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Abstract 
 
In view of the world energy panorama and the urgent necessity of the reduction of the gas emissions 
derived from the energy production, the energy model is moving toward sustainable technologies. 
Renewable energies, as low-carbon technology, is the key to change the model and moving towards 
the decarbonization of the economy. 
 
Among the existing technologies, this Ph.D. dissertation focus on those that extract the shallow 
geothermal energy resource to provide heating and cooling for buildings. Even though the shallow 
geothermal energy is present and can be extracted almost everywhere, it cannot be considered a 
market mature technology. Among the main reasons behind it, are the lack of knowledge concerning 
the potential presence and the lack of awareness among the energy decision-makers, the main reasons 
that are preventing a better deployment of this renewable resource. 
 
This thesis tackles this issue by developing and methodologies based on Geographical Information 
Systems (GIS) that allow assessing the potential of the shallow geothermal energy at different scales. 
The methodologies are applied at different scales: continental, national, regional, and local, which 
allow for different kinds of valuation. European and national scale results provide worthy information 
that can feed into energy European policies. Regional and local scales provide site-specific based 
information allowing for the elaboration of concise feasibility studies. The potential assessment 
carried out for each case is composed of resource, technical, economic, and environmental analysis.   
 
Results have sought to path the way and create sound knowledge meant to raise awareness among the 
stakeholders involved and to feed into energy policies for the promotion of the shallow geothermal 
energy technologies use among the EU member states. 
 
 
 

  



Resumen 
 
Ante el panorama energético mundial y la urgente necesidad de reducir las emisiones de gases 
derivadas de la producción de energía, es necesario repensar el modelo energético. Las energías 
renovables, como tecnología baja en carbono, es la clave para cambiar el modelo y avanzar hacia la 
descarbonización de la economía. 
 
Entre las tecnologías existentes, esta disertación de doctorado se centra en aquellas que extraen la 
energía geotérmica superficial para proveer calefacción y refrigeración a los edificios. A pesar de que 
la energía geotérmica superficial está presente y puede extraerse casi en todas partes, no puede 
considerarse una tecnología madura ni extensamente utilizada. Entre las principales razones que la 
sustentan se encuentran el desconocimiento sobre la potencial presencia del recurso y la falta de 
conocimiento y confianza entre los tomadores de decisiones energéticas, siendo estas las principales 
razones que están impidiendo un mejor despliegue de este recurso renovable. 
 
La presente tesis aborda esta problemática mediante el desarrollo de metodologías basadas en 
Sistemas de Información Geográficos (SIG) que permiten evaluar el potencial de la energía 
geotérmica somera a diferentes escalas. Estas son continental, nacional, regional y local, aportando 
cada una un tipo de valoración distinta. Los resultados a escala europea y nacional proporcionan 
información valiosa que puede alimentar las políticas energéticas europeas y ampliar el conocimiento 
de la comunidad científica. Las escalas regionales y locales además proporcionan información basada 
en características de sitios específicos que permiten la elaboración de estudios de viabilidad concisos. 
La evaluación de potencial realizada para cada caso se compone de un análisis de recursos, técnico, 
económico y ambiental. 
 
Los resultados han buscado allanar el camino y crear un conocimiento sólido destinado a crear 
conciencia entre las partes interesadas involucradas y alimentar las políticas energéticas para la 
promoción del uso de tecnologías de energía geotérmica superficial entre los estados miembro de la 
Unión Europea. 
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1 CHAPTER Introduction 

1.1 Motivation. 

Shallow Geothermal Energy (SGE) exploitation by Ground Source Heat Pumps (GSHP) has enjoyed 

an increasing interest recently, and its economic and environmental paybacks are widely proven. 

Additionally, the EU aims at being energy climate-neutral by 2050 and residential buildings possess 

the potential to reduce their emissions by 80%. Geothermal resources are a reliable and 24/7 available 

energy, in which most of its untapped resource potential may have a key role in the decarbonization 

of the residential sector. Nevertheless, as other newer energy alternatives, SG still suffers from 

important barriers that are preventing it from a proper and faster deployment. The lack of resource 

information generates a lack of awareness among the stakeholders. We need thus to fight against 

knowledge scarcity and bring to light the benefits of exploiting this renewable resource. 

1.2 Current energy panorama in the world 

1.2.1 COVID-19 pandemic on the energy sector. 

The COVID-19 pandemic hit the world in March 2020. It has caused more disturbance to the energy 

sector than any other event in recent history, and it is expected the impacts will be perceived for years 

to come. One of the consequences is that 2020 has seen a major drop in global emissions savings, six 

times larger than the previous crisis (IEA 2020). 

There is no single story about the future about the duration of the pandemic duration. The 

International Energy Agency (IEA) states different scenarios Agreement (see Figure 1.1). The Stated 

Policies Scenarios (STEPS), in which COVID situation is in gradational under control in 2021 and 

economic activity returns to 2019 this year. The Delayed Recovery Scenario (DRS) states a prolonged 

pandemic and incremental economic damage. Return to pre-covid situation by 2030. Sustainable 
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development scenario (SDS) in which investment in clean energy achieve sustainability objectives 

such as the Paris Agreements. 

A global assessment of the immediate effects of the pandemic on the energy system shows the 

expected falls in 2020 of 5% in global energy demand (IEA 2020), 7% in energy-related 

CO2 emissions and 18% in energy investment (see Figure 1.1). Energy demand levels are due to reach 

pre-COVID expected values for 2022 in 2025, according to the delay recovery scenario stated by the 

International Energy Agency in the Outlook Energy 2020 report (IEA 2020). This is an unprecedented 

world situation, and it is currently difficult to say whether this crisis represents a reverse for efforts 

causing a more secure and sustainable energy system or a catalyst accelerating the path of change. 

 

 

Figure 1.1. Energy demand by scenario, 2018–2030. IEA. 

 

1.2.2 Energy demand keeps on growing worldwide. 

The rapid growth of electricity production is due to renewables, considered the fastest growing energy 

source recently, and it is expected to surpass the use of petroleum products by 2050 (Figure 1.2). In 

this scenario, renewables would experience yearly increases by 3.1% on a global scale, compared 

with the 0.6%, 0.4%, and 1.1% increase in petroleum, coal, and natural gas consumption, respectively. 
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Figure 1.2. Global primary energy consumption by energy source (2010–2050). Source: US energy 

Information Administration, International Energy Outlook 2019. 

 

The pre-pandemic forecast predicted global world energy consumption growth by nearly 50% from 

2018 by 2050 and emissions increased by 70% (Capuano 2020). Non-OECD (Organization for 

Economic Cooperation and Development) countries are behind most of this growth, and within them, 

are strong economic growth regions driving the demand, such as Asia (Figure 1.3). 

 

Figure 1.3. Global primary energy consumption by region (2010 - 2050) quadrillion British thermal units. 

Source: International Energy Outlook 2019. 

 

The industrial sector accounts for the highest share with more than half of end-use energy 

consumption of any end-user sector (Figure 1.4). It is expected that the industrial sector will grow 

approximately 30% by 2050, which will reach 315 Btu. Transportation is also due to grow by 40% 

by 2050, driven by far by non-OECD countries, where energy consumption in transportation would 
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grow up to 80%. When it comes to the building sector (residential and commercial), the growth is 

expected to increase by 65% up to 191 Btu. Urbanization, better incomes, and access to electricity 

are the rising energy demand drivers.  

 

Figure 1.4. Global energy consumption by sector (2010–2050). Quadrillion British thermal units. Source: US 

energy Information Administration, International Energy Outlook 2019. 

 

Energy consumption brings about serious environmental and health problems. The environmental 

problems directly related to energy production and consumption include air pollution and climate 

change, among others (European Environment Agency (EEA) 2004). Due to population growth and 

the energy consumption per capita rate, reducing the global energy demand is an urgent task, and the 

imperative need to give up consuming fossil fuels has become evident. The revolution is yet to come, 

and it is called energy transition. 

 

1.2.3 Energy transition in the EU 

Compared to the world, the European Union is already making great efforts to fight against climate 

change by reducing the use of conventional fuels to supply its energy demand (see Figure 1.5). The 

EU is reducing its primary energy demand of coal, oil, gas, and nuclear power and is growing in the 

use of renewable energy. The IEA scenario sees an increase of renewables mainly driven by solar-

PV and wind projects in the power sector (IEA 2020). Additionally, 2008 was the first year to see a 

decoupling between GDP (increased 0.9%) and energy consumption (decreasing trend of 1.5%) that 

means that economic growth and energy consumption are not connected anymore.  
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Figure 1.5.Changes in primary energy demand by fuel in the Stated Policy Scenario, 2019–2030. Source.: 

https://www.iea.org/reports/world-energy-outlook-2020/outlook-for-energy-demand 

 

Nevertheless, the EU-27 is struggling to reduce its energy consumption (Figure 1.6). In 2019, primary 

energy consumption decreased for the second-year consecutive, and final energy consumption kept 

stable at the same level as in 2010. Despite the impact of the COVID-19 pandemic, major changes in 

the energy system are still necessary to achieve the 2050 goals. The transport sector is slowing down 

the overall progress. For instance, the reduction in the Final Energy Consumption (FEC1) was 

outweighed by the increase in FEC in transport. A similar long-term pattern is observed with Primary 

Energy Consumption (PEC2) but with a downward trend in the last two years.  

This consumption trend insinuates that the EU will not meet its 2020 energy efficiency targets[3]. In 

2019, PEC was 3.8% above the target and FEC, 3.4%. Measures held in response to the pandemic 

will result in a shortcut of consumption in 2020, but this effect is probably short lived. The European 

Environmental Agency (EEA) has stated PEC and FEC reduction targets for 2030 (see Figure 1.6) of 

20% and 12.8% respectively. It is obvious that Member states should make great efforts to meet these 

targets. 

                                                      

1 FEC Final Energy Consumed, is the total energy consumed by end users, such as households, industry, and agriculture. 
2 PEC is the total energy demand of a country, excluding all energy-uses of energies carriers (i.e., gas natural). 
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Figure 1.6. Primary and final energy consumption (PEC and FEC) in the EU27. Source: European 

Environmental Agency (EEA). 

 

After the EU 2020 targets, the Paris Agreement, approved in October 2014 (United Nations 2015) 

put in motion universal actions for climate. It aims at keeping the increase in global temperature 

below 2°C. In Europe, this target wants to be fulfilled by reducing Greenhouse Gas Emissions (GHG) 

by 40% below 1990 levels by 2030, elevating the energy efficiency by 32.5% and renewable energy 

by 27%. To achieve this, a large number of legislative actions and strategies have been approved. In 

March 2011, the European Union published for the first time an energy roadmap focused on reducing 

GHG emissions by 80% in 2050. The decarbonization process only may be achieved by an aggressive 

change. The roadmap targets the building sector as one with more potential to cut GHG emissions 

(up to 90%) by increasing the efficiency and replacing the fossil fuels. Buildings are responsible for 

about 40% of the EU's energy consumption, and 36% of greenhouse gas emissions from energy (see 

Figure 1.7). 
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Figure 1.7. Consumption, GHG emissions and potential in the residential sector in the EU. Source: EEA. 

