it serves. 

For example, geological drilling, exploration drilling, oil drilling, well drilling, drilling for 

research purposes, etc. 
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¶ Geological conditions: Drilling methods can be adapted to a variety of geological 

conditions, including the type of rock, its hardness, groundwater levels, drilling depth, 

the occurrence of fractures or debris and the presence of gases.  

¶ Method of bringing drill cuttings to the surface: mud drilling methods, dry drilling 

methods or the use of compressed air. 

¶ Borehole construction: With the use of casing pipes or creating what is commonly 

referred to as òbare holesó. 

¶ Hole diameter: Drilling methods can be adapted to different hole diameters. There are 

drilling techniques used for drilling small holes as well as techniques for drilling large 

holes, such as drilling large wells or oil wells. 

¶ Degree of precision: Some drilling methods are more precise and allow the drill bit to 

be steered precisely in a particular direction. One example is steerable drilling, which 

permits drilling at an angle or precise guidance of the drill in a specific dire ction. 

The classification of drilling methods can be even more extensive, taking into account various 

combinations of the above criteria or additional factors. In practice, different drilling methods 

are often used, depending on the specific requirements and conditions of a given situation.  

Traditional drilling  methods  

Among the widely employed drilling technologies, we can categorize them into two primary 

approaches: impact drilling and rotary drilling.  

Impact drilling  

When describing drilling methods, it is impossible not to mention the original, or òfirstó 

method. Impact drilling was one of the earliest drilling techniques used by humans. As early 

as ancient times, people used simple tools such as wooden or iron chisels that were struck 

with hammers or other tools to drill holes in rock or soil. In the old days, percussion drilling 

was one of the few drilling methods available, as there was a lack of the advanced technology 

and machinery that is used in this field today. Over time, advancements in drilling technology 

have given rise to more sophisticated and efficient drilling techniques, such as rotary or 

hydraulic drilling However, even in the present day, percussion drilling continues to find use 

in various applications, particularly in situations where alternative drilling methods prove 

unfeasible or impractical. For example, impact drilling is still used in some geological work, 

rock surveys, well drilling, geotechnical construction and in some mining operations. 

Drilling with a tripod impact rope  (figure 39), still in use today, is in theory the simplest of all 

because it does not require any technical knowledge. It relies on a supporting structure 

comprised of 3-4 poles, often referred to as 'legs,' a rope, a guide, and a working pipe 
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Operating procedure: 

1. Elevate the working pipe to its maximum allowable height.  

2. Gradually release the rope to a free-flow status to allow the pipe to penetrate the 

ground as deeply as possible. 

3. Repeat the procedure 2-4 additional times. 

4. Extract the pipe and tap it on all sides with a basic hammer to remove the accumulated 

material. 

5. Following this, the operations recommence. 

 

 

Figure 39. Impact drilling  (source: Rototec archive) 
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Rotary drilling with a tubular or bucket augers. 

Tube augers are commonly referred to as jump-augers. The method is based on the principle 

that, as the drill rig rotates, the auger blade cuts through the rock by burrowing into it. The 

resulting drill cuttings are funneled into the auger or its spiral coi ls and are subsequently 

brought to the surface once the auger is filled. It is commonly used in the drilling of foundation 

piles, where the depth of drilling depends on the length of the kelly drive installed on the 

piling rig. This method can also be employed with universal drilling rigs. Rotary drills can be 

conducted either in an open borehole or within a cased hole. Typically, rotary drilling is chosen 

for boring holes up to a depth of 30 meters and with diameters ranging from 100 -300 mm 

(for universal drill rigs) to 300-1000 mm (for smaller piling rigs) in Tertiary and Quaternary 

formations when drilling through soft, loose and cohesive strata. It is not recommended for 

hard rock formations due to its relatively slow drilling progress. In vertical manif old drilling, 

rotary drilling can be used for shallow vertical manifolds where geothermal conditions are 

particularly favourable or if the size of the horizontal manifold is insufficient (due to insufficient 

plot area). It is one of the cheapest methods, but its use is limited to soft rocks. (Wójcik 2009) 

 

Figure 40 Tube auger. (source: www.archonspzoo.pl/) 

Continuous spiral auger drilling. 

Rotary spiral drilling, commonly known as schneck drilling, is a variation of rotary drilling, 

where the rock worked (loosened) at the bottom of the hole is brought to the surface along 

the plane of a steel strip spirally welded to poles called auger rods. Drilling is carried out with 

simultaneous removal of the drill cuttings (without mud). To excavate the rock, a variety of 

auger types are deployed, including flat augers (fishtail type), triple-feather augers, and 

carbide-blade augers. Auger rods are joined to the auger column through hexagonal or 

octagonal connections, shaped connections (secured with set screws), or threaded 

connections.  There are two types of auger rods: blind and through.  

Auger drilling is used for boring holes ranging from 10 meters to 100 meters in depth, with 

diameters typically spanning 100-300 mm in Tertiary and Quaternary formations when drilling 

http://www.archonspzoo.pl/
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through soft, loose and cohesive strata. It is most often employed in hard and very hard layers 

of clay, loam, siltstone and limestone. Drilling with this method requires high torque, low 

rotational speed and high mast capacity to pull the spiral auger out  with the excavated material 

on its coils. In the case of vertical manifolds, spiral auger drilling can be used in areas made up 

of thick Tertiary and Quaternary formations, provided, however, there are no substantial 

obstructions (exceeding 150 mm in diameter) within the drilling profile. It is particularly 

advantageous to drill with a spiral through -hole (tube) auger using a trailing auger or auger 

pulled out of the hole on poles. This produces a hole protected by an auger column (acting as 

casing pipes) into which the vertical probe is inserted. This is the method that guarantees that 

the probe is seated at the bottom of the drilled hole In Tertiary and Quaternary formations, it 

is notably fast and efficient.  A limitation of using this method is the need  for a drilling rig with 

a substantial installed torque of 25.000-35.0000 Nm, and a large mast capacity of 10.000 - 

20.000 N (Wojcik 2019). 

  

  

Figure 41 Spiral auger. (www.archonspzoo.pl/) 

file:///C:/Users/DX6240/Downloads/www.archonspzoo.pl/
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Drilling for drilling fluid/rotary drilling. 

Drilling with drilling fluid is undoubtedly the most popular technique used for drilling holes.  

This process involves inserting the drill bit into the ground and simultaneously supplying 

drilling fluid to the borehole to remove the drillings (soil, rock, sand, etc.) a nd to cool and 

lubricate the bit. Drilling fluid is a special mixture of fluid, usually water, with the addition of 

bentonite or other abrasives to help remove the drillings.  

There are two variants of this drilling method: direct circulation (straight flush) where the fluid 

is pumped (positive pressure) through the drill -string downwards and up through the borehole 

annulus. This method allows relatively fast and easy drilling to larger depths, but results in 

limited quality sampling due to relatively low fluid -velocity in the borehole annulus. Also, 

drilling diameter is limited. This method is commonly used for installation of borehole heat 

exchangers, oil wells etc. 

The second variant is reverse circulation, there the fluid is pumped out of the drill string 

(negative pressure) and downwards through the borehole annulus. It achieves a much more 

accurate sampling of the soil stratigraphy and allows drilling of larger diameter boreholes. 

Disadvantages is that as it uses negative pressure, the water column will break beyond a certain 

depth and to achieve greater depth air-injection is required. It is commonly used for water -

well drilling, drilling of aquifer systems and ge ological surveys in sedimentary settings. 

Drilling with drilling fluid has several applications, including oil drilling, groundwater 

exploration, well drilling, geotechnics and geological surveys. Drilling mud helps maintain the 

stability of the borehole, protects the walls from sliding and provides informatio n on the 

geological composition of the borehole by analysing the drill cuttings. It is worth remembering 

that the appropriate mud drilling techniques depend on the specific geological conditions and 

project requirements. Professional drilling requires the experience and knowledge of drilling 

and geological specialists. 

Ramming (percussing/pressing)  

While pressing is not inherently linked to drilling, it is advisable to incorporate this traditional 

method whenever feasible. In the early times of shallow geothermal, coaxial heat exchangers 

made from steel have been rammed directly into the underground with pneumatic devices. 

Because of the big problems with corrosion of the steel pipes this method cannot be 

recommended any more. In the Netherlands, rigs for investigations in engineering geology 

(mainly Cone Penetration Test, CPT) have been modified in such a way that they can be used 

for pressing plastic pipes into sandy subsurface. In Sweden special tools have been developed 

for pressing PE-pipes (in form of U-tubes) into soft clay (Sanner 2012). 
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Current drilling methods  

Casing pipes.  

Casing pipes in drilling are special components that are used to stabilise the borehole when 

working in difficult geological conditions. These are usually metal or plastic pipes with a larger 

diameter than the main drill pipe. Casing pipes are commonly used in drilling operations and 

have several important functions. Here are some basic functions: 

¶ Borehole wall protection: Casing pipes are used to protect the borehole walls from 

sliding or collapsing. When drilling through a layer of loose materials, gravel or sand, 

casing pipes keep the borehole walls stable, preventing the walls from sinking or 

collapsing. 