Own elaboration. 

The European Green Deal is the strategy plan of the EU-27 to reach these goals and provides an 

action plan to be climate neutral for 2050. The plan outlines the investment needed and the financing 

tools available to reach the transition of the economy toward decarbonization. Spain has approved the 

climate change law project in April (Government of Spain 2021) with the national objectives: 23% 

GHG emissions savings, 42% renewable energy in the final energy use, 74% of power generation 

from renewables and improving energy efficiency by diminishing the primary energy to 39.5%. These 

energy strategies have a vision for 100% renewable heating and cooling. 

The long-term vision of the strategy is decarbonizing the building stock by 2050. That would mean 

savings of €40 million on gas imports and €4.7 billion on oil imports every year; CO2 emissions 

would be reduced by 30%, and citizen consumers would reduce their energy bills by 70%. The 

industry could also cut its energy consumption by 10% in 2050, the share of renewable energies would 

increase 30% and production processes consume up to 50% less energy intensive. 

 

1.3 Renewable heating and cooling. 

From the energy consumed in the residential sector, 63.6% is used for space heating, 14.8% for water 

heating, 14.1% for lighting and appliances, 6.1% for cooking, 0.4% for space cooling and 1% for 
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other purposes (EUROSTAT). (See Figure 1.8). Space cooling is generated 100% from electricity 

while space heating is produced by different sources: 5% from electricity, 10% from derived heat, 

40% from gas, 5% from solid fuels, 15% from petroleum products and 25% from renewable energies 

and wastes.  

 

Figure 1.8. (A) Energy consumption in the EU household, (B) energy consumed for space heating by fuel and 

(C) heat production by sources. Source: EUROSTAT and RHC Platform. Own elaboration. 

  

Figure 1.8 also brings to light the current enormous use of fossil fuel, of which the majority is 

imported. Some reasons behind these figures may be on the one hand, European buildings being old, 

and nearly half of the residences possessing 30-year-old boilers with efficiency below 60%, many of 

them beyond their technical lifetime. On the other hand, renewables are not broadly used to produce 

H&C yet. However, from 2004 to 2009, the use of renewables in H&C almost has doubled its share 

in the EU. In Sweden, renewables represent more than 66% In contrast, in the Netherlands, they 

represent only 7.1%. (See Figure 1.9) Iceland hit the record with almost 80% of the production from 

renewables. Finally, too much energy is being wasted. Industrial processes produce heat released to 

the atmosphere or into water. It is estimated to be enough to cover the heating needs for residential 

and tertiary buildings. 

The H&C needs behaviour has changed in the last decades. The need to heat buildings has declined 

over time, whereas the need for cooling has increased (see Figure 1.10). In the EU-27, the heating 
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degree days have dropped 21% in the last 40 years (from 3510 to 2759 days). Except for four years 

(2010, 2005, 2004 and 2001), heating degree days were lower than the average after 1999. In contrast, 

the cooling needs have double values from 1979 (from 37 to 99). Therefore, H&C systems providing 

both H&C needs are necessary. 

 

Figure 1.9. The share of energy from renewable sources for heating and cooling in 2019 and the different 

technologies currently used to produce them. Source: EUROSTAT and RHC Platform. Own elaboration 
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Figure 1.10. Heating degree days in EU-27, 1979–2020. Source: EUROSTAT. 

 

1.3.1 RHC Technologies 

The different technologies used to produce renewable H&C are solar thermal, biomass, geothermal, 

heat pumps, thermal energy storage, and district cooling and heating (See Figure 1.9). These are the 

technologies to be pushed if the EU wants to reach the ambitious targets concerning heat production. 

The use of solar energy in houses has a long history. Solar energy is now widely gathered in solar 

collectors and in photovoltaic (PV) cells for electricity production. A combination between PV and 

solar thermal in collectors is today attracting increasing interest. The highest potential of geothermal 

energy resides in the extraction of low temperature from shallow ground or water along with a heat 

pump. Heat extractions form the air through heat pumps are also extensively opted for, although it 

requires more electricity than the previous option. District heating networks are well suited for 

supplying locally renewable energy and can integrate diverse energy sources: solar thermal and 

geothermal heat, waste heat from industry and commercial buildings, or heat from combined heat and 

power plants. Thermal Energy Storage (TES) is also a proper solution for integrating RES as the RES 

supply does not always concur with the demand for heating and cooling. 
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1.4 Shallow geothermal energy. 

1.4.1 Definition and estimated resource. 

In the public perception, geothermal energy is that which comes from volcanoes and other volcanic 

activities. While true, there are other more modest manifestations of geothermal energy. A definition 

for geothermal energy is given for the first time in July 2009 in the EU legislative framework. EU of 

Directive 2009/28/EC (European Council 2008) on Promotion of Renewable Energy Sources says 

Art 2: 

c) “Geothermal energy means the energy stored in the form of heat beneath the surface of the solid.”  

It represents an important backup for renewable energy in general and for geothermal energy in 

particular since, for the first time, energy coming from renewable sources for heating and cooling 

purposes will be counted for renewable energy share calculation mandatory for all Member states in 

2020. To date, distinction between shallow and deep geothermal is not yet certain. The shallow 

geothermal systems are considered not chasing high temperature fluids, as they do in the deep, but 

using a relatively low temperatures that can be reached at the superficial level of the Earth´s crust. 

The term “geoexchange” is also used in The United States of America to denominate this technology. 

A limit for the distinction commonly used is the depth, and it varies between countries. Unofficially, 

a depth of 400 meters is usually assumed, which was stated for the Swiss in the 1980s, although there 

is no official binding definition. Indeed, so far, there is no united official-binding definition and 

limiting depth varies from one country to another. Figure 1.11 shows the limiting depth adopted for 

several EU Member countries. 

 

Figure 1.11. Limiting depth in some EU countries. Own elaboration. Source: GeoPLASMA Project and (Gil 

and Moreno 2019). 
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The heat stored economically accessible at 3 km is estimated in 34 x 106 EJ (9.4 x 1012 GWh) and the 

geothermal technical potential for direct use is estimated to range from 10 to 312 EJ/year (2.7x106 to 

8.6x107 GWh/year) (Edenhofer et al. 2011). For electricity production purposes, potential is estimated 

to range from 110 to 403 x 106 J (3.5 x 1013 to 1.11 x 1014 GWh) at 10 Km depth and 56 to 140 x 106 

EJ (1.5 x 1013 to 3.8 x 1013 GWh) at 5 km depth. 

 

Figure 1.12. Geothermal technical potentials for electricity and direct uses (heat). Source (Edenhofer et al. 

2011). 

The heat used can be fully or partially replenished over the long term by the continental terrestrial 

heat flow of 8.75 x 107 GWh/year at an average flux of 650 W/m2 (Edenhofer et al. 2011). 

 

1.4.2 Shallow geothermal uses. Actual state and evolution. 

Referring to the use of geothermal resource the principal categories of uses are distinguished as 

geothermal heat pumps, bathing and swimming, district heating, greenhouse heating, aquaculture and 

industrial heating. Currently, accounting for all these uses, thermal capacity worldwide is estimated 

at 107,727 MWt with a growth of 52% over the 2015 data, growing with a rate of 8.73% annually. 

From these, the exploitation of the shallow geothermal resource via GSHP accounts for 71.6% of the 

installed capacity and 59.2% of the energy use annually (Lund and Boyd 2020) and a total capacity 

of 77,547 MWt (see Figure 1.13) and the energy use is 599,981 TJ/year. District heating has increased 

68% in installed capacity since 2015, accounting in 2020 for a total of 12,768 MWt. Worldwide 

leaders are China, Iceland, Turkey, France and Germany. Greenhouses have increased its worldwide 

capacity in 24% since 2015 with an actual total capacity of 2,459 MWt. Thirty-two countries in the 

world have reported in some manner this activity, with Turkey, China, The Netherlands, Russia, and 



Chapter 1. Introduction. 

Hungary as leading countries. 20 TJ/year/Ha is the estimated energy required (Lund and Freeston 

2001) and 1,791 Ha heated with geothermal energy around the world is estimated. The use of 

aquaculture pond-heating accounts for an installed capacity of 950 MWt with an increase of 36.5% 

since 2005. 21 countries have reported developing this technology such as China, US, Iceland, Italy, 

or Israel. It is estimated 0.242 TJ/yer/tonne of fish are used and extracted from geothermal. The 

agricultural crop drying is used in 15 countries, China, France, Hungary, the US and Japan being the 

largest users. 257 MWt with an increase of 59% since 2005 has been reported. Industrial processes 

include concrete curing, bottling of water, milk pasteurization or CO2 extraction, among others, with 

a total installed capacity of 852 MWt. Bathing and swimming are extensively used around the world. 

It includes all kinds of swimming pools heated with geothermal energy and accounts for a thermal 

capacity of 12,253 MWt. Snow melting and cooling account for 434.9 and 2,589 MWt, respectively. 

Snow melting in pavements, streets and sidewalks are in Iceland, Japan and Argentina and it is 

estimated to be applied in 2.5 million square meters around the world although the majority in Iceland 

(74%). Other uses are melting highways with steam (in Andes, Argentina). The power required is 

estimated to be 120–180 W/m2. Other uses can be animal husbandry, desalination, or irrigation, 

among others, with a total thermal capacity of 106 MWt.  

As for the growth of technology, district heating enjoys the greatest increase in the last 5 years, 

whereas snow melting has decreased its usage by 1%. When it comes to the most used technology, 

72% correspond to GSHP around the world. Bearing this fact in mind, this thesis work has focused 

entirely on the extraction of the geothermal potential via this technology. 
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Figure 1.13. The installed direct-use geothermal capacity per category uses (MWt) (1995–2020), in orange, 

the percentage of the categories use, in black, the evolution of every use from 2015 and annual energy used, 

and in green, the energy used. Source: Lund and Bo.  

 

1.4.3 GSHP technologies. 

The principle of shallow geothermal energy is to consider the underground as a heat store applied to 

seasonal heating and cooling with the same shallow geothermal installation or Underground Thermal 

Energy Storage (UTES) of waste heat to use it during the next heating period. While true, this can be 

applicable only to systems operating to provide heating and cooling running the whole year round. 

However, most of the systems operate only for heating purposes. In this case, the underground act as 

a heat container and the heat extracted is replace by the solar energy, geothermal gradient, or the 

surrounding heat. 

 Within these two types of uses, many formulas are used to extract the geothermal resource. Figure 

1.14 summarizes the most common in the building sector. Ground Source Heat Pump (GHSP) is a 
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common article in these systems, and it is necessary to elevate the geothermal resource to a 

comfortable temperature. These systems are categorized into open and closed loop. In open-loop 

GSHP, the heat source is circulating, and its extraction goes together with the displacement of the 

medium. Usually, the water required is produced by a well, then the heat is extracted, and it is injected 

back into the reservoir. Well-doublets are the most wide-spread open-loop systems (Somogyi, 

Sebestyén, and Nagy 2017). For closed-loop systems, there is no displacement of the medium, but 

the heat is transferred by a fluid circulating in the loop buried in the ambient. Closed-loop systems 

are categorized again into vertical and horizontal: vertical loops are usually made of hard plastic U-

tube with 50–150 typical length. Borehole Heat Exchangers are by far the most wide-spread type. 

Horizontal systems require plenty of space, but the heat exchanger is laid out to a depth of 1.5–2 

meters (Xiong, Fisher, and Spitler 2015). 

 

Figure 1.14. Different systems using shallow geothermal energy. Source: Scientific achievements and 

regulation of shallow geothermal systems in six European countries – A review. (Somogyi et al.). 

 

1.4.4 Present and future role of GSHP in the energetic framework. 

When it comes to renewable H&C technologies, currently GSHP represents the third most used 

technology, accounting for 6% of total capacity (See Figure 1.15) Biomass leads with 79%, followed 
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by deep geothermal, GSHP, aero and hydrotechnologies with 7% and finally, solar thermal with 4% 

(Renewable heating a& cooling European Technology Platform 2011).  

Nevertheless, to meet the energy goals, a growth of renewable H&C thermal capacity by 2050 is 

expected to be 5 times higher. By that time, biomass will continue being the first technology installed, 

although it will be 2 times higher than the currently and will represent 38% of the total. It will be 

followed by solar thermal, accounting for 25% whose increase rate will be the greatest, 25 times 

higher. Deep geothermal and GSHP will increase their capacity almost 10 times, representing 13% 

of the total capacity each. Finally, hydro, and aerothermal capacity will be 10 times higher and will 

represent 11% of the total capacity. 

 

Figure 1.15. RE thermal technology potential in the EU. Source: Common vision for the Renewable Heating 

& cooling sector in Europe, 2020-2030-2050. Own elaboration. 

 

(Lund and Boyd 2020) have reported 54 countries in the world in 2020 where GSHP installations are 

present. The total estimated thermal power in the world raises up to 107,727 MWt and 1,020,887 

TJ/year of thermal use, but this energy is disproportionally used depending on the region. From high 
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to low GHSP-usage regions, we have Asia, that accounts for the greatest usage, due to the Chinese 

installations, followed by Europe, mainly in the Western and Northern countries, North America in 

the United States, and lastly, South America, Oceania, Africa, and Central America. The five 

countries with the largest use of geothermal heat pumps are China, United States, Sweden, Germany, 

and Finland (see Figure 1.16).  

The typical installation in Europe, China and the US has 12 kW and accounts for a total of 6.46 

million of units, which represents an increase of 54% since 2015 and 200% since 2010. For individual 

units, however, the typical unit for residential is 5.5 kW and 150 kW for tertiary. 

 

 

Figure 1.16. GSHP capacity worldwide by region and continent in MWt, 2019. In blue, the five countries 

leading the use of GSHP. Source: Lund J., Toth A, 2020.Own elaboration. 

Sales and evolution in the EU 

(Sanner 2016) attribute the origin and introduction for domestic use during the eighties of the 20th 

century, just some years after the oil crisis of 1973 and during the war between Iran and Iraq. At this 

time, oil ran low and new alternatives were pursued. In 1980, around 25,000 GSHP were sold in 

Germany, compared to 1,000 units sold two years before, although in the following years, sales 

decreased considerably, and the growth rate was slow. Due to this fact, aerothermal nowadays still 

dominates the heat pump market with 80% of the share in some countries. 

Over time, GSHP has been gaining importance in Europe and in some countries, possesses a highly 

vigorous market. According to the last EGEC in 2019 (European Geothermal energy Council), there 
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are more than 2 million GSHP installed, which in 2019 produced 56 TWh. GSHP Stock data by 

country can be seen in Figure 1.17. 

The MUSE Project conducted an innovative survey of market maturity. It establishes that the growth 

rate of the market depends considerably on support and conditions from the public incentives, 

awareness and level of diffusion. The more political and societal support; the widest the level of 

diffusion. Considering all data mentioned, the project represented graphically EU-countries attending 

to its discussion rate versus growth rate (Figure 1.18). Sweden, Denmark Austria, The Netherlands 

and Poland are considered developed markets based on the supportive conditions given by the 

Administration. In contrast, the United Kingdom, France, or Ireland is countries where the 

Administration is hindering with conditions. A highlighted emerging country is Spain, with a growth 

rate of 20%, due to the recent support by the administration. 

 

 

Figure 1.17. GSHP stocks sold in 2018, total stock units and growth rate per country. Source: EGEC 2019 

report and MUSE Project. Own elaboration. 
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Figure 1.18. Diffusion and growth rate. Source MUSE Project 

All in all, considering the great potential of GSHP along with the decarbonation of the H&C in the 

building sector by 2050, the rate of growth is considered low in Europe. Although GSHP is 

increasingly used in EU countries, the deployment of GSHP for H&C purposes remains far below the 

existing resource potential. 

 

1.4.5 Current barriers and opportunities in the SGE deployment. 

Shallow geothermal energy is breaking out of a niche market. Looking at the sales and evolution 

information mentioned above, this energy resource has been imperceptible in the energy sector in the 

last decades. As other new technologies, it needs time and investment to make SGE more cost-

efficient and to fight against barriers preventing a better deployment. For SGE, sound barriers have 

been recognized by many authors (Breembroek, Ramsak; Manzanella 2014) (Goetzl, G; Heiermann 

2018) (Emmi and Zarrella 2020) (Tinti et al. 2016), which can be grouped into two main types: 

technical and non-technical barriers. Among the technical barriers, there still exist important issues 

concerning installations in existing buildings in urban areas due mainly to spatial constraints or 

limitations for underground space, operational issues, or resource exploitation, among others. 

However, there are no technical barriers interdicting critically needed investment in SGE. Rather, the 
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non-technical are the barriers preventing a better deployment of SGE. From the abovementioned 

authors, major barriers have been selected and the proposed solutions.  

 

Table 1.1. Main non-technological barriers of the SGE. Source: GEPLASMA and GEO4CIVHIC 

 Barrier The proposed solutions 

1 Complexity of legal framework Simplification and unification of legal regulations 
Supporting administrative procedures and licensing 

2 High upfront costs 

Shallow geothermal use connected. 
Reduce CAPEX 
Connect subsidies to system efficiencies. 
Harmonized national funding 

3 Very low public awareness and 
political support 

Provide strong support by specialist groups. 
Promote the shallow geothermal acknowledge. 
Spread the knowledge. Information campaigns. 
Include SGE in energy strategies and planning tools 

4 Limited access to the information Harmonize technical terms and methodologies. 
Provide web base access information. 

5 Limited qualified services Support standardized qualification schemes 
6 Unknown detailed market information Create regional and national SGE register. 

 

1.5 Shallow geothermal energy geo-information to build institutional capacity. 

Barriers above mentioned are hindering a strong deployment of the SGE and its being an active part 

in the EU energy transition. Among them, technical and institutional preferences for well-established 

RE technologies and public resistance play an important role. The same situation occurred with wind 

farms or solar RE technologies, considered culturally and environmentally intrusive by a certain part 

of society. These issues are fortunately not bulletproof and can be overcome if linked to a common 

cause: strengthening the policy capacity with which to accomplish social acceptability, economic and 

environmental limits (Burkard E. and G. Bruce Doern 2010). 

The government capacity to influence in the transition to a renewable future strongly depends on the 

quality of the base-line information concerning resource availability, technical capacity and the risks 

associated with the goals obtained (Calvert, Pearce, and Mabee 2013). At political scales, there is still 

a lack of conviction about what RE can be sustainably and economically obtained to provide energy 

services and about the capacity of the new systems without breaking the stated policy objectives 

attending to the land-use, environmental management, socio-economic development, and energy 

security. Besides, there is no “miraculous” RE technology, which means that governments must 
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consider and incorporate a range of RE technologies in policy and energy plans (Edenhofer et al. 

2011). 

Shallow geothermal energy and the conversion systems, as other RE, are highly sensitive to 

geographical constraints over and above the regional political-economy context (E.S. Cassedy 2000) 

(Stoeglehner, Niemetz, and Kettl 2011). Integrating Geographical Information Systems or Science 

(GIS) with energy is widely recognized in the academic sector as revealing to elaborating this base-

line information (Domínguez and Amador 2007) (SØrensen and Meibom 1999)(Angelis-Dimakis et 

al. 2011). 

Main geographic information values are: 

- They provide a numerical support to consult the existing resource stock within a certain area 

and can provide information and work at different geographical scales (Domínguez Bravo, 

García Casals, and Pinedo Pascua 2007). 

- Cartographically they can provide comprehensible information and serve as an easy 

communication tool for policy advisers and managers (Domínguez Bravo, García Casals, and 

Pinedo Pascua 2007). 

- They also provide a broad range of opportunities for direct collaboration through web-

mapping for promoting public participatory in energy planning (Higgs et al. 2008). 

All in all, this thesis supports and applies spatial information tools use in decision support and how 

information management can assist to emend the information scarceness surrounding shallow 

geothermal energy so that results may feed into energy and planning strategies. Figure 1.19 shows 

the link communication between main stakeholders that may be involved in the shallow geothermal 

energy in the EU and the key role of GIS information systems in the whole process. 
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Figure 1.19. Communication links between stakeholders and GIS information to feed energy policies. 

Source:(Calvert, Pearce, and Mabee 2013). 

 

1.6 Aim and scope of the thesis.  

Promoting the use of shallow geothermal energy is the main goal of this thesis. To this end, this thesis 

reflects the barriers abovementioned preventing a better and successful deployment of SGE and aims 

to tackle the following issues.  

The lack of information concerning SGE potential, which is identified to be one of the main reasons 

preventing a better deployment of its use. Among the possible RE technologies that energy decision 

makers can chose between, SGE is likely to stay behind due to the lack of knowledge regarding its 

potential and benefits. This thesis tackles this issue by creating georeferenced knowledge concerning 

the resource, technical, economic, and environmental at different scales.  

Simultaneously, among the scientific community, there is no official methodology for quantifying 

the SGE. In this thesis, GIS-based methodologies are proposed at different scales aiming at 

harmonizing the process for the specialized scientific sector.  
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Additionally, the methodology outputs aim to bring to light the feasibility and performance of certain 

SGE technologies in different places in Mediterranean-climate areas, characterized by possessing 

high cooling demands compared to northern European countries. 

1.7 Thesis structure. 

The structure of the present dissertation is organized as follows: chapter 1 is the introductory chapter 

designed to place the shallow geothermal energy technologies within the broader framework in 

climate change mitigation options and the role of the GIS based technologies to build institutional 

capacity. Chapter 2 presents the state of the art of the GIS-based methodologies to level the potential 

of the shallow geothermal energy to date and the main gaps found in these methodologies to better 

support the enhance of the SGE and finally, the common workflow follows in the development of 

this thesis work is presented. From now on, throughout the thesis, the potential of the shallow 

geothermal energy is determined at three different scales: at continental, regional and local scale. In 

Chapter 3 a spatial analysis of indicators affecting the exploitation of shallow geothermal energy with 

close loop systems at European scale is proposed. Chapter 4 carries out a regional scale methodology 

to assess the shallow geothermal energy potential for close loop systems. Chapter 5 develops two 

local cases, one for close loop systems and the other for Aquifer Thermal Energy Storage system. 