¶ Contamination prevention Casing pipes play a crucial role in safeguarding the borehole 

against groundwater intrusion or the migration of materials between distinct 

geological layers. The risk of groundwater contamination or mixing of materials from 

different geological layers can be minimised through  proper protecting with casing 

pipes. 

¶ Borehole stabilisation: Casing pipes can also be used to stabilise the borehole in 

difficult geological conditions. When the drill bit passes through unstable rock 

formations or soft sediments, casing pipes provide additional stability.  

Single-head drilling system 

It is possible to drill with simultaneous casing using a single head. In this case, the casing and 

drill pipes are driven by the same head and the coupling of the pipes is realised with an 

intermediate coupling. Systems such as ROTEX,ODEX, SYMETRIX, BAJONET, ARCHONEX etc. 

differ in the way the pipes are coupled. Basically, drilling with simultaneous casing involves the 

use of a dedicated coupling that drives both the drill pipe and the casing pipes at the same 

time ð usually these couplings are attached directly under the drill head (e.g. BAJONET). In 

systems such as ODEX and SYMETRIX, the dedicated coupling is located in the borehole and 

is an integral part of the drilling tool, or is located immediately behind it and òpullsó the casing 

pipes behind as drilling proceeds. There are also simpler solutions in which the two-piece head 

rotates simultaneously at all times, but these offer much less opportunity to manipulate the 

depth of the pipe foundation. This type of systems makes it possible, after drilling a section of 

poorly compacted soil, to continue drilling with the bottom hammer. This system is also 

suitable for drilling into mud with simultaneous casing of the hole. During the drilling process, 

it is always possible to pull out the tool through the pipe s and replace it with a new one or 

another tool if necessary. 
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Figure 42.  Archonex System. (source: Rototec archive, (www.archonspzoo.pl/) 

Double-head drilling system 

Drilling with simultaneous casing and the use of a double rotary head is one of the most 

effective ways of drilling with casing pipes, offering a wide array of advantages. The lower head 

is used to drive the casing pipes (usually left-hand threaded), while the upper head (which can 

be equipped with an impactor) drives the inner pipe (usually right -hand threaded). The use of 

a double head enables these two heads to operate in a counter-rotating fashion: the casing 

pipes rotate to the left, while the drill pi pe rotates to the right. This arrangement effectively 

lifts drill cuttings from the bottom of the hole to the surface and maintains the drilling direction 

optimally. The double-head drilling system offers the flexibility to adjust the positioning of the 

two heads in relation to each other and allows for the extension or retraction of the inner pipe 

within the casing, depending on the ground conditions.  

Drilling with diamond augers. 

Diamond augers in drilling refer to a type of diamond drilling tools. Polycrystalline Diamond 

Compact (PDC)  represents a synthetic diamond material employed to create specialized 

inserts, typically ranging in size from 8 to 19 mm, embedded in drill bodies . PDC drill bits are 

widely used in the oil and gas industry. These tools are known for their superior productivity 

and durability.  Their design is based on a metal body that is fitted with special inserts/plates 

coated with a layer of synthetic diamonds. These diamonds are hardened and fused onto steel, 

creating a robust and highly efficient tool for drilling through tough rock formations. PDC drill 

bits are the preferred choice in many drilling applications due to their ability to effectively bore 

throug h various rock types and geological formations.  They also outperform traditional 

file:///C:/Users/DX6240/Downloads/www.archonspzoo.pl/
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augers in terms of efficiency, enabling faster and more cost-effective drilling of oil and gas 

wells. To sum up, while using diamond augers can enhance productivity and precision when 

drilling shallow holes in challenging materials, it entails a higher initial cost for tool acquisition, 

maintenance and replacement.  The decision to employ these tools should be made 

thoughtfully, considering the specific requirements of a project and the availability of 

appropriate resources. (https://www.drillingmanual.com/pdc-drilling-bit-design-guide-components/) 

  

 

Figure 43. Pollycrystalline plates. (https://www.drillingmanual.com/pdc-drilling -bit-design-guide-

components/) 

  

https://www.drillingmanual.com/pdc-drilling-bit-design-guide-components/
https://www.drillingmanual.com/pdc-drilling-bit-design-guide-components/
https://www.drillingmanual.com/pdc-drilling-bit-design-guide-components/


 

 

 

118 

  

 

 

 

Figure 44.  Types of diamond drill bits. (https://www.drillingmanual.com/pdc-drilling -bit-design-guide-

components/) 

Compressed air drilling. 

Compressed air drilling is a drilling technique that uses high-pressure air to remove material 

and maintain cleanliness during the drilling process. It is a popular method used in various 

applications such as drilling, mining, construction and geotechnical engineering. There are two 

main types of compressed air drilling. 

¶ Rotary percussion drilling: This is a drilling method in which the drill head carries out 

rotary and percussion movements simultaneously. High-pressure air is introduced 

inside the drill pipe, flows through the inside and out through a nozzle, which remove s 

drill cuttings and keeps the drill pipe clean. The dual action of rotary and percussion 

movements enables effective drilling through various rock types and materials. 

¶ Rotary drilling: This drilling method involves rotating the drill bit using compressed air. 

The drill does not perform percussion movements, only rotary ones. The application of 

compressed air facilitates the removal of drill cuttings. 

Impact hammer drilling. 

The drilling of shallow boreholes for geoengineering, geotechnical and engineering purposes 

is encountering an increasing demand for a low-cost and fast drilling method. One of the 

recent thriving drilling techniques in this sector is percussion and rotary -percussion drilling. In 

this method, DHH (Downhole Hammer) or DTH (Down The Hole) hammers, which are rotary 

percussion drilling machines, are used for drilling holes. They enable fast drilling in a wide 

range of rock types (Stryczek et al. 2015). 

https://www.drillingmanual.com/pdc-drilling-bit-design-guide-components/
https://www.drillingmanual.com/pdc-drilling-bit-design-guide-components/
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Down-the-hole hammer drilling 

Down-the-hole hammer drilling, also known as impact drilling or dynamic drilling, is a 

technique used for creating holes in rocks, concrete or other hard substrates. This process 

involves the use of a hammer that generates repetitive impacts to break the substrate material 

and create a hole. 

The fundamental components of down -the-hole hammer drilling are: 

1. Hammer: It is a pneumatically, hydraulically or mechanically powered device that 

generates impact force. These hammers have a piston that moves up and down in a 

cylinder, producing the kinetic energy required to break rocks. 

2. Bit: This is a tool in the form of a steel tube or rod that is attached to a hammer. At the 

end of the drill, there is a blade that strikes the rock due to the force generated by the 

hammer. 

3. Air or water: During down-the-hole hammer drilling, air or water is introduced into the 

borehole to remove cuttings, cool the drill bit and maintain the cleanliness of the 

drilling area. 

The down-the-hole hammer drilling process involves repeatedly striking the drill bit against 

the rock while simultaneously rotating it. The energy generated by the hammer causes the drill 

bit to penetrate the rock, with the impacts leading to fracturing an d crushing of the material. 

Cuttings are removed through the introduced air or water, and the process continues until the 

desired drilling depth is achieved. 

Down-the-hole hammer drilling is commonly used in construction, mining, mineral 

exploration, geotechnical engineering, and other fields where drilling into hard substrates is 

required. 

Top hammer drilling 

In this method, the impact tool is mounted at the top of the drill rig, and the impacts are 

transmitted to the drill bit through the drill string. In the case of drilling, it is possible to achieve 

high speeds in very hard rocks to depths of around 70 meters and hole diameters of 76-115 

mm.  This method is often used for drilling blast holes in mines and quarries (Sanner 2012). 

The latest technologies in the field of drilling engineering.  

Down-the-hole hammer drilling powered by water. 

Water as the flushing fluid for down -the-hole hammer drilling is a technology developed by 

Wassara (formerly known as G-Drill) (Sanner 2012). This serves as an alternative to down-the-

hole hammer drilling powered by air. In the Wassara system, the lower hammer connected 

directly to the auger is powered by water at a pressure of up to 180 bar. Up to 670 litres of 

clean water per minute are used for power. Detailed data is presented in Table 16. 
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(www.wassara.com). The producer advertises the high performance of the hammer throughout 

the entire drilled distance, regardless of the depth of the hole. These hammers are designed 

for drilling with diameters ranging from 61 to 254 mm (Stryczek et al., 2015, 

www.wassara.com).  Furthermore, in 2020, Wassara launched a hammer labelled W280, 

characterized by a drill diameter of 305/311 mm, allowing operation at pressures ranging from 

50 to 150 bar with a water consumption of 1200 dm3/min (for 100 bar pressure) (Technical 

Specification W280).  Additionally, the company has developed an innovative Wassara Jet 

Grouting Hammer for performing injections in complex conditions ( www.wassara.com). In 

Sweden and Switzerland, Wassara's down hole hammers have been used for borehole heat 

exchangers (Sanner 2012). 

Table 16.  Description of Wassaraõs DTH water-powered hammers. (www.wassara.com) 

Hammer marking  Hole diameter, mm  
Water consumption, 

dm3/min  

Maximum operating 

pressure, bar  

W50 (2ó) 61/64 55-160 180 

W70 (3ó) 82/89 80-270 180 

W80 (3.5ó) 95/102 70-270 180 

W100 (4ó) 115/120/127 130-354 180 

W120 (5ó) 130/140/152 175-445 180 

W150 (6ó) 165/178/190/203  270-570 180 

W200 (8ó) 216/254 470-670 150 

W280 (12ó) 305/311 1200 150 

W100JG 153/156 130-354 150* 500** 

* rec. operating pressure ** max grout pressure 

The technique of using water instead of air as an energy carrier in DTH hammer drilling is well-

established in the mining and geotechnical industries. Furthermore, it is now being extended 

to include geothermal energy extraction alongside the Wassara system. Recent advancements 

in drilling tools and fluid circulation technology have enabled the drilling of boreholes ranging 

from 400 to even 1,000 meters in depth. For instance, in Königstein, Germany, a borehole heat 

exchanger was successfully drilled to a depth of 413 meters. The primary function of a water-

powered DTH hammer is to convert the potential energy of pressurized water into the 

oscillatory motion of the piston.  This kinetic energy is then transferred through mechanical 

impact to the auger and subsequently to the rock. An example of a water-powered device is 

shown in figure 45 (Homuth et al. 2016). 

file:///C:/Users/DX6240/Downloads/www.wassara.com
file:///C:/Users/DX6240/Downloads/www.wassara.com
file:///C:/Users/DX6240/Downloads/www.wassara.com
file:///C:/Users/DX6240/Downloads/www.wassara.com
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Figure 45.  Water-powered DTH hammer. (Homuth et al. 2016) 

Sonic drilling 

Sonic drilling is an innovative soil penetration technique that harnesses high-frequency 

resonant energy generated by two eccentrics in the drilling head. This energy is directed 

downward through the drill pipe into the bit (auger). During the drilling pro cess, the resonant 

energy, in combination with rotary motion, is consistently transmitted to the tool. This 

simultaneous rotation of the drill pipe enables it to pass through even more resilient materials. 

The operator of the rig has the capability to cont rol the frequency of vibrations generated by 

the drilling head, allowing for precise adjustments to the force required for optimal formation 

drilling (Staniszewski 2022). Eijkelkamp is one of the key players in the field of sonic drilling 

technology.  Sonic drilling is most suitable for penetrating (very) soft, mixed and harder 

formations (all overburden types), and produces a 100% core recovery. Sonic technology is 

used in all types of drilling, but is undoubtedly most popular in ground reconnaissance dril ling, 

or core retrieval. Eijkelkamp has branded its sonic technology as SonicSamp Drill (Eijkelkamp 

Catalogue 2017, Staniszewski 2022). 

A significant advantage of Eijkelkamp's equipment is the inclusion of two distinct heads: a 

sonic head and a classic head (see figure 46), a high-speed head designed for traditional 

drilling methods.  This setup enables swift transitions, allowing the machine to be reconfigured 

in just a few seconds for different drilling techniques, such as drop-in drilling,  facilitating 

uninterrupted drilling operations. The key benefits of this technology include drilling speeds 

of up to six times faster than conventional methods and the elimination of drilling mud usage, 

resulting in reduced waste generation and costs. This drilling process cleaner (Eijkelkamp 

Catalogue 2017, Staniszewski 2022). 
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Figure 46.  The machine is equipped with two heads: sonic and classic. (Staniszewski 2022) 

Eijkelkamp's equipment can be categorized as follows: SmallRotoSonic SRS, 

CompactRotoSonic CRS, MidRotoSonic MRS and LargeRotoSonic LRS. The SmallRotoSonic 

SRS drilling rigs are specifically engineered for drilling (or core retrieval) to depths of up to 50 

meters. They are most commonly tracked rigs. They are designed for geotechnical sampling 

and testing, as well as drilling geotechnical boreholes. Additionally, the PL model is available, 

making them suitable for a wide range of multi -purpose drilling appl ications. 

CompactRotoSonic CRS drill rigs are designed for drilling (or core retrieval) to depths of up to 

75 m. They are fast and efficient especially when working in soft formations. They are also used 

in shallow geothermal drilling.  The MidRotoSonic MRS drilling rigs are designed for drilling 

to a depth of 175 m. 

MidRotoSonic is designed to drill and core all overburden, including hard formations such as 

boulders and rock layers. The LargeRotoSonic LRS rigs are designed for drilling operations to 

a depth of 400 m. One of the LRS Arctic varieties has been specially designed to operate in 

temperatures down to -60°C. The company furthermore offers equipment for Combine Sonic 
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drilling with CPT (figure 47), as well as the DualWall Core barrel sampler (figure 48 and figure 

49). The SonicCPT method combines two cutting-edge technologies to deliver the most 

effective geotechnical testing solution for overburden formations: sonic drilling and cone 

penetration testing. The DualWall Core barrel core sampler is designed for core sampling in 

diverse formations, e.g. soft formations transitioning to hard formations or soft formations 

with hard inserts (Eijkelkamp Catalogue 2017). 

 

 

Figure 47.  W. SonicCPT. (Eijkelkamp Catalogue 2017) 
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Figure 48.  E. DualWall Core barrel - working in highly variable formations. (Eijkelkamp Catalog 

2017) 

 

 

Figure 49. Q. DualWall Core barrel. (Eijkelkamp Catalog 2017) 

 Plasma drilling 

 Plasma drilling also known as plasma arc drilling is a modern technique used in drilling. It uses 

the phenomenon of plasma, which is created by the flow of electric current through a gas. The 
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plasma drilling process involves inserting an electrode into the hole, which creates an electric 

arc between the electrode and the material to be drilled. The plasma arc is formed through 

the passage of electricity through media designed for plasma generation, raising temperatures 

to an impressive range of  3000-6000°C (Kristofic et al. 2016). 

However, it is worth noting that plasma drilling is still a relatively new technology and is still 

being developed. There are challenges associated with the control and stabilization of plasma, 

as well as preventing the drilling hole from collapsing. Nonet heless, as this technology 

advances, plasma drilling holds the potential to become more widespread and find 

applications across diverse fields, including but not limited to oil drilling, mining and 

geological exploration. 

One electric plasma drilling rig was developed by GA Drilling. The team focused on selecting 

the most suitable alternative approach to classic drilling methods for breaking up rock 

formations. Laser drilling was ruled out due to its limited applicability for s mall-diameter holes. 

Water jet, chemical plasma and plasma channel drilling were also rejected due to a number of 

significant disadvantages associated with delivering the working fluid at high pressure or 

maintaining an adequate working temperature. Plasma drilling technology is based on the 

spatial rotation of an electric arc (figure 50) (Kocis et al. 2017). Furthermore, the method is 

protected by a patent (Kocis et al. 2013). 

  

 

Figure 50.  Plasma drilling process. (Kocis et al. 2017) 
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Plasma drilling under laboratory conditions (on a small scale) has also been carried out by 

researchers at Texas A&M University. They delivered energy in the form of plasma to induce 

microfractures in rock samples. The study involved a comparative analysis of two types of 

granite samples: one subjected to plasma pulses with 40kV and 80 J of energy and the other 

left in its natural state. Upon analysing the outcomes, it was observed that the effectiveness of 

the plasma treatment was influenced not only by th e hardness of the sample but also by the 

size and structure of the rock grains (Kazi et al. 2020). 

Furthermore, researchers from Switzerland and Germany introduced a plasma-related 

technology known as Plasma-Pulse Geo-Drilling (PPGD). This method was developed mainly 

to minimise the cost of drilling deep boreholes to access geothermal energy.  It is an innovative 

drilling technology that uses high -voltage electrical pulses to destroy rock without mechanical 

abrasion. In laboratory conditions, scientists have conducted tests under high lithostatic 

pressure, reaching up to 150 MPa, equivalent to depths of approximately 5.7 kilometres.  In 

the PPGD process (figure 51), two electrodes positioned at a distance from each other expose 

the rock surface to electrical pulses exceeding 200kV, with each pulse lasting for 2 

microseconds. These pulses induce electrical breakthrough inside the pores of the rock, 

causing high tensile stresses that cause the rock to fracture. Phase I and Phase II show the 

formation of plasma in the p ores and the resulting expansion of the pore space. Phases III and 

IV show the formation of the plasma channel, its expansion and final rock damage (Ezzat et al. 

2022a, Ezzat et al. 2022b). 

  

 

Figure 51.  PPGD operating diagram. (Ezzat et al. 2022b) 

 Water jet drilling. 

The process of drilling using a high-pressure water jet has been known for a long time. 

Nevertheless, it deviates from the conventional approach employed for drilling various types 

of holes. The water jet drilling technique (mainly for small diameter holes) requires a departure 

from traditional methods of transferring mechanical energy to the drill bit. By harnessing the 
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energy of the streaming jet expelled from the auger nozzles, i.e., hydraulic energy, it becomes 

feasible to engage in rock hydroprobing. The method of rock hydroprobing is described in 

Maurer's work from 1980, among other sources. 

In Germany, high-pressure water jet drilling was further developed and tested in the early 

1980s. In recent years, the Geothermiezentrum of Bochum University of Applied Technology 

together with Vaillant GmbH & Co. KG developed a drilling rig for this type of drilling, called 

Vaillant geoJETTING (figure 52).   