Besides, a feasibility study of two study cases for each technology is presented. Chapter 6 consluions. 

 

Meter figura tesis 
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2 CHAPTER Shallow geothermal energy, 

principles, technologies, and mapping. 
 

2.1 GIS-based spatial analysis for Renewable Energies (RE). 

Geographical Information Systems (GIS) has been widely implemented for the evaluation of potential 

and financial analysis for investments in renewable energies. It has been used since the exploitation 

of renewable energy became economically feasible and its integration into new energy policies 

became feasible (Voivontas et al. 1998). Among the different advantages of using GIS, it is worth 

highlighting the following: it allows to gather, manage, and analyze a huge amount of information; it 

allows also to identify and localize graphically the information in maps; it enables to underline and 

exploit interrelations between data sets, which allow to perform statistical calculations; and finally, it 

also helps identify problems driven by geography; it serves as a Multi-Criteria Decision Support 

System (MCDSS) by supporting decisions based on geographical characteristics.  

With this regard, many map-based apps have been creative to back the spread of information on 

renewable energy viability in certain areas. The GIS-based tools exist on the Internet and are used by 

NGOs, governments, and universities. Based on these methodologies, the National Renewable 

Energy Laboratory (NREL) has estimated RE potential in USA. The report (Lopez et al. 2012) 

includes state-level maps and tables containing available land area, installed capacity and electric 

generation. The International Renewable Energy Agency (IRENA), in an attempt at centralizing the 

potential atlas published around the world, has developed the open access Global Atlas for Renewable 

Energies (https://irena.masdar.ac.ae/gallery/#gallery) categorized in wind, solar, geothermal, 

biomass, ocean, and hydroenergy resources. 

Governments, utilities, private investors, and local authorities are considered the main actors in the 

RES energy-planning process. They need RES potential means to examine existing opportunities to 
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plan their actions to integrate RES in different scenarios. Common practice in spatial methodologies 

with GIS tackles the following steps:  

-          Estimation of the Renewable energies’ s potential 

-          Assessment of the local characteristics influencing it 

-          Evaluation of restrictions that hinder deployment of a given technology 

-          Economic profits expected 

In the RE field, the energy potential of a territory, the search for the most appropriate sites, the 

distribution of energy in each area and its infrastructure, impact assessment, multi-criteria analysis 

among others, GIS has been supporting the efficient management of information. GIS also tackles 

the integration of renewable energies in their territorial, environmental and social aspects, that is, the 

implications and reciprocity between these three aspects and the technological development, physical 

implementation, and social diffusion of renewable energies. With GIS, the analysis of the initial state 

is also possible. It captures and structures of the knowledge of the reality from which it starts, also 

including the socioeconomic, environmental and energy aspects (information on the inert 

environment, biological environment, energy resources, population and habitat, infrastructures, legal 

framework, related organizations and plans or programs that encompass the region) (Dominguez 

2014). 

With the different purposes mentioned above, GIS has been applied in RES technologies and 

disciplines and worldwide. Some of them can be consulted on the Internet in online viewers. Those 

considered the most relevant and complete worldwide and in Spain have been gathered in Table 2.1. 

Besides, many authors have work in measuring the RE resource and technologies potential around 

the world with different purposes. (Ramachandra and Shruthi 2007) mapped the potential of the main 

renewable resources in India to provide a base for integrating RES into the regional budget, 

identifying and quantifying the spatial and climatic factors affecting the availability of renewable 

energy potential. As for onshore and offshore wind power, (Noorollahi, Yousefi, and Mohammadi 

2016) analyzed the wind potential in the eastern part of Iran, producing a wind farm suitability map 

at a regional scale and revealing that 28% of the territory possessed good conditions for installing 

large wind farms. Coupling GIS-based methodologies and Multi-Criteria Decision-Making (MCDM) 

methods is also a common practice. (J. M. Sánchez-Lozano, García-Cascales, and Lamata 2016) 

combined GIS and Fuzzy MCDM approach for selecting onshore wind farms in the southeast of 

Spain. The same author in the same study area (Juan M. Sánchez-Lozano et al. 2014) applied a GIS-

based approach combined with another MCDM called ELECTRE for selecting solar farm sites in the 
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Southeast of Spain. Hybrid technologies are considered in such approaches. (Aydin, Kentel, and 

Sebnem Duzgun 2013) introduced a new GIS-based methodology for site selection of hybrid wind 

PV-solar systems in Turkey whose results were displayed in maps of prioritizing locations based on 

their potential in RES. (Messaoudi et al. 2019) also applied his MCDM tool coupled with GIS to 

select sites to produce green hydrogen outputting a map with four suitability categories (from low to 

high suitability). In works regarding building heating and cooling solutions, (Nielsen and Möller 

2013) evaluated the possibility to expand District Heating in Denmark and (Gils et al. 2013) in the 

United States of America. (Su, Madani, and Palm 2019) replicate the case but this time with 

geothermal energy as the candidate to upgrade traditional systems. 

These and many other studies have quantified the RE potential and compared their results. However, 

this evaluation becomes an arduous task as they use different assumptions, methodologies, units and 

analysis time frames (US Department of Energy 2006).  

 

2.2 Shallow geothermal energy GIS-based decision support. 

Technically, spatial analysis in the shallow geothermal field follows a similar pattern as the other RE 

mentioned in terms of workflow and methodology typology. However, Shallow Geothermal Energy 

(SGE) technology must face a lack of information and low dissemination of data. As stated previously 

in this thesis, rather than the technical, are the non-technical barriers the main issue preventing a better 

deployment of this technology. As a tool to boost it, shallow geothermal GIS-based spatial analysis 

is the key to show how much and under what economic and environmental conditions the untapped 

SGE potential can be extracted from underground. With a shared objective of promoting the use of 

SGE, extensive spatial analysis work was developed during the last decades. These maps support the 

decision in an active or passive way, that is, whether they provide a direct solution to the decision or 

a decision aid tool, such as the thematic maps. Thematic maps are created with information 

contributing to gaining knowledge and contain valuable information themselves, which can be of 

support to the decision process. 

2.1.1. Potential maps 

When talking about the potential, it is paramount to understand that there are various types of 

potential, i.e., resource, technical, economic and market potential (Figure 2.1).  
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Table 2.1. Sound RE online map viewer. Own elaboration. Note: W - Wind, SOL - solar, GEO - Geothermal, BIO - Biomass, OCE - ocean and HYD - 

Hydrological 

Source Title Viewer maps Description SOL PV W OCE HYD GEO BIO Scale 

(IRENA) Global Atlas for 
renewable Energy 

RE Potential maps of certain 
areas around the world of RE at 
different scales  

       
Worldwide 

(The Nature 
Conservancy) 

Global Development 
Potential Indices 

Potential, suitability and 
uncertainty maps of certain 
renewable and nonrenewable 
technologies 

       

Worldwide 

(NASA) The POWER Project 
Solar and wind potential maps        

Worldwide 

(Joint Research 
Center) PVGIS PV potential and solar radiation 

maps  

       Continental. 
Europe 

(Spanish 
Government) GEOPORTAL Potential maps. Environment 

sensibility. 

       
National. Spain 

(US Government) Marine Cadaster Thematic maps defining the 
Offshore Wind potential  

       
National. U.S. 

(National 
Renewable 
Energy 
Laboratory) 

RE Atlas US RE potential Atlas 
(Deep Geo 

       

National U.S. 

(Centro nacional 
de Energías 
Renovables 
CENER) 

Mapa eólico Ibérico  Onshore wind potential maps 

       

National. Spain 

(EURAC 
Research Center) 

EURAC Research 
WebGIS 

Different thematic maps related 
to local parameters 

       Local 
(Tyrol, South 
Italy) 
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a. Potential resources maps provide the first estimation of the existing amount of energy that can be 

extracted using the developed technology per time unit at a specific location at a specific depth. It 

represents the crucial first step in energy mapping. With shallow geothermal resources, GWh per year 

unit is commonly used. They must never serve as planning tool to design geothermal installation since 

different aspects must be also considered. Potential resources maps are based on site-specific 

underground conditions. Among the most common, thermal conductivity and heat extraction maps 

are by far the most wanted and useful maps. Apart from those, hydrogeological parameters, and heat 

flux and water table level would be the second most mapped.  

b. Technical potential maps are used to assess the achievable energy generation capacity at specific 

sites or areas based on the technology, system performance, topographic limits, nature or 

environmental and land-use constraints. Heating and cooling energy needs or the SCOPs of the SGE 

system in a certain area are frequent technical issues. 

c. Economic potential maps usually show the cost-effectiveness of exploitation of shallow resource 

in this site-specific condition. In geothermal resources, the most important parameters to be 

considered are the drilling costs and the cost of the most used replaced technologies. 

d. Market potential maps show the economic opportunities linked to the deployment of the 

technology in certain areas and forecasts and estimates the market share. It is mainly based on the 

resource, technical and economic potential conditions and others such as population or environmental 

benefits. 

(Hellstrom, G., Sanner 1994) described PC-programs for dimensioning the heat that could be 

extracted by boreholes. Although it was (Ondreka et al. 2007), who published for the first time a GIS-

based shallow potential map of southwestern Germany for a closed-loop system only for the heating 

mode. His innovative work has served as basis for many others’ works in multiple places around the 

world (Blum et al. 2010) (Carranza et al. 2008) (Di Sipio et al. 2014) (Luo et al. 2018) (Galgaro et al. 

2015). Although not many surveys have gone beyond the resource potential exploration with GIS-

based methodologies, some surveys have explored the potential as a whole. For instance, (Gemelli, 

Mancini Adriano, and Longhi 2011) developed a novel energy-economic approach at a regional scale 

where not only resource potential was assessed but the technical, economic and market conditions 

such as the installation cost and payback time, as well as geothermal energy cost. (Blum et al. 2010) 

developed a model where the resulting potential CO2 savings after the migration from conventional 

to geothermal heating systems were assessed at a regional scale. (Walch et al. 2021) addressed the 

possible thermal influence when BHEs are widely deployed, which can be problematic at a regional 

scale and quantified the technical geothermal potential in a region of Switzerland. Finally, 
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(Noorollahi, Gholami Arjenaki, and Ghasempour 2017) assessed the resource, technical (energy 

loads) and economic potential in Iran, outputting, among others, Iran´s economic priority map for 

GSHP systems. It highlights convenient regions for shallow geothermal energy use to support policy 

makers for decisions in public investments. 

 

2.1.2. Conflict use maps.  

They display possible limitations and constraints making the shallow geothermal installation 

implausible (Figure 2.2). They model constraints to shallow resource accessibility by evaluating and 

representing activities that cause, directly or indirectly, damage to the environment or other land uses 

nearby. (Hamada, Marutani, and Nakamura 2003) studied the conditions for both open- and closed-

loop systems in Japan. After crossing hydrogeological information analyzed and regulations on 

environmental protection, they concluded that only 33% of the available space could be considered 

for this purpose. Common conflict use maps are described in Figure 2.2. Conflict use maps 

classification and examples. Own elaboration. Maps from Geological Survey of Ireland, 2020). 