 

 

Figure 52. Vaillant geoJETTING. (Kaczmarczyk 2009) 

This drilling method uses water at a pressure of 1,000 bar and up to 80 l/s (which is much 

lower than the values for the aforementioned Wassar DTH hammer operating at maximum 

pressures). The crucial requirement for this drilling process is the use of clean and particle-free 

fresh water. The water jet destroys the rock. However, a significant limitation of this drilling 

technique is that it yields virtually no, or very minimal, drill cuttings to the surface. 

Consequently, no geological data about the drilled  strata can be acquired.  After the borehole 

has been successfully drilled, the drill head is extracted through the conduit. During this phase, 

a protective 3¼" diameter mud pipe is employed to safeguard the borehole.  Thanks to the 

large diameter of the m ud pipe, it is possible to grout the exchanger tubes and introduce 

sealing grout. The geoJETTING unit is also equipped with an adjustable arm, which makes it 

possible to drill diagonal holes, even multiple ones from a single location, similar to the GRD 
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method. A diagram illustrating the operational principles of the geoJETTING method is 

provided in figure 53 (Kaczmarczyk 2009, Sanner 2012). 

 

 

Figure 53.  geoJETTING method. (Kaczmarczyk 2009) 

The development of liquid jet drilling is ongoing and finds applications primarily in small-

diameter boreholes. One such application is in quarry drilling using water jet technology. As 

an example, radial water jet drilling technology was used to drill five horizontal holes in the 

wall of the Gildehaus quarry near Bad Bentheim, Germany (Reinsh et al. 2018). A detailed 

description of radial water jet drilling technology is provided by Blocher et al. 2016. Another 

example is the use of this type of drilling for radial drilling to improve hole performance ( figure 

54. For this purpose, heads of a specialised design are used (Fig. 5.4.4.) (Peters et al. 2015). 
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Figure 54.  Radial drilling in a vertical borehole to increase borehole capacity. (Peters et al. 2015) 

  

 

Figure 55. Components of an example water jet drilling head. (Peters et al. 2015) 

  

¢ƘŜ ά9ŀǎȅ ŘǊƛƭƭέ ƳŜǘƘƻŘΦ 

The òEasy drilló method was developed within the framework of the European Cheap-GSHPs 

project and subsequently implemented within the GEO4CIVHIC project (Pockele et al. 2021, 
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Galgaro et al. 2022). This method involves the development of a centric (coaxial) borehole heat 

exchanger  (GSHE) and a compatible machine utilizing a piling technique. 

This method is primarily tailored for deployment in soft, unconsolidated ground to streamline 

both drilling and borehole heat exchanger installation, thereby reducing time and cost. The 

machine features a roto-vibrating head that incorporates high -pressure water injection. 

Stainless steel pipes with a 50 mm diameter serve as the drill string or rod. After completing 

the drilling process, these pipes remain in the borehole and function as a centric borehole heat 

exchanger. The primary advantage of this approach lies in the elimination of the additional 

time required for casing the heat exchanger pipes.  Based on publicly available data within the 

GEO4CIVHIC project to collect information on drilling time and costs based on lithologies, the 

òeasy drilló method is applicable for drilling clays, fine sands, gravels, sands (Galgaro et al. 

2022). 

¢ƘŜ ά9ƴƭŀǊƎŜŘ Ŝŀǎȅ ŘǊƛƭƭ ǘŜŎƘƴƻƭƻƎȅ ό995¢ύέ ƳŜǘƘƻŘΦ 

One new method called Enlarged easy drill technology (EEDT) was also developed as part of 

the Cheap-GSHPs project (the Cheap and efficient application of reliable Ground Source Heat 

exchangers and Pumps) (Bertermann et al. 2018). HYDRA S.R.L., a project participant, has 

developed a standardized, user-friendly drilling technology comprising technologically 

advanced drilling equipment with specialized components as drill rods, combined with a 

special auger that enables drilling holes with diameters ranging from 101 to 152 mm. The 

special structure was designed to serve a dual purpose: it acts both as a drilling tool and as a 

casing to prevent the hole from collapsing. This versatility is achieved through the use of a 

specialized drilling auger that can be detached at the end of the drilling operation, leaving an 

empty space for casing the exchanger pipes. To perform the auger retrieval operation, a 

specialized tool called a fishing tool is necessary. It is connected to the winch of the machine 

and then lowered into the borehole. Using the winch, the fishing tool pulls the auger out of 

the hole, leaving an empty space. Compared to other traditional drilling systems, this method 

can lead to cost reduction by reducing the operation time, as fewer steps are required.  

Additionally, as part of the project, a new shallow heat exchanger (with a diameter of 260-275 

mm) was developed for depths of approximately 15 meters. This spiral heat exchanger has a 

smaller diameter compared to standard products on the market, such as the REHAU Helix, 

which has a diameter of 350 mm.  This operation also contributes to fuel savings. In addition, 

the project used this method to install the new construction. The new construction consists of 

pipes with a length of 1500 mm and an external diameter of 356 mm. A metal spiral with an 

external diameter of 450 mm was welded onto the outer surface of the pipe. In addition, a 

drag/chevron-type drill -bit -to-loose auger was designed. An overview photo of the Enlarged 

easy drill technology (EEDT) is shown in figures 56 and 57 (Muller et al. 2018). 
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                       a)                                                    b) 

Figure 56.  Enlarged Easy Drill Technology (EEDT): a) casing with an externally welded spiral, b) 

drag/chevron-type drill-bit-to-loose for soft and clay formations. (Muller et al. 2018) 

  

 

Figure 57.  Casing from the Enlarged Easy Drill Technology system. (EEDT) (Bertermann et al. 2018) 
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Figure 58.  Making heat exchangers using Enlarged easy drill technology. (EEDT) (Bertermann et al. 

2018) 

Geothermal Radial Drilling. 

When considering drilling methods in geothermal applications, it is important to mention a 

system for creating multiple borehole heat exchangers from a single location known as 

Geothermal Radial Drilling (GRD) (figure 59. The fundamentals of this method were developed 

by Tracto-Technik company in the late 1970s (Bayer 2007), and in 2006, they introduced a 

modern tool with intelligent solutions for executing such installations (Sanner 2012). The first 

user of GRD in Poland was KNOW (Sokolnicka and Derwich 2010).  Other works related to the 

creation of radial or inclined borehole heat exchangers continue to the present day. When 

discussing GRD technology, it is also worth mentioning borehole heat exchangers with direct 

expansion by Georg Haase from Kirchundem (Sanner 2012), as well as traditional inclined 

borehole installations drilled from various locations within the Laboratory of Geoenergy at the 

Faculty of Drilling, Oil, and Gas at the AGH University of Science and Technology (Ŝliwa et al.). 

2017). 
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Figure 59.  The GRD method. (Bayer 2007) 

A specialised drilling rig is used to drill this type of boreholes ( figure 60). The boreholes drilled 

are diagonal boreholes, generally between 40 and 60 m long. The difference between GRD 

and conventional drilling is primarily the need to drill a launching well (chamber), typically with 

a depth of 1 to 2 meters. Drilling is most oft en possible at an angle of 30 to 65 degrees (figure 

61), but there are rigs that permit drilling at angles ranging from 30 to 90 degrees (Ŝliwa and 

Kucper 2017). 

  

 

Figure 60.  Specialised drilling rig for GRD technology. (Sokolnicka and Derwich 2010) 
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Figure 61.  Setting the drilling angle (Sliwa and Kucper 2017) 

VibroDrill Method GEO4CIVHIC 

The GEO4CIVHIC project aimed to develop the VibroDrill method as an improvement on 

classic rotary drilling. The new VibroDrill head developed as part of the project uses the Terra 

Infrastructures (TI) vibrating head technology in the form of a new compact drilling head 

specifically developed for shallow geothermal applications. The VibroDrill head generates 

vibration energy, which passes through the drill string to the drill bit. The drill rig the n piles 

this into the soil with a selected frequency dependin g on soil conditions for optimum drilling 

speed. The head consists of a rotary drive and an oscillator (vibrator). The head allows the 

rotational movement of the drill string and generates up and down movement of the drill 

string and bit. Eccentrics (imbalances) in the vibrator create the movement and the amplitude 

of the movement can be regulated by adjusting the positions of the eccentrics to generate 

vibrations of between 80 and 130Hz. The fast up and down movement liquefies the 

surrounding soil particles while the drill bit generates small cuttings and chips by creating 

small fractures in the bottom face of the hole and loosening up rock in the area around the 

borehole. Injection of water or other drilling fluid into the soil is possible using a rotary s eal in 

the flushing ring of the head. This helps to soften unconsolidated soil and aids displacement. 

It is possible to introduce compressed air when required and the head functions in the same 

manner as DTH drilling.  The VibroDrill method has been successfully demonstrated in the 

installation of GHEs in the Geo4CIVHIC project (Bertemann, 2023 & Bernardi & Bampa, 2023) 

to achieve improved drilling speeds in unconsolidated material and medium to hard rock 
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compared to conventional rotary water flush methods.  In hard rock the performance if 

comparable to the DTH technology. 