Conflict use maps not only provide useful information by themselves but are used for creating 

suitability maps or traffic light maps. Suitability maps are used to get information on the suitability 

grade of certain technologies in a certain area, whereas traffic light maps are commonly used to get 

information about whether the installation is possible, restricted or not possible at all. For both, 

integrated energy package factors based on appropriate geothermal parameters and local constraints 

are considered. This information must be harmonized so that it can be compared. A suitability label 

or color is directly assigned (low, medium, and high or red, orange, and green) based on the success 

of the technology in a certain area. Results are relevant and valued for local and regional energy 

decision-makers community. The EU-funded project GEOPLASMA (2016–2019) was aimed at 

assessing geothermal resource and possible conflicts use in six pilot areas in central Europe. With the 

results, a Web GIS tool was created where all maps can be consulted. Conflict maps considered here 

were nature protection areas, water protection areas, contaminated protection areas or groundwater 

bodies suitable for open-loop systems among others. Closed-loop and open-loop system information 

was considered separately and used for creating the suitability maps for groundwater heat pumps and 

borehole heat exchangers, respectively. Under the EU-funded GEOTeCH project framework, (Tinti 

et al. 2018) developed a suitability map at a European continental scale. This work introduced in the 

geothermal field a new GIS-based methodology with the Multi-Criteria Decision-Making Tool 

denominated Analytical Hierarchic Process Tool (AHP). Instead of labels being directly assigned, 

experts’ opinion is collected so that decision criteria are first weighted and then harmonized. The 
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project was aimed at decreasing the cost of geothermal systems for vertical borehole heat exchangers, 

and they proposed an integrated package composed of a specific drilling technique (hollow stem 

auger), borehole heat exchanger (coaxial), and GSHP (Dual). The resulting map assessed the market 

suitability of this technique in the European continental area based on 2D mappable information 

across the continent. (Bloemendal, Olsthoorn, and van de Ven 2015) explored the conditions for the 

application of Aquifer Thermal Energy Storage (ATES) at a global scale. They converted geo-

hydrological and climatic properties into ATES suitability and created the ATES suitability map. 

 

2.1.3. Monitoring and modelling thermal resource management maps. 

An increasing trend to manage geothermal resources at city scale is observed (Figure 2.3). So far, 

only some cities in the world are incorporated (Helsinki, Singapore, and Montreal). Main stakeholders 

here are city planning decision-makers and city energy managers, as the tool is intended to prevent 

interference between different installations in terms of the geothermal resources, possible thermal 

plume or infrastructure interference. Although city planning remains largely 2D worldwide, a tool to 

recognize and monitor shallow geothermal resources at a city-scale is increasingly being recognized. 

The aim of this tool is to obtain large available data to increase knowledge of the subsurface 

conditions and situations and connect the subsurface specialists with the planning processes. In Spain, 

(Alcaraz, Vives, and Vázquez-Suñé 2017) developed the T-I-GER method application that installers 

could use to localize SGE resources, taking thermal impacts on other installations into account. This 

method was applied in Zaragoza city and compared to the case of Basel for (Epting et al. 2017). The 

current state and the potential natural state were mapped for two study cases: flow and heat transport 

and surface recharge zones, calculated temperature distribution and calculated temperature 

differences between the potential natural and the situation in winter were 2D maps. The work finally 

introduces the “relaxation factor” tool that indicates the grade of the SGE due in a certain area, 

revealing that in many areas of the city, the SGE is overexploited (more than 100% of the available 

resource is used). To prevent this occurrence, this information must be monitored in every city and 

displayed in 3D map applications on the internet. 
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Figure 2.1. Potential maps classification and graphic examples. Own elaboration. (Maps from top to bottom: Taussi et al. 2021; Casasso A.,Sethi. R. 2016; 

Gemelli A, 2011; Ramos-Escudero A. et al. 2020) 
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Figure 2.2. Conflict use maps classification and examples. Own elaboration. Maps from Geological Survey of Ireland, 2020) 
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Figure 2.3. Monitoring thermal resource maps classification and examples. Own elaboration. Maps from Epting. J. et al., 2017)



Development and use of Geographical Information Systems (GIS) based methodologies as a 
strategic tool to enhance policy support for the deployment of shallow geothermal energy. 

 
2.1.4. Relevant works summarization 

The most relevant scientific contributions have been summarized in Table 2.1. “Potential” maps are 

by far the most frequent class, and they have been applied by the majority for the different GSHP 

technologies (vertical, groundwater, etc.,). It is also frequent that “monitoring thermal resource maps” 

bring about also potential maps as the basis for the survey. Conflict use maps, however, are developed 

independently from the others. When it comes to scale, it varies from city to worldwide. “Monitoring 

thermal resource maps” are usually deployed at city scale and sometimes at a local scale. Potential 

and conflict maps, however, are found from local to worldwide scale although suitability map scales 

are normally higher. Concerning the operation mode of the GSHP they have been applied for, the 

vast majority take into consideration Heating and Cooling although there is a huge extension 

considering only the heating mode. Besides, any author has elaborated specific potential maps for 

cooling except one.  

2.1.5. European projects in the production of shallow geothermal maps. 

European-funded projects have served as a framework to develop multiple shallow geothermal 

potential maps mostly as basic information for the project objective. Under the EU-funded CHEAP-

GSHPs project framework, aimed at finding cost-efficient solutions to make GSHP most cost-

efficient, (Müller et al. 2018) produced a Pan-European map with the classification of the dominant 

material to assert the hardness of the rock for drilling purposes. Later, under the EU-funded 

GEO4CIVHIC project, (Galgaro et al. 2020) showed the best drilling method at European scale in 

the European drillability map for SGE applications. The best method was selected based on geology 

and its association with time and cost of drilling. The TransGeotherm project (2012–2014) was a 

Polish Geological Institute project aimed at promoting the use of SGE, outputting a series of maps 

estimating the geothermal conditions at different depths for both open and closed-loop systems. The 

GRETA project (2014–2018) covered the European Alpine country area. Its main contributions were 

the publication of regional resource potential maps for the different areas, the climatic needs maps 

and a GIS-based financial analysis. The Thermomap project developed the first pan-European 

shallow geothermal potential (Bertermann, Klug, and Morper-Busch 2015) atlas aimed at mapping 

the resource potential from the surface to 10 meters depth, providing an online accessible map viewer. 

In Spain, the most advanced open data tool considered has been created for the Cartographic and 

Geologic Institute of Catalonia (ICGC) for the province of Catalonia. 
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Table 2.2. GIS-based Shallow geothermal mapping contributions 

Reference 1. Potential 
maps 

2. Conflict 
use maps 

3. Thermal resources 
management maps Scale H/C Keywords 

(Gemelli, Mancini Adriano, 
and Longhi 2011) 

   Regional Heating Policy strategies 

(Ondreka et al. 2007)    Regional Heating  

(Casasso and Sethi 2016)    Regional Heating G.POT Novel potential method 

(García-Gil et al. 2015)    Local Heating Groundwater into account 

(Galgaro et al. 2015)    Regional H&C Novel potential method 

(Tinti et al. 2018)    Continental H&C Suitability maps, AHP MCDM 
Tools 

(Taussi et al. 2021)    Regional H&C G.POT, Energy, and Economic 
restrictions 

(Hamada, Marutani, and 
Nakamura 2003) 

   Regional Heating  

(Epting et al. 2017)    Urban H&C Thermal parameters, boundary 
condition 

(Bloemendal, Olsthoorn, 
and van de Ven 2015) 

   World H&C ATES Suitability map 

(Georgina et al. 2019)    Regional Heating G.POT method Catalonia 
(Noorollahi, Gholami 
Arjenaki, and Ghasempour 
2017) 

   
National H&C Resource, energy and economic 

mapping 

(Schiel et al. 2016)    Urban H&C GHG emissions savings 
(Blum, Campillo, and 
Kölbel 2011) 

   Regional H&C Resource, socioeconomic 
factors potential 
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(Blum et al. 2010)    Regional H&C GHG emission savings 
compared to con. System 

(Miglani, Orehounig, and 
Carmeliet 2018) 

   Urban H&C Potential and thermal 
interference 

(Alcaraz et al. 2016a)    Urban H&C Numerical model, thermal 
interference 

(Nam and Ooka 2011)    Urban H&C Numerical simulation open loop 
systems 

(Alcaraz et al. 2016b)    Urban H&C Resource management 

(Di Sipio et al. 2014)    Regional Heating Novel empirical thermal 
conductivity method 

(Tissen et al. 2019)    Urban H&C Supply heating rates for 
different GSHP typos. 

(Ismael et al. 2019)    National Cooling Suitability maps for cooling 
applications 

(Walch et al. 2021)    Reg. urban H&C Complete potential and thermal 
interferences 

(Bloemendal, Olsthoorn, 
and van de Ven 2015) 

   World H&C Suitability ATES maps 

(Alcaraz, Vives, and 
Vázquez-Suñé 2017) 

   
Regional H&C 

Maximum resource to be 
extracted to avoid thermal 
interferences 

(Perego, Pera, and Galgaro 
2019) 

   
Regional Heating 

Techno-economic mapping for 
improving regional 
management 

(Arola et al. 2014)    National Heating Close loop potential to meet the 
demand 

(Rivera, Blum, and Bayer 
2017) 

   Urban Heating Heat island, thermal 
interference 

(Luo et al. 2018)    Urban Heating Potential for different GSHP 
typologies 
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They developed a web tool called GEOINDEX for low-temperature shallow geothermal energy, 

binding a series of thematic maps together that can be openly downloaded. It provides GIS 

information in thematic maps regarding the resource potential, climatic, hydrogeological and soil 

conditions, and public sector geothermal installations and other technical information such as 

difficulty in drilling. 

 

2.3 GIS-based mapping common workflow. 

From all GIS-base map studies works, regardless of the methodology used, GIS work follows a 

similar pattern when it comes to the handle the data and process of the spatial information. Figure 2.4 

shows the common steps to produce the shallow energy maps decision tools. The first step of the 

process is determining the objective of the map that will identify the typology of the map from the 

aforementioned. Next, the data acquisition process proceeds. Steps 1 to 4 are related to the primary 

data needed. Once the objective has been stated, data available will determine the technical properties 

of the maps, such as data resolution and scale, or may also determine whether the map can be created 

or not. Primary spatial data acquisition and modeling are critical to the inherent quality of the 

information derived from these geophysical process models concerning accuracy and precision 

(Goodchild 1992).  High-data resolution is always desired. Two main spatial data typologies are used: 

vector and raster data model. The two models are infrequently addressed together. For instance, when 

the different information is gathered in different models, usually vectors datasets must be converted 

into rasters, and then, rasters are used to solve the problem. This approach is the solution when 

operating with Map Algebra, which is a common tool used (Silva-Coira F, Paramá JR, Ladra S, López 

JR 2020). If crossing different layers is necessary, the lowest resolution layer data will prevail in the 

final map. Alternatively, lacking data may also be identified. For creating maps at national or even 

continental scale, it is usual that information for certain areas is not available, causing an inability to 

generate the map. Once this availability has been ensured, data must be gathered by means of the GIS 

tool selected.  