The TI VD80 VibroDrill head is coupled with a portable, small footprint Hydra Joy3 drilling rig 

and deliver the capacity to complete boreholes to depth of 100 to 150m using a series of 

different completion solutions.  An adaptable drill bit system allows b oth a conventional 

methodology of drilling, withdrawing the drill string and then installing the ground heat 

exchanger to be achieved.  In addition, a lost-in hole and crown (open) bit allow the drilling to 

be performed in unstable ground conditions, using  the drill string to protect the annual space 

on completion.  This allows the ground heat exchanger to be installed inside the drill string, 

the grouting to take place and the final withdrawal of the drill pipe upon completion of the 

installation. 

The method can be used with both drilling with air or water to flush the cuttings from the 

borehole. 

There are a number of improvements with the VibroDrill method compared to conventional 

drilling.  These include improved rates of penetration (up to 1 m per minute) without need for 

a big air compressor compared to DTH. Allows more precise drilling alignment with possible 

deviation only 1%. Vibrations allow easier retrieval of drill strings and casings in areas of 

unstable ground.  

Environmental Improvements 

The Vibrodrill method is developed mostly to allow for the reduced diameter of completion of 

the SGHE section of the borehole.  Typically a 134mm bit is used to complete the borehole, 

which provides a reduction in the drilling diameter requirements and the  amount of spoil 

generated during the drilling operations.  The reduced diameter also requires reduced 

volumes of flushing medium (air or water) compared to conventional methods due to small 

cuttings and small amounts of cleaned drill mud water required as drilling fluid. With the use 

of compressed air, there are significantly lower requirements in terms of the size of the 

compressor used compared to the ones used using a DTH method (typically c. 8m3/min at 12 

bar compared to c. 24m3/min at 24 bar for the DTH).  The reduced size of the drilling rig and 

compressor in the case of air drilling offer lower noise emissions compared to DTH. The 

improved energy efficiency from the hydraulic powered VibroDrill head also result in reduced 

fuel consumption for the inc reased drilling rates achieved. 

The future of drilling.  

Scientists are determined to take advantage of all the modern technical innovations that can 

generate powerful energy in the drilling industry. However, they face numerous difficulties, the 

main one being the high cost of implementing these technologies. T he drilling industry is 

extremely demanding in terms of power and efficiency. Researchers are therefore looking for 
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alternative solutions such as any electrical solutions, the use of temperature, laser technology 

or controlled explosions, which could significantly increase drilling efficiency. Additionally, 

there is a growing focus on methods grounded in robotics, autom ation and increasingly 

autonomous tools. Despite the huge potential of these innovations, their implementation is 

often limited by high costs. Developing advanced power, control and security systems can lead 

to expenses that surpass the budgets of many companies.  However, researchers remain 

resolute  and continue to pursue more cost-effective and efficient solutions. Recognizing the 

increasing significance of sustainability, they are focusing on developing technologies that are 

not only efficient but also more environmentally friendly. The outlook for the future holds 

promise, with technological advancements poised to usher in more cost-effective solutions. 

Investment in research and development in this area aims at reducing costs and making these 

advanced technologies accessible to a wide range of businesses.  

Fire jet drilling (spallation drilling).  

Thermal drilling can be further subdivided into three types based on drilling depth (pressure): 

flame (fire) jet drilling, thermal jet drilling, and hydrothermal drilling. One of the promising 

types of future drilling is Fire jet drilling, also known as spallation drilling.  This method has 

been known since around the mid-20th century, but it has remained a niche technology 

throughout this time.  Its operation is based on the fact that numerous (mostly hard) rocks 

fracture into small pieces when subjected to sudden heating (spallation). Therefore, a burner 

chamber, supplied with oxygen and heating oil, is installed on the drill string, creating a flame 

with speeds of up to 1800 m/s and temperatures reaching 2400°C. Typical fuel consumption 

stands at 150 litres per hour.  Simultaneously, water is added and pumped, which cools the 

burner jets and aids in transporting crushed rock to the surface along with the pressure of the 

exhaust gases.  Fire jet drilling is a rather complex process. These methods are only practical 

when drilling into exceptionally hard rocks, where conventional drilling techniques make 

almost no progress (Sanner 2012). Moreover, literature contains references to technologies 

like flame jet drilling, a form of drilling equipment distinguished  by its ultra-hot hydrogen 

flame, which induces fracturing and stripping of primarily amorphous and sedimentary rocks 

(United States Patent 4073351). Flame jet drilling is intended for use at depths of less than 1 

km. Scientific research on spallation drilling primarily encompasses theoretical examinations 

and experimental investigations, centring on the analysis of rock properties under conditions 

of elevated temperature and pressure, as well as the numerical simulation of microcrack 

initiation in rocks. The groundwork for this research has been laid by the efforts and 

contributions of individuals  like Tester.  Additionally, analytical models and simulations 

pertaining to this subject have been developed (Lyu et al). 2018, Song et al 2019). 

Another technology within this field is thermal jet drilling, primarily suitable for hard 

formations This method is analogous to the technology described earlier, involving the 

generation of high -temperature flame (or, less commonly, a fluid).  The application of 
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extremely high temperatures induces uneven stresses within the rock, leading to its 

fragmentation into disc -shaped fragments. In field applications, fuel and oxidizer are injected 

into a reaction chamber within the borehole through coiled tubing, where the y are 

subsequently ignited (see figure 62 The entire spallation process can be divided into three 

stages: the initiation stage, the expansion stage and the combustion stage (Song et al.). 2019). 

  

 

Figure 62.  Thermal drilling and thermal spallation process (Song et al. 2019). 

Hydrothermal drilling is a method of extracting geothermal energy found in formations deeper 

than 2 km. What sets this method apart from its predecessors is the formation of reaction 

products, primarily water and carbon dioxide, in a supercritical state.  Numerous scientists have 

investigated this technology through a combination of experiments and computer simulations 

(Song et al.). 2019). This method is often referred to in the literature as Hydrothermal Spallation 

Drilling. Hydrothermal flames are characterized by elevated temperatures, typically exceeding 

1000°C, and remarkably rapid reaction times, often as brief as 10-100 ms for complete 

oxidation of the reactants.  Further insights into the properties of supercritical water mixtures 

and additional information regarding hydrothermal flames can be found in the works of 

Augustine (2009), Wang and Wang (2019), among others. 
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Erosional drilling. 

Erosional drilling is a technique that employs electrical discharge processes to melt, partially 

evaporate and displace materials within the borehole. However, this technology creates non-

circular voids. Erosional drilling is frequently employed in metal processing, and extensive 

research has explored its potential application in rock drilling, particularly for hard rock 

formations.  There is no information on its practical application, though. The difficulty of 

implementation, high energy demand and the lack of adva ntages compared to conventional 

drilling methods currently hinder its development in the field of drilling as a whole (Sanner 

2012).  It is worth mentioning research and a patent from the USA related to the Erosion well 

drilling method and apparatus. A met hod for drilling deep wells includes lowering a high 

pressure pipe with a nozzle at its bottom down the well, filling the lower half of the pipe with 

a fluid, pumping an ignitable gas mixture into the pipe region above the fluid, and igniting the 

gas to create a high pressure reservoir of gaseous combustion products that eject the fluid 

through the nozzle at high velocity. The nozzle is lowered during or after each fluid ejection, 

the gaseous combustion products are exhausted, and then additional fluid and gas are 

pumped into the pipe and the gas is ignited to further deepen the well (Godfrey 1973).  

Electric Impulse Technology. 

Electric impulse drilling was developed as an alternative primarily in response to the high cost 

associated with drilling in hard crystalline rock. Electric Impulse Technology (EIT) is based on 

the principle of an electrical discharge occurring within the rock. To achieve this, a high-voltage 

electrode (up to 500 kV) and a ground electrode are positioned on the rock,  with both the 

rock and electrodes surrounded by a fluid, typically consisting of water and drilling mud.  This 

fluid acts as an insulator for extremely rapid electrical rise times of 10-9 seconds.  In this way, 

the electrical discharge occurs inside the rock, creating what is known as a plasma channel, 

where very high pressures and temperatures are generated, leading to damage to the rock 

structure. A diagram illustrating the operation of the EIT method is presented in figure 63. 

(Lehmann et al.). 2015). 
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Figure 63.  A diagram illustrating the operational principles of Electric Impulse Technology (EIT). 

(Lehmann et al. 2015, Anders et al. 2017) 

Electric Impulse Technology (EIT) was developed as part of a project by the German Federal 

Ministry of Economic Affairs and Energy. The technology is primarily designed for drilling deep 

geothermal boreholes, with design parameters accounting for extreme rock mass conditions, 

including temperatures of up to 200°C and pressures of up to 750 bar, while maintaining a 

maximum drill diameter of 12 ¼ inches. The EIT system was developed as an autonomous 

drilling tool, necessitating power generation at the bottom of the borehole. The components 

of the EIT are shown in figure 64 (Lehmann et al. 2015, Anders et al. 2017). 
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Figure 64.  The components of the EIT (Lehmann et al. 2015). 

 In the subsequent  development stages of the method, the DEISY (Deep Drilling with Electric 

Impulse Drilling System) drilling system was devised (figure 65). The designers sought 

compatibility with the existing deep drilling equipment, eliminating the necessity for cables in 

the well or on the drill string, as well as any special additional equipment during drilling. The 

only way to achieve this is to generate electricity and high-voltage pulses directly in the 

borehole, hence the equipment must be integra ted into the drill cable (Lehmann et al. 2017). 

 

 

Figure 65.  DEISY drilling system. (Lehmann et al. 2017) 

The prototype rig was tested in-situ at the research fields of TU Bergakademie Freiberg. The 

entire EIT system consists of the following components: the EIT prototype, a device for lifting 

and lowering the prototype, drilling fluid processing equipment, electrical power supply, a 

heavy-load crane, containers for the agent and control units, as well as tool setup and storage 

(figure 64 and 65). (Lehmann et al. 2017) 
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Figure 66.  Components of the EIT system - diagram (Lehmann et al. 2017). 

  

   

Figure 67.  EIT system during testing. (Lehmann et al. 2017) 

Millimetre Wave Technology . 

The development of millimetre wave sources has also played a significant role in the progress 

of drilling technology.  Traditional drilling methods can be very expensive, especially when 

drilling to depths exceeding 7.6 kilometres. Energy technology targeting millimetre waves 

enables a new ability to drill very deep holes, as evidenced by research conducted at the 

Massachusetts Institute of Technology (Woskov and Cohn 2008). The innovative solution 

described below, aimed at surmounting the constraints of co nventional drilling techniques, is 



 

 

 

142 

  

 

 

referred to in the literature as MMW Drilling ( Millimetre  Wave Drilling) (Woskov et al. 2014, 

Woskov 2017, Houde et al. 2021). 

Millimetre wave radiation (MMW) refers to electromagnetic frequencies higher than 

microwaves but lower than infrared radiation. A MMW deep drilling system requires only one 

component in the borehole, the waveguide, which has only one motion of advance into  the 

hole as it is deepened. There are no other parts or mechanical movements in the borehole. All 

the drilling and fracturing work is done by the beamed energy and concurrent purge gas flow. 

Figure 68 shows an elevation cross-section view of the bottom of  a borehole with a waveguide. 

Rocks are good MMW absorbers. A fully absorbed 1 megawatt beam with an average surface 

power density of 50 kW/cm2 in a 5 cm diameter borehole will raise the rock surface 

temperature to 3100 °C (boiling temperature of SiO2 at 1 atmosphere) in about 1 millisecond. 

The resulting saturated pressure rock vapor will form nano particle smoke that would be blown 

out by the purge gas. The research of the Massachusetts Institute of Technology has explored 

the theoretical basis, as well as the technical feasibility and economic potential of directed 

millimetre wave (MMW) energy for rock drilling at frequencies from 30 to 300 GHz (Woskov 

and Cohn 2008, Woskov and Cohn 2009). 
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Figure 68.  Cross-section of the borehole bottom with a waveguide.  (Woskov and Cohn 2008) 

To demonstrate the feasibility of MMW beam drilling, a laboratory study was prepared. A 

waveguide delivery, monitoring and laboratory instrumentation system was designed, built 

and tested around an existing 28 GHz frequency (figure 69) 10 kilowatt (kW) gyrotron. Real-

time monitoring of the drilling process was also demonstrated. he technical feasibility of using 

only high-powered intense millimetre waves to melt (with some evaporation) four different 

rock types (granite, basalt, sandstone, limestone) was then demonstrated in 36 laboratory 

tests. In addition, full borehole drilling up to 2ó diameter (size limited by available MMW 

power) was demonstrated on granite and basalt samples. Moreover, a number of other tests 

were performed. The Chamber test is shown in figure 70. and the results of exposure to a 28 

GHz MMW beam of up to 4.2 kW for more than 30 minutes are shown in figure 71. Detailed 

descriptions of MMW drilling methods are described, among others, in Oglesby et al. 2014. 

Mathematical descriptions, on the other hand, are presented in Voskov 2017. 
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Figure 69. The 28 GHz transmission line system used in the study. (Oglesby et al. 2014) 
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Figure 70.  Test Chamber. (Oglesby et al. 2014) 

  

 

Figure 71.  The results of exposure to a 28 GHz MMW beam with power up to 4.2 kW for over 30 

minutes (Oglesby et al. 2014, Woskov et al. 2014). 
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Melting drilling. 

In the 1980s, one of the proposed methods of drilling for high -temperature geothermal energy 

was melting drilling. This method was to involve melting boreholes using electrically heated 

augers. The advantage of this method would be that during melting, a solidified layer would 

form on the walls of the borehole, acting as an additional seal against the surrounding rock. 

There is no information in the literature on the practical application of this technology, but 

there is a lot of information on research int o this issue (Sanner 2012). The topic of rock melting 

has been addressed by researchers at Los Alamos National Laboratory, among others. The 

concept of rock melting  originated in 1962 (Armstrong et al. 1962). Research work on this issue 

gained momentum in 1973, when a programme called Subterranean Research was established, 

sponsored by the National Science Foundation USA (Hanold et al. 1977). The researchers 

analysed drilling systems based on electrically heated graphite or molybdenum penetrators. 

The primary function of the penetrator was to induce rock melting and form a protective 

coating using the molten material. This coating served the dual purpose of preventing hole 

plugging and minimizing the risk of unwanted reservoir medium inflow or circulation lo ss. The 

penetrator used is a non-rotating element ( figure 72).  

 

Figure 72.  Penetrator for melting drilling. (Goff et al. 1995) 

Melting drilling technology has many advantages over conventional drilling methods. The 

main one is that there is no need for conventional lubricants or muds. It is also possible to 

postpone or dispense with the cementing procedure through the fact that a spontaneous 
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casing is formed from the drilled rocks (Goff et al. 1995). The cross-sections of sample 

penetrators are shown in figure 73 and figure 74. 

 

 

Figure 73.  Cross-sections of sample penetrators. (Hanold et al. 1977) 

 

 

Figure 74. Cross-sections of sample penetrators. (Rowley 1974) 
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Earthworm-like drilling. 

Bionics, an interdisciplinary science studying the structure and principles of organism 

functioning and their adaptation in technology and the construction of technical devices 

modelled after organisms, is employed in numerous industrial fields One of these is drilling, 

where a drilling method called Earthworm-like drilling has been proposed. This method uses 

multipoint vibration technology which accurately represents the movement and bo dy 

structure of earthworms. The earthworm can generate a backward wave along its body by 

controlling the shrink and relaxation of muscle in its somites and can adjust the friction force 

between a somite and the cavity wall by controlling the bristle that extends from and retracts 

into the somite.  The earthworm moves forward, in combination with squeezing and devouring 

the soil to form the hole. In addition, the earthworm distributes the required enormous friction 

of the whole body by moving towards the lower friction of each somite. Meanwhile, the bristle 

of the somite penetr ating the soil acts as a pivot point for impaling the neighbouring  somite 

as it moves, effectively maximizing friction utilization. Researchers from China have proposed 

an analogous process for drilling boreholes (Wang et al. 2018a, Wang et al. 2018b). 

Every vibrator and adjacent drill-string are equivalent to one earthworm somite. A hydraulic 

pulse generator and more than one axial oscillator are mounted in the drill -string from bottom 

to top. The hydraulic pulse generator can generate further pulse pressure through a 

mechanical column valve. A schematic diagram of the Earthworm-like drilling method is shown 

in Fig. 6.6.1. (Wang et al., Wang et al. 2018a, Wang et al. 2018b). 

  

 

Figure 75. The operational principles of Earthworm-like drilling: 1-upper sub; 2-sleeve; 21- low-

pressure hole; 3-lower sub; 4- centre shaft; 41-high-pressure hole; 5,6-disc spring; 7- 

moving clearance; 8-seal; 9-high-pressure chamber; 10-low-pressure chamber. (Wang et 

al. 2018a) 

The axial oscillators can elongate axially a maximum of 10 to 15 mm after receiving the positive 

pulse pressure generated by the hydraulic pulse generator and subsequently shorten to the 

original condition after the pulse pressure disappears. All parts of the axial oscillator are 
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rotatable, except for the fitting (parts 2 and 4 in 6.6.1.), which is hexagonal.  This specific 

hexagonal structure causes the centre shaft to only slide axially relative to the sleeve to 

transmit the axial load and torsion torque of the drill -string. In the drilling process, the high-

pressure chamber fills with high-pressure drilling fluid and the low -pressure chamber fills with 

the low-pressure drilling fluid. There are four forces acting on the centre shaft in the axial 

direction. When drilling, the pressure pulse excited by the hydraulic pulse generator with 

certain frequencies and amplitudes spreads upward inside the drill-string.  The axial oscillator 

elongate in an orderly manner when the pulse pressure passes through, and the shakers shrink 

under the axial compressive force after the pressure pulse disappears.  The combination of 

positive pulse pressure and axial compressive force makes the shakers vibrate periodically. In 

the presence of the weight component of the drill -string in the axial direction , the drill-string 

moves forward smoothly. The drill pipe has a similar structure and backward wave propagation 

pattern to the earthworm. However, the drill pipe cannot actively regulate the friction of each 

element individually, as is the case with earthworms. The described solution is in the research 

and simulation phase. The mathematical models that are created and solved show that this is 

a future-proof method, significantly reducing friction (Wang et al. 2018a, Wang et al. 2018b). 