The second part of the mapping process contains all activities that the process with GIS software 

requires. There exists various software, and some of them are opensource.  GRASS GIS (GRASS 

Development Team 2017), gvSIG (Polytechnic University of Valencia 2010), ILWIS (52north 2007), 

QGIS (QGIS 2018) or SAGA GIS (Team 2005) are, among the rest, the most popular tools. However, 

most popular software in ArcGIS (Environmental Systems Research Institute. 2011) (Maguire 2008). 
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Steps 5 to 7 identify thus the work in the GIS environment. Step 5 is not always needed as data can 

be directly collected in GIS format. When needed, the process depends on the primary data origin. It 

is common the conversion between raster-to-vector and vector-to-raster conversions. Step 6 holds 

GIS calculations and functions to obtain the desired maps. Mont common GIS tools used here are 

summarized in Table 2.3. 

Table 2.3. Most used tools used in GIS software for RE mapping. 

Model format Tool package Tools 

Vector 

Geoprocessing Buffer, dissolve, intersection, difference, merges. 
Geometry Line intersection, nearest neighbors’ analysis, 
Analysis tools Create grid, random points in extent 
Data management Join tools, vector layers merge. 

Raster 

Raster calculator Map algebra 
Analysis Proximity, slope. 
Extraction Raster cut by extension or layer mask 
Conversion Polygonise, rasterized. 

 

The principal and main advantage of spatial data is that it allows not only to show the information 

spatially but to interconnect all this information for every pixel of the area under study. This merger 

can be done by “joining” the information. Besides, spatial data calculations can be processed by 

introducing the algorithm using the “raster calculator tool.” Further, specific tools used in this thesis 

work are defined in the following chapters. Finally, maps must be prepared to be properly interpreted 

by the addition of an accurate legend, coordinates, and scale, among others. 

 

Figure 2.4. Common workflow to produce decision-making maps. Own elaboration. 
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2.4 Decision support SGE maps gaps. 

Although the previous section emphasized capital areas involved in SGE mapping through the 

integration of GIS, several deficiencies still need to be addressed at the strategic political level to lift 

the use of SGE. 

2.4.1 Potential methodology harmonization 

Throughout the literature described here, there are no two studies applying the same GIS-based 

methodology. Thus, there is a clear lack of official methodology to assess the underground resources. 

The main drawback is that the comparison of the potential between two areas is unrealizable and an 

arduous task. Therefore, the harmonization of the methodology is considered urgent and highly 

desired by the geothermal community. This issue is tackled by the EU-funded project GeoPLASMA-

CE (Goetzl et al. 2020) that identified this area as one of the most relevant measures to foster the use 

of the SGE.  

2.4.2 European scale maps 

There is an urgent need to elaborate European SGE knowledge aimed at feeding European energy 

strategies. The better decisions can be made by better mapping (Calvert, Pearce, and Mabee 2013). 

While there exist a moderate variety of resource information at a national to local scale among the 

EU Member States, knowledge at continental level is infrequent. (Goetzl et al. 2020) pointed out that 

to boost the use of SGE, a greater amount of more strongly founded European scale information must 

be elaborated. Resource and technical potential maps are perfect candidates to elaborate energy 

strategies to integrate SGE into the energy planning based on strong knowledgement. 

Indeed, to the author’s knowledge, only (Bertermann, Klug, and Morper-Busch 2015) (Müller et al. 

2018) (Tinti et al. 2018) (Galgaro et al. 2020) have developed DSS maps with information at a 

continental scale. 

 

2.4.3 Cooling focused methodologies and maps lacking. 

There exist (almost) no cooling-specific methodologies or published potential maps. There may be 

several reasons behind this: geothermal vanguard countries in Europe are Germany, Austria or The 
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Netherlands, among others, where heating is the prevailing mode and cooling possesses a minor role; 

high cooling-needs countries enjoy soft temperatures throughout the year that result in lower energy 

necessities than Northern countries; besides, they usually hold lower-budget economies, compared to 

the Northern neighbors, to invest in research and in more efficient systems. All in all, it results in a 

lack of specific cooling methodologies and mapping decision support systems (DSS). This fact 

contrasts with the results of the studies proving the technical, economic, and environmental benefits 

of providing cooling with SGE systems (Urchueguía et al. 2008) (Ismael et al. 2019) (Rosiek and 

Batlles 2012). Besides, global warming is elevating temperatures in the whole planet, which will 

increase consequently the necessity of cooling needs around the world. 

2.4.4 GIS-based supply-demand coupling studies. 

Energy production and consumption are inherent territorial. The unit of the analysis here must mirror 

the scale at which the potential energy resource is politically managed so that results are easily 

communicated to the energy politicians willing to incorporate findings into energy policies (Calvert, 

Pearce, and Mabee 2013). 

Indeed, crossing technical maps addressing the heating and cooling demanded by a certain area, and 

resource information about the part of that energy that can be supplied by underground, is identified 

as a powerful tool to encourage local energy decision-makers to invest in SGE. (Tissen et al. 2019) 

developed a similar approach in a quarter in the German city of Munich for vertical, horizontal and 

groundwater GSHP systems. They developed the concept “heat supply rate” representing the 

percentage of the thermal energy for heating and hot water that can be supplied for the SGE system. 

(Miglani, Somil; Orehounig, Kristina; Carmeliet 2014) applied a similar case in Zurich. They 

emphasize this practical approach that limits the real potential available at a quarter scale due to the 

thermal interferences among BHE and limit under sizing installations. This tool is considered 

necessary at a city scale among decision-makers and managers to level the real potential, promoting 

the use of geothermal at a city and manage the thermal resources. 

 

2.5  Conclusions 

GIS-based Decision Support tools are a useful and common technique used in the renewable energy 

field. They allow to quantify its potential and spatial constraints. Shallow geothermal energy 

technologies need extra support from the public, authorities, and investors to foster their usage. For 

this purpose, potential, conflict use, and resource management maps are being identified as the most 
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functional mapping tools among others. Several gaps, though, have been identified as main points to 

be developed in the short term to support a better deployment of the SGE: the harmonization of GIS-

based potential methodologies, the need for more spatial information related to cooling purposes and 

the lack of information at a continental (European) scale.  
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3 CHAPTER Spatial analysis of shallow 

geothermal energy at European scale. 
 

3.1 Introduction 

The issue tackled in this chapter is the lack of information at a continental scale regarding any 

aspect related to SGE and the urgent need for providing sound information concerning the 

potential (resource, technical, and socio-economic) to start with real SGE deployment in the EU. 

To this aim, we propose the creation of thematic maps elaborated with GIS-based methodologies 

that affect the GSHP systems’ suitability and depend on underground and environmental 

conditions. Outputting thematic maps have been created aimed at: 

- Among the specialist scientific community, adding innovative information about 

underground and environmental parameters behind an accurate GSHP system operation 

- Broadening the general knowledge for the general public over the SGE potential. 

- Providing valuable spatial information and useful statistics bringing to light why and 

where the use of SGE can be more beneficial for the community. 

- Identifying likely areas with high resource, technical and economic potential in the EU 

Member states. 

- Paving the way to SGE to be included into the energy strategies and plans at European 

scale. 

In this work, the suitability for SGE development across Europe was evaluated by performing a 

GIS-based assessment considering closed-loop vertical GSHP typology, the most widespread 

technology in SGE. The analysis is based on the main factors that enable or limit the efficiency 

of the GSHP. Factors here considered are grouped in three categories: geological, climate and 

environmental protection. In addition, spatial statistics are performed to assess the location of 

remarkable range values of the indicators and what is the population affected by each group. 

Finally, a Multi-Criteria Decision-Making tool framework was established with the introduction 

of utilizing factor resulting maps into a decision support system at a regional scale in Europe.  
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3.2 Study area 

The European continental scale study area covers the European Member States and other 

European countries. These are the 26 EU Member States and Albania, Iceland, Liechtenstein, 

Macedonia, Montenegro, Norway, Serbia, Switzerland, and the United Kingdom. Most of the 

produced thematic maps cover the entire totality of the study area. However, some maps do not 

cover the whole study area since available data are no accurate enough, or there was no open 

access information available at all. Total population of the study area is around 500 million people 

and surface area about 500 km2. 

3.3 Indicators affecting the Shallow geothermal energy efficiency.  

Indicators affecting the efficiency of the GSHP addressed in this work are summarized in Table 

3.1. They are also classified according to the potential typology mentioned in Chapter 2. 

Reasoning for this selection of factors among all possible alternatives is explained as follows. 

Table 3.1. Classification according to the SGE potential typology maps, datasets, and reasoning of the 

indicators. 

Potential Factors Indicators Based on Reasoning Data Sources 

R
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ou
rc

e 

G
eo

lo
gi

ca
l s

et
tin

gs
 Thermal 

Conducti
vity 

Lithology 
and 
literature 
values 

Determine the ground 
potential to exchange heat 
with BHE 

European Geological 
Data Infrastructure 
(EGDI) and VDI4640 

Te
ch

ni
ca

l 

Material 
Consolid
ation 
Grade 

Lithology  

Ground conditions determine 
drilling techniques and its 
costs associated and 
hydrogeological aquifer 
properties 

EGDI and European 
Drillability Mapping 

C
lim

at
e 

Ground 
Surface 
Temperat
ure 

Air Surface 
Temperatu
re at 
ground 
Surface 

Determine the basis of 
temperature of extraction of 
the fluids. 

Worldclim and U.S. 
Geological Survey's 
Center for Earth 
Resources Observation 
and Science (EROS) 

HDD+C
DD 

Heating 
and 
cooling 
degree 
days 

The sum of heating and 
cooling degree days 
determines total energy 
needs of a household. 

EUROSTAT 

Annual 
temperat
ure 
amplitud
e 

Air Surface 
Temperatu
re and 
altitude 

Determine how efficient is 
GSHP compared to a 
conventional Air heat Pump. 

Worldclim 

En
vi

ro
n.

 

Protected 
areas 

Nature and 
water 
protected 
areas 

Determine Water and Nature 
protected areas where 
exploitation of SGE may be 
restricted. 

European Environmental 
Agency (EEA) and The 
International Union for 
Conservation of Nature 
(IUCN) 
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3.3.1 Thermal conductivity 

Thermal conductivity is an excellent indicator to characterize thermal properties (Bertermann et 

al. 2014) and the ability of the soil to transmit the heat. Thermal conductivity was defined by 

Fourier´s Law by a logarithm describing the quantity of heat that passes through the soil per unit 

of time (W/mK). The soil thermal conductivity (λ) depends on the bulk density of the soil and its 

water content. By increasing soil bulk density, the contact between solid particles increases the 

thermal conductivity by conduction. Similarly, thermal conductivity increases as the water 

content also increases and to a greater extent as the rock porosity also increases by convection 

(see Figure 3.1). Indeed, water in soil improves the thermal contact between the soil particles and 

replaces air which has 20 times lower thermal conductivity than does water. This phenomenon 

occurs mainly in saturated unconsolidated sediments (Santa et al. 2020). Therefore, λ depends on 

the minerals which make up the soil, the porosity of the soil, and the water content of the sample 

(Y. Hiraiwas 2000) (Horton, Ankeny, and Allmaras 1994). 