Use of explosives. 

The use of explosives in drilling is primarily associated with the drilling of blastholes in which 

explosives are placed. It is the use of explosives that is the main method of extracting rock in 

underground and open -pit mining. Borehole drilling is often carried out using drilling rigs, 

which enable vertical drilling (downward or upward), as well as horizontal or inclined drilling. 

However, much smaller devices, such as electric, pneumatic, or hydraulic drills, are also 

employed for this purpose. Blasthole drills have also found their way into quarries, as well as 

during tunnelling by blasting methods. They are used in cases where it is not possible to 

excavate by machine or by hand, most often because the rock is too compact. The procedure 

involves drilling suitably spaced blast holes, loading them with explosives, arming them with 

fuses, making a tamping, connecting the fuses to the igniter with electric wires and setting off 

the explosives with an electric igniter. Mining consumes most of the explosives for civilian use 

(about 98%). The annual consumption of explosives in Polish mining is approximately 41 

million kg, while the consumption of detonators is around 11 million pieces.  (Magier et al. 

2018, Pytlik et al. 2019). 

A novelty lies in the elimination of the drilling process through the use of shaped charges.  For 

this purpose, shaped charge heads are employed, which have found applications not only in 

the military sector but also in the oil and gas drilling industry.  New technical possibilities for 

creating blast holes using shaped charges, often referred to as perforation with the use of 

shaped charges, are described in numerous studies, including those by Burian et al. 2016, 

Magier et al. 2016, Magier et al. 2018, Pytlik et al. 2019. A typical shaped charge head consists 

of explosive material and a liner on one side and a detonator on the other side.  The liner 
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usually has a conical shape but can also be semi-circular or of another shape. Liners are made 

from various materials such as copper, zirconium and steel. A simplified cross-section diagram 

of a shaped charge and the particular phases of the cumulative jet formation process are 

presented in figure 76 (Burian et al.). 2016). 

  

 

Figure 76.  W. A cross-section diagram of a shaped charge and the particular phases of the 

cumulative jet formation process (Burian et al.). 2016). 

During detonation, the detonation wave travels from the left to the right side of the explosive 

at a speed of about 6-7 km/s and generates a pressure of about 3x1010 Pa, which causes the 

head housing to swell and consequently fragment. Typically, the time required for the 

detonation wave to pass to the top of the liner cone is about 6 µs. The very high pressure 

created after detonation of the explosive leads to rapid deformation of the liner towards its 

axis, a process usually referred to as collapse. The symmetry of the liner results in only non -

zero momentum remaining in the direction of the symmetry axis once the symmetry axis of 

the opposite parts of the liner is reached. The geometry of the liner must allow momentum to 

be focused, after deformation duri ng detonation, in the direction of the axis of symmetry of 

the liner. Two streams are formed during detonation, having velocity with respect to the liner 

symmetry axis. One (main) jet moving at a velocity of 6-15 km/s towards the target, which, as 

a result of detonation -induced pressure well beyond the yield limit, takes on a liquid form with 

high penetration capability. The second jet, called the slug, moves at up to 1 km/s. When 

conical liners are used, most of the liner material forms the slug (Fig. 6.7.1.). The main jet 

continues to elongate until it reaches the target.  Therefore, the timing of the shaped charge 

detonation is crucial to ensure that the jet forms adequately before reaching the target, 

ensuring maximum penetration. Approximately 50 µs after detonation, the liner takes on a 

sword-like shape (Fig. 6.7.1.), typically at the moment of contact with the target. The 

mechanism of material penetration by the cumulative jet is based on the plastic flow of the 

penetrated material, as the driving factor behind material penetration is the kinetic energy of 

the jet. Shaped charges used in mining applications primarily differ in the design of the liner, 

which must be tailored to the drilling of holes with specific parameters. In contrast to military 
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applications, shaped charges for use in the mining industry need to bore holes with larger 

diameters and a uniform cross-sectional profile. This is necessary due to the ongoing blasting 

operations in mining. In the mining industry, hole drilling takes plac e in rocks with varying 

densities, often containing discontinuities such as fractures. This necessitates the design of a 

shaped charge liner that enables the creation of a jet for drilling holes approximately 2 meters 

long in an environment conducive to di spersing this jet. In addition to theoretical 

considerations, field experimental work has been carried out in the research (Burian et al. 2016, 

Magier et al. 2016). 

Certainly, when exploring the realm of explosive-assisted drilling, it is essential to consider the 

utilization of shaped charges for perforating boreholes, especially in various geological and 

mining contexts.  This primarily pertains to the application o f specialized products designed 

for controlled blasting within boreholes using directed explosives. Moreover, blasting 

technology has found practical applications in access, rescue and specialized operations, such 

as torpedoing or fracturing reservoirs, conducted within boreholes at depths of up to 10 km 

(Frodyma and Wilk 2007, Wilk and Zygmunt 2007). 

Torpedoing, a technique dating back to the early 19th century, involves placing a high-

explosive charge, initially liquid nitro -glycerine, and later dynamite, at the bottom of a well 

when drilling into a low -productivity deposit.  The resulting explosion created a cavity within 

the well and fractures surrounding areas of the deposit, thereby increasing the outflow of the 

medium. After local depletion of the deposit, further deepening of the torpedoed shaft was 

impossible due to irreversible damage to the geological structure of the deposit (Wilk and 

Zygmunt 2007). 

The continuous increase in the exploitation of deposits has led to the development of drilling 

techniques, including those using explosives. A procedure called casing perforation was 

developed in order to precisely access selected production levels located at specific depths. 

Initially, mechanical, electromechanical or hydraulic methods were used to perforate the 

casing, followed by explosive methods. In the 1930s a method known as the òprojectile 

methodó was employed, involving the firing of projectiles perpendicular to the casing pipes of 

the borehole from a device resembling a short-barrelled mortar. The projectiles were fired 

radially into the casing perimeter at small intervals along the borehole axis. The introduction 

of projectile perforation represented progress compared to the previously employed 

torpedoing and mechanical methods.  Subsequently, after World War II, anti-tank shaped 

charges were used for oil well perforation. In addition, blasting agents were also used to cut 

casing, make longitudinal fractures or to remove hard obstructions during hole drilling. The 

earliest documented widespread use of cumulative perforation, known as shaped charge 

perforation, dates back to 1946 when it was introduced by Robert H. McLemore (Frodyma and 

Wilk 2007, Wilk and Zygmunt 2007). 
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Modern geological exploration methods make it possible to accurately determine deposit 

locations and, consequently, drill a well to predetermined depths with a high degree of 

certainty. Cumulative perforation is currently a widely used method for establishing a 

connection between the deposit and the borehole.  It is also employed to access other 

resources, such as mineral waters, geothermal sources and sulphur.  It is the most cost-

effective method to achieve this goal. The cumulative perforation technique is used both in 

the exploration of new deposits and in order to access known deposits, as well as to increase 

the production capacity of an already exploited deposit. At present, a distinction is made 

between perforators of the closed-cavity (tubular) and open-cavity (non-casing) types (figure 

77.) (Frodyma and Wilk 2007).  

 

 

Figure 77. The operation of a shaped charge perforator in a borehole: a) closed-cavity perforator, b) 

open-cavity perforator. (Frodyma and Wilk 2007) 

Closed-cavity perforators are characterized by having both the shaped charges and the 

initiation devices contained within a hermetic tubular container, known as the perforator, 

which is resistant to high pressure.  After the perforation procedure is completed, the entire 

container is removed from the borehole, ensuring the absence of metallic residues in the hole.  

Open-cavity perforators are characterized by having both the shaped charges and the 

initiation devices hermetically sealed, and they are mounted in a metal harness that is lowered 

into the borehole. After the perforation procedure, the hole is contaminated with the remains 

of the support structure and the material of the hermetic charge casing. The essential 

components of the blasting agents for e ach type of perforator are cumulative charges and 

means of initiating detonation appropriate for the conditions in the hole (temperature and 

hydrostatic pressure at a certain depth). The principle of cumulative perforation is exemplified 

in figure 78 (Wilk and Zygmunt, 2007) with a tubular perforator design as an illustration. 
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Figure 78. The principle of cumulative perforation is illustrated with an example of a tubular 

perforator design. (Wilk and Zygmunt 2007) 

Other methods  

In addition to the innovative drilling methods discussed earlier, there are numerous others 

documented in the literature.  These methods frequently vary from those described previously 

in minor specifics  and often carry their own discretionary terminology.  

One such method is Electro-Pulse-Boring (EPB),  which involves the use of an electrical pulse 

featuring a voltage range of 100-1000 kilovolts and an energy output of 1 -10 kJ. In 2009, a 

demonstration of EPB technology was conducted in Bergen, Norway,  where a shallow hole 

with a 15-inch diameter was successfully drilled (Shiegg et al. 2015). 