Additionally, the effect of water saturation is demonstrated to influence the thermal conductivity 

of the rock and at different grades, depending on the rock origin formation. Thermal conductivity 

also increases as the porosity of the rocks increases under water saturation conditions (Nagaraju 

and Roy 2014). This is the reason behind thermal conductivity values varying from one lithology 

to another. 

 

Figure 3.1. Heat transportation in soils whit conduction, convection, and radiation influence. 
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3.3.2 Material consolidated grade. 

Material consolidation grade is a good indicator when it comes to predicting the response of the 

soil when drilling, as geo-mechanical properties are strongly related to the grade of consolidation 

of the rock (Alouhali and Arfaj 2018). Drilling is a crucial process for the installation of SGE and 

is considered one of the main factors determining the feasibility of SGE, as the associated costs 

can reach up to 50% of SGE’s total installation costs (Sigfússon and Uihlein 2015). Material 

consolidation determines the selection of the most suitable drilling technique and affects the 

drilling time and cost by requiring the application or not of a casing (Antonio Galgaro et al. 2019). 

Well-consolidated rock is often easily drilled with a suitable method, and the walls of the 

boreholes are stable, whereas non-consolidated rocks (sediments) produce possible collapse of 

the borehole and eventually the need for a temporary or permanent casing. Moreover, site-specific 

hydrological conditions govern the efficiency of SGE and may determine the feasibility of the 

systems. In case of groundwater presence, the ground heat extraction rate may be higher, albeit 

depending on the consolidation of the rock. 

3.3.3 Ground surface temperature 

Ground Surface Temperature (GST) is considered of paramount importance in any assessment of 

shallow geothermal potential. It determines the heat content in the first meters of the ground 

derived from solar radiation (see Figure 3.1). It depends energetically on the climatic conditions 

influenced by the surface air temperature. Likewise, as with the climatic conditions, the 

underground temperature during different seasons varies. It forms the basis for the heat extraction: 

the temperature difference between GST and fluid carrier temperature of the GHSP determines 

the possible heat exchange between the BHE and the underground, and thus, the efficiency of the 

system. The higher the temperature difference, the higher the energy extracted (Xi et al. 2017) 

(Casasso and Sethi 2016).  

3.3.4 Heating plus cooling degree day 

Heating and cooling degree days are usually utilized as an indicator of the energy needs to heat 

or to cool a space. Heating + cooling thus indicates the total energy demand through the year. 

Small values indicate lower energy needs and vice versa. GSHP use factor3 is affected by it, and 

thus, the techno-economic feasibility is too. However, this indicator must be interpreted with 

special care, as different building typologies will show a substantial variation in their energy 

                                                      

3 Equivalent full hours in operation compared to total number of hours in heating and cooling season. 
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within the same HDD/CDD region. A more comprehensive correlation between climate, building 

type and building energy needs is discussed in (Carli et al. 2018). 

3.3.5 Annual thermal amplitude 

Annual thermal amplitude is also paramount as it establishes the suitability of using Air Source 

Heat Pumps (ASHP) versus GSHP. Unlike the ground, the air shows a wider temperature 

variation throughout the year and on a daily basis, which affects negatively the COP (Healy and 

Ugursal 1997) (See Figure 3.2). Underground thermal variation is narrower with respect to air 

temperature variation. Temperature difference of the ASHP, compared to GHSP, is higher and so 

is the energy consumption. Therefore, owing to an increasing efficiency surplus, greater thermal 

amplitudes tend to favour the use of GSHP compared to ASHP. Figure 3.2 shows the temperature 

interval of air surface temperature throughout the year compared to that of underground 

temperature. While underground temperature has a thermal amplitude of 12ºC, external air 

reaches up to 23ºC. In this case, ASHP consumes extra energy compared to GSHP, when the 

temperature is below or above the underground temperature (12 and 22ºC respectively). 

 

Figure 3.2. Advantage of GSHP vs ASHP with respect to the annual thermal amplitude. Own elaboration. 

3.3.6 Protected areas. 

Nature protected areas determine the areas where SGE exploitation is likely to be restricted or 

banned. Limiting areas are identified where the geothermal resource is not possible to be obtained. 

Trying to exploit SGE in limiting areas may result in complicated bureaucratic permitting 

processes for forbidden installations. These yields, at least, longer and costlier permitting 

processes. 
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3.4 Data used. 

3.4.1 Geological information. 

The European Geological Data Infrastructure (EGDI) is the main source of geological and 

hydrogeological data. The information is part of the International Hydrogeological Map of Europe 

1:1.500.000 (IHME1500) (EuroGeoSurveys 2000) and is openly available on the web: 

(http://www.europe-geology.eu/). The EGDI map offers different lithological groups at five 

aggregation levels following a hierarchical structure. For this study, all the aggregation levels 

were used.  

- The first aggregation level (Litho 1) is the most detailed one with a uniform lithological 

taxonomy scheme and encompasses 229 classes of lithological descriptions. 

- The second aggregation level (Litho 2) is a generalization of the most detailed level (Litho 

1) and comprises only primary and secondary consolidated and/or unconsolidated 

lithological components in 85 classes (e.g. quartzites, sandstones).  

- The third level (Litho 3) is a generalization of Litho 2 and only primary consolidated 

and/or unconsolidated lithological components are attributed, encompassing 29 

lithological classes (e.g. quartzites).  

- The fourth level (Litho 4) is an aggregation forming 10 petrographic “supergroups.”  

- The fifth level (Litho 5) is the most basic group and provides a class division referring to 

the degree or rock consolidation, thusly a distinction of unconsolidated, partly 

consolidated, and consolidated rocks.  

Apart from the previously described, the Hydrogeological EGDI map also offers aquifer type 

information defined in six generalized classes of potential groundwater resources considering four 

grades of productivity in terms of general groundwater yield. Additionally, highly, or low-to-

moderately productive aquifer types are distinguished based on form by porous or fissured rock 

types. For this survey, all the types were used. 

I. Porous, less frequently fissured-porous rocks 

a. Highly productive aquifers 

b. Low to moderately productive aquifers 

II. Fissured rocks, including karstified rocks, less frequently fissured-porous. 

a. Highly productive aquifers 

b. Low to moderately productive aquifers 

III. Locally aquiferous or practically non-aquiferous, porous or fissured. 

a. Locally aquiferous, porous of fissured rocks 

b. Practically non-aquiferous rocks 

http://www.europe-geology.eu/
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The European Drillability Mapping for shallow geothermal applications (A. et al. Galgaro 2020), 

provides an assessment of the most accurate drilling techniques based on the local stratigraphy 

(state of consolidation) and the local hydrological conditions, which is also based on EDGI. It 

establishes 6 different drilling techniques based on Litho 1: 

- Down-hole hammer without casing 

- Down-hole hammer with casing 

- Tricone with casing 

- Tricone without casing 

- Chevron with casing 

- Chevron without casing 

The latter, tricone and chevron, refer to rotary drilling with different types of drill bits. 

These datasets were used and analyzed in the subsequent spatial analysis of thermal conductivity 

and materials consolidation properties. 

3.4.2 Resource data 

The data source of thermal conductivity values was VDI 4640 (VDI 4640 Directive. Thermal use 

of the underground. Fundamentals, approvals and environmental aspects. 2010). The German 

standard contains two parts and addresses the utilization of the geothermal resource in the 

underground. It is divided in four parts: the first part tackles licensing processes; the second part, 

technical information about GSHP systems; the third part, technical information over energy 

storage geothermal energy; and the fourth part, direct applications. In the first and second part, 

thermal transmissions values are provided in different ways: thermal conductivity, density, 

specific heat capacity and thermal diffusivity. They are all provided by ground type. For thermal 

conductivity it differs between consolidated (rocks) and unconsolidated (sediments). In addition, 

a difference is also made whether sediments are saturated or not. Moreover, information is also 

provided in a range of values, where minimum, maximum and recommended values are given. 

3.4.3 Climatic data 

Two main sources of climatic data were used in this work: WorldClim V.2 (Fick, S.E. and R.J. 

Hijmans n.d.) for Surface Air Temperature and The Statistical Office of the European Union 

(EUROSTAT) for heating and cooling degree days (EUROSTAT 2018). WorldClim V.2 provides 

a database with minimum, maximum, and average monthly temperature and precipitation data 

from 1970 to 2000. Information (openly available here: http://worldclim.org/version2) is provided 

in spatial resolution from approximately 1 km2 (30 arc-seconds longitude/latitude degree) to 

approximately 340 Km2 (10 arc-minutes longitude/latitude degree). For the calculation of the 

http://worldclim.org/version2
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ground surface temperature, mean annual temperature data was used with a spatial resolution of 

2.5 arcminutes (3.6 Km2). The calculation of the annual thermal amplitude is obtained from the 

maximum and minimum temperature dataset.  

Furthermore, the Statistical Office of the European Union (EUROSTAT) offers annual data of 

heating and cooling degree days (HDD and CDD) (Statistical Office of the European Union 

(EUROSTAT) n.d.) calculated as the sum of monthly basis data from 1975 to 2018 with outdoor 

temperature and average room temperature of 15º and 18º respectively for HDD and 24º and 21º 

for CDD as a basis. Data are provided in different Nomenclature of Territorial Units for Statistics 

(NUTS) levels, from NUTS 0 (national level) to NUTS 3 (provinces/regions level). In this study, 

HDD and CDD 2018 data at NUTS3 level was considered as the most suitable for the spatial 

analysis.  

A Digital Elevation Model (DEM) (U.S. Geological Survey’s Center for Earth Resources 

Observation and Science (EROS) 1996) dataset was also used in supporting and correcting the 

calculation of ground surface temperature values affected by altitude. This dataset was provided 

by U.S. Geological Survey's Center for Earth Resources Observation and Science (EROS) with 

data resolution of approximately 1 km2 spatial resolution (30 arc-second latitude and longitude) 

and is openly available at https://databasin.org/datasets/7a286ca8a7fa492a9f95d58324ca918c . 

3.4.4 Environment 

Spatial environmental data was obtained from two sources: The European Environment Agency 

(EEA) (European Environmental Agency 2019) and The International Union for Conservation of 

Nature (IUCN). EEA provide a spatial information inventory of national designated protected 

areas (CDDA), including natural and cultural areas, among the EU countries. It provide the 

information in two different classifications:  

- protected areas classification based on national legislation that encompasses 275 different 

European protection groups and  

- a classification provided by IUCN Guideline (Nigel Dudley 2008) based on the 

differences in management approaches that summarizes the 275 groups into six large 

groups: Ia Strict nature reserve, Ib Wilderness area, II National Park, III Natural 

monument or feature, IV Habitat/species management area, V Protected landscape or 

seascape and VI Protected areas with sustainable use of natural resource. 