Another modern drilling method mentioned in the literature is the use of high -powered lasers 

for drilling. The aforementioned method uses laser technology to assist in the mechanical 

ablation of rock formations. Laser radiation of heterogeneous rock surfaces causes irregular 

thermal expansion leading to cracking and spalling, as well as melting. Research conducted by 

scientists from Germany has specifically examined the effects of laser radiation on various rock 

formations, including calcite, porphyrites, and siderite, among others (Buckstegge et al. 2016). 

The use of lasers in drilling is also documented by US researchers, who refer to the method as 

Laser Spallation. Laser rock spallation involves a rock fragmentation process that leverages 

laser-induced thermal stresses to fracture the rock into smaller fragments before melting 

occurs (Xu et al. 2004). 

There are also nature-inspired drilling methods, such as the Earthworm-like drilling mentioned 

in the previous sections or the briefly described Mole-Like Drilling Robot System, which 
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emulates the digging patterns of the African mole -rat. The drilling process of the proposed 

system unfolds as follows (figure 79): a) the system secures the rear part of the robot and 

positions it in the direction of drilling, b) the drilling process starts, activating the front limbs 

to remove soil particles, c) the drilling operation pauses, and the front part of the robot locks 

while the rear portion advances forward, d) once the device clears the excavated material, 

drilling resumes, and the aforementioned steps are repeated in a similar fashion (Kim et al. 

2018). 

 

Figure 79.  A. Mole-Like Drilling Robot System operation. (Kim et al. 2018) 

Drilling equipment.  

While providing a comprehensive description and classification of drilling equipment deserves 

a dedicated article, a concise overview of drilling machinery and equipment is pertinent here 

to present the broader picture. Drilling rigs serve as a device for boring holes.  A drilling rig, 

as a comprehensive piece of machinery, encompasses all essential components and 

subassemblies required for its operation, including the motor, rods, pumps, chassis, heads, 

controllers, supplementary accessories and safety features. The size and design depend on 
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various factors such as depth, drilling diameter, type of terrain, availability of technology, 

drilling method, purpose of drilling and financial capabilities. Regardless of the drilling 

method, whether it is geological drilling, oil drilling or other dril ling, the size and dimension of 

drilling rigs can vary considerably. For deep drilling, which requires reaching great depths, 

huge offshore or onshore drilling rigs are often installed. These rigs are usually equipped with 

specialised equipment and technology to facilitate efficient and secure drilling operations at 

substantial depths. On the other hand, for smaller drilling operations and more offshore 

applications, smaller rigs that that offer enhanced mobility and ease of transportation can be 

used. These drill rigs can be mounted on tripods, vehicles, crawler chassis, or other types of 

bases. In short, the size of drilling rigs depends on the specific requirements of each drilling 

project, and the depth and diameter of drilling are some of the key factor s that influence the 

size and type of machines used.  

 

Figure 80. Drilling Machinery Park ð a photo from drilling trade fairs (source: Rototec archive) 

Summary 

What is the best drilling method? The best method is the one that effectively achieves the 

intended objective or desired results. The choice of a specific method may depend on the 

objective, available resources, and preferences. There is no universally superior method that 

applies to all scenarios. What works best in one context may not be suitable in another. 

Therefore, it is important to have knowledge of a variety of methods and to adapt the 

approach as needed. 
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Table 17 provides an overview of the different drilling technologies and indicates which ones 

are currently or potentially suited for the installation of closed -loop or open -loop ground 

source energy systems. 

Table 17. Drilling technologies and those used for installation of geothermal energy systems.  

*: in use for geothermal ,  

+: potential use for geothermal. 

All Drilling technologies  Used for Closed loop  

geothermal systems  

Used for Open loop  

geothermal systems  

Impact drilling / shell and auger  ¶  

Spiral (hollow stem) auger drilling  ¶  

Mud rotary straight flush  ¶  

Mud rotary reverse circulation ¶ ¶ 

Ramming   

Down the hole hammer, air hammer ¶ ¶ 

Down the hole hammer, water hammer ¶ ¶ 

Sonic drilling ¶ (+) + (?) 

Plasma drilling   

Water jet drilling    

"Easy drill" and "Enlarged Easy drill" method ¶ ? 

Geothermal radial drilling  ¶ ? 

Vibrodrill method  ¶ ? 

Fire Jet drilling   

Erosional drilling   

Electric impulse drilling   

Millimetre  wave drilling   

Melting drilling    

Earthworm-like drilling    

Explosive drilling   
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Hybridization of ground sources  

Hybridization  can be done on the user side, combining a ground source heat pump with other 

sources of heat or cool such as air-source heat pumps, gas-fired boilers, heating networks or 

solar generated heat. However, it is also possible to hybridize on the source side, combining 

the open loop or closed loop ground source system with other sources or sinks of thermal 

energy. These are for instance used as additional peak capacity or backup systems (e.g. dry air 

coolers to reject condenser heat in cooling application) or t o achieve a better thermal balance 

on the ground source side (regeneration of the ground source). 

Surface water  

Ground-source heat pump (GSHP) systems have been widely recognized and utilized due to 

their high energy efficiency and environmental friendliness. However, a significant challenge 

arises from the thermal imbalance between the annual heat extraction from and rejection into 

the ground, which can degrade the ground thermal condition and consequently decrease the 

system's Coefficient of Performance (COP). A hybrid GSHP system, incorporating surface water 

heat exchangers, presents a viable solution to this issue, especially in regions with a notable 

imbalance between cooling and heating demands. 

The hybrid GSHP system combines the conventional GSHP system with surface water heat 

exchangers (see figure 81). The system is designed to provide high-efficiency energy for space 

cooling and heating while addressing the thermal imbalance issue in the soil.  

 

Figure 81.  Water system schematic of the hybrid GSHP system  
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The operational strategies for the hybrid GSHP system are crucial to ensure its high-efficiency 

status during long -term operation. The significant imbalance between the annual heat 

rejection to the ground and the annual heat extraction from the ground nece ssitates strategic 

operational planning. The strategies proposed are based on the annual building hourly load, 

considering the climatic conditions, building functions, and thermal balance of the ground.  

¶ Summer Operation: Utilizing surface water heat exchangers to extract cold and reduce 

condensation heat rejection into the underground, leveraging the high -efficiency 

performance of the surface water heat exchanger, especially in September when the 

cooling load is smaller. 

¶ Winter Operation: Operating only the GHE system due to its superior performance 

compared to the surface water heat exchanger, owing to the higher temperature of the 

underground, thereby achieving remarkable energy savings. 

¶ Transition Season Operation: Neither the GHE system nor the surface water heat 

exchanger system is operated during seasons with small cooling and heating loads. 

Indoor thermal comfort is maintained through natural ventilation or by increasing the 

flow rate of outdoor air for mechanical ventilation.  

Following, a case study is presented (Liu et al, 2014). The exhibition building, with a cooling 

load-dominated profile, utilizes two GSHP plants as its cooling/heating source, supplying 

7/12°C cooling water for summer and 55/50°C heating water for winter. Two simulation cases 

were conducted to determine soil temperature and system COP changes after ten years of 

operation. The first case involved the operation of only the GHE system for the GSHP, revealing 

a rapid increase in average soil temperature in the first 5 years and a significant decrease in 

the COP in summer after 10 years. The second case, involving the hybrid GSHP system, 

demonstrated a smaller increase in average soil temperature and a smaller decrease in COP 

over 10 years, proving the efficacy of the hybrid GSHP system in mitigating heat accumulation 

issues and performance degradation over a ten-year run. 

The hybrid GSHP system, through strategic operational planning, effectively addresses the 

thermal imbalance issue, ensuring sustained high-efficiency performance over long-term 

operation. The system not only provides a reliable solution for space cooling and heating but 

also mitigates the degradation of ground thermal conditions, thereby maintaining a consistent 

system performance. Future studies and experimental analyses are essential to validate and 

refine the operational strategies in practical applications. 

Photovoltaic  Thermal (P VT) 

Photovoltaic (PV) systems, when integrated with geothermal systems, can proficiently provide 

electric energy not only to heat pumps but also to auxiliary systems. A PV plant is a structured 

electrical system, composed of several PV modules. These modules harness incident solar 
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energy, converting it into electricity through the photovoltaic effect. Furthermore, essential 

electrical (such as cables) and electronic components (like inverters), and potentially, 

mechanical-automatic solar tracking systems, are incorporated to optimize performance. 

 

Figure 82. Example of a photovoltaic system and its electrical and electronic components [1] 

Photovoltaic Systems main classification 

PV plants predominantly categorize into two main families: 

¶ "Stand-alone" Systems: These systems operate independently of the grid, utilizing the 

produced energy directly and storing excess energy through a storage system. 

 

Figure 83.  Schematic Representation of a Stand-alone system (source: 

http://www.hinren.com/index.php?option=com_easyblog&view=en- 

try&id=3&Itemid=105 ) 

¶ "Grid-connected" Systems: Contrarily, these systems maintain a connection to the grid. 

http://www.hinren.com/index.php?option=com_easyblog&view=en-
http://www.hinren.com/index.php?option=com_easyblog&view=entry&id=3&Itemid=105
http://www.hinren.com/index.php?option=com_easyblog&view=entry&id=3&Itemid=105

















