 

https://databasin.org/datasets/7a286ca8a7fa492a9f95d58324ca918c
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3.4.5 Population data 

Population data was obtained from the Socioeconomic Data and Applications Center (SEDAC) 

(Center for International Earth Science Information Network - CIESIN - Columbia University, 

and Centro Internacional de Agricultura Tropical - CIAT. 2005. Gridded Population of the World, 

Version 3 (GPWv3): Population Density Grid. Palisades 2005). This database provides a time 

series of raster data on Population Density for all over the world. Population data from Europe 

from 2000 in 30 arc-second resolution was used. 

 

3.5 Information process and mapping. 

A common methodology explained in 2.3 (refers to chapter 2) has been applied. The specific 

approach has been summarized in Figure 3.3. For every outputting thematic map obtained, 

different input data, data preparation, and GIS process were applied. The final step was the spatial 

information crossover between thematic maps and its aerial frequency and population.  

 

 

Figure 3.3. Translating spatial information into indicator process workflow. In dark yellow GIS tools 

utilized. In light yellow additional input data used. 
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3.5.1 Thermal conductivity map 

VDI 4640 provides thermal conductivity values classified by main lithological groups both for 

consolidated and unconsolidated materials. To be able to connect the geological information of 

the study site and the thermal conductivity values, a conversion of the geological classification 

data into VDI classification data was performed (see Figure 3.4). To this end, reducing the number 

of lithological groups was needed attending to key properties. As depicted in Table 3.2, EDGI 

lithologies were reclassified based on aggregation levels, reducing from the initial 229 to 5 VDI 

main groups.   

“Litho 4” encompasses 10 petrographic groups based on a general description of soil and rock 

types. “Litho 2” contains only primary and secondary consolidated and/or primary and secondary 

unconsolidated lithological components, whereas Litho 1 provides the most detailed lithological 

taxonomy. For the classification of the lithological maps, the 10 petrographic groups of “Litho 4” 

were used, and 4 more groups from “Litho 2” and 2 more from “Litho 1” were added in order to 

make a more precise description of the magmatic rocks. As a result, 14 different groups have been 

defined and the approximately 220 EGDI lithologies have been distributed into these rock 

families. 

Table 3.2. Translation of EDGI geological data in VDI geological classification. 

"Litho 4" EDGI 
Lithologies groups 

"Litho 2" EDGI 
Lithologies groups 

"Litho 1" EDGI 
Lithologies groups 

VDI4640 
Classification 

Fine sediments     Unconsolidated Coarse sediments     
Calcareous rocks and 
fine sediments     

Sedimentary 
rocks and 
sediments partly 
consolidated 

Calcareous rocks and 
coarse sediments 

  

Siliciclastics rocks 
and fine sediments 

  

Siliciclastics rocks 
and coarse sediments     

Calcareous rocks   Sedimentary 
rocks 
consolidated Siliciclastics rocks     

  Plutonic rocks (acid)   

Magmatic rocks 

 Plutonic rocks (basic) 
 Pyroclastics rocks  

 Volcanic rocks Volcanic rocks 
(acid) 

    Volcanic rocks 
(basic) 

Metamorphic rocks     Metamorphic 
rocks 
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Lithologies´ translation was performed manually in Excel format by applying different filters and 

saving selected “Lithos” combination (see Table 3.2). Thermal conductivity values for each 

lithology group were identified and assigned to the new selection in the GIS environment using 

the “join” geoprocessing tool, that transfers attributes from one layer to another based on a 

common attribute. Eventually, the thermal conductivity map was obtained. 

3.5.2 Material consolidation group 

Information from the Hydrogeological map data was here used again, although only “Litho 5” 

group was necessary. It provides a classification of the lithologies in three groups according to 

their consolidated grade: unconsolidated, partly consolidated, and non-consolidated. To evaluate 

the economic and efficiency feasibility of SGE in the study area based on the consolidation of the 

rock, drilling techniques were associated to each group. Drilling techniques information was 

extracted from the Drillability map (A. et al. Galgaro 2020), which associates techniques with the 

hydrogeological and aquifer productivity. Therefore, it was possible to make a spatial assessment 

of the expected drilling techniques, aquifer types, productivity segment and the relationship 

between them based on the rock consolidation grade group. 

Within the process in GIS, the selection of the new lithologies classification to be displayed in 

the map was performed in a GIS by changing the information to work in the attributes table. Next, 

drillability map information was linked to the three consolidation groups by joining attributes 

from both datasets with lithology as a common attribute. Finally, the material consolidation group 

was obtained. 

3.5.3 Ground surface temperature 

GST can be estimated by diverse methodologies, and the difference is made depending on the 

scale to be applied, with even the use of satellite information increasing (Good et al. 2017). 

According to (Signorelli and Kohl 2004), ground surface temperature depends linearly on the 

altitude and is equal to Surface Air Temperature (SAT) up to 1500 m.a.s.l. and, above this altitude, 

GST is affected by inconveniently predictable local deviations ranging from ±1 to 2 K. A linear 

approach has been used in this work considering the following ranges and corrections derived 

from altitude: 

• From 0-1000 m.a.s.l. GST is equal to SAT (thus no altitude dependency) 

• between 1000 – 1500 m.a.s.l. GST is SAT+1K and 

• Above 1500 m.a.s.l GST is SAT+2 K. 
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Therefore, the Digital Elevation Model (DEM) was utilized as the base-line information. DEM 

information was gathered in raster format. By the rater tool “reclass,” raster information was 

reclassified in three groups: the first group contained the area where altitude ranged from 0 – 

1,000 m.a.s.l. (meters above the sea level); the second group contained altitude areas ranging from 

1,000 to 1,500 m.a.s.l.; and finally, the hird group contained areas from 1,500 m.a.s.l onwards. 

Next, reclassified raster was used as input in the “raster calculation” tool. It allowed for 

incremental temperatures for each group following the stated rules above mentioned. Finally, the 

underground surface temperature map was obtained. 

3.5.4 Heating plus cooling degree day 

HDD and CDD data were gathered in points vector format so that each point represented the mean 

CDD/HDD value of the administrative area unit. The corresponded area unit was NUTS4 2 

divisions, which can be similarly compared to regional divisions in most of the European 

countries. In order to obtain the HDD and CDD information covering the whole study area, HDD 

and CDD data was interpolated separately by the “Spline” tool of the spatial analyst tools package 

of ArcGIS. Once obtained, interpolated HDD and CDD values were summed by spatial analyst 

“raster calculation” tools. Eventually, the HDD+CDD map was obtained in raster format. 

3.5.5 Annual thermal amplitude 

Data of the hottest annual month (July) and coldest annual month (January) was used. It was 

previously obtained in raster, and thus, no later conversion was needed. The difference between 

the first and the second raster was performed using the “raster calculator” tool so that the Annual 

temperature amplitude map was directly obtained. 

3.5.6 Protected areas. 

Protected areas information was gathered in vector format from the database indicated above. At 

the same time, a cross-border classification of the protected areas was obtained. In GIS, this 

classification was spatially applied to the protected areas spatial information by the spatial tool 

“join” so that the first layer was assigned the classification group to each protected area. Finally, 

protected areas limiting map was obtained. 

 

                                                      

4 Nomenclature of territorial Units for Statistics. The standard adopted in 2003 by the European Union. 
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3.6 Resulting Indicators maps and discussion. 

After having applied the data gathered, its conversion (when needed) and the corresponding GIS 

tool and calculations, a resulting map for every indicator was obtained. In order to ease the 

statistical discussion of the results, each output indicator was divided into several classes. Then, 

for each of these classes and indicators, the relative (percent) area was assessed, as well as the 

relative (percent) population. The relative area and resulting maps are exhibited in sections 3.6.1. 

to 3.6.3. and population results are shown in 3.6.4. 

3.6.1 Geological factors 

3.6.1.1 Lithology 

The results of the systematization of the geological data according to VDI 4640 standard are 

represented in (Figure 3.5) and aerial percentage is shown (Figure 3.4) among the EU countries. 

It shows that the biggest lithological group is represented by coarse unconsolidated sediments 

(29% of the total), and the second most widespread group is sedimentary rocks with consolidated 

sediments (23%) both with siliciclastic and calcareous rocks; magmatic rocks make up the third 

group, accounting with 19% of the total territory, characterized by mostly the presence of plutonic 

rock. In addition, sedimentary rocks and sediments partly consolidated represent 18% and finally, 

metamorphic rocks comprise 14%. 

 

 

Figure 3.4. Lithologies area percentage. 
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Figure 3.5. Lithological groups map. 

3.6.1.2 Thermal conductivity 

The resulting Thermal conductivity map (Figure 3.6) values range from 1.2 to 6 W/mk, and they 

have been disassociated in ten classes. From most to least abundant, 2.5-3 W/mk is the first (28%), 

1.2-1.5 W/mK class accounts for 22% of the area, 1.5-2 W/mk is the third class with 

approximately 20% of the area, 2-2.5 W/mk is the fourth with 17% and an insignificant 3% of the 

area possess values ranging from 3-6 W/mK. This information can be also consulted graphically 

in Figure 3.12. 

Most of the classes are equally spread along the continent. However, a large part of Belgium, The 

Netherlands, Northern Germany, Northern Poland, Hungary, Latvia and Lithuania possess values 

ranging from 1.5-2 W/mK. On the other side, Spain, Portugal, France, the United Kingdom and 

South Germany show a trend for 2-2.5 W/mk. And lastly, Sweden and Norway are the countries 

where the majority of 3-6 W/mK values are found. 

3.6.1.3 Materials consolidation 

From the lithology information, consolidated, partly consolidated and unconsolidated groups 

were created based on the rock consolidation geology and represented in a map (see Figure 3.7). 

Relevant information extracted from here is the drilling technique, the likely aquifer type 

associated when drilling the BHE necessary for the GSHP and the relation between both. Results 
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have been summarized in Table 3.3. Information represents the aerial frequency (%) of every 

aquifer type and drilling technique per consolidation group. 

 

 

Figure 3.6. Thermal conductivity map. 

Unconsolidated rock is the major group, accounting with 61% of the area, followed by partly 

consolidated, 10%, and consolidated, 29%. In the first group, porous aquifers with low to 

moderate productivity and highly productive locally aquifers are basically found, which can be 

clearly discerned in entire countries such as Belgium, The Netherlands and Denmark. Tricone and 

Chevron seem to be the most appropriate techniques here. Within the second group, mostly 

fissured and porous aquifers are found here with low to high productivity aquifers and locally 

aquifers. Down-hole hammer and Tricone both with casing seem to be more accurate drilling 

techniques, and it is heterogeneously extended across the continent. Finally, the third group is 

extended mainly along Sweden and Norway and covers major parts of the United Kingdom, 

Western Spain, and Portugal. Here, non-aquiferous rocks as well as porous and fissured, are 

mainly present, although locally aquiferous rocks or highly productive fissured rocks are also 

present. The most used drilling technique is the down-hole hammer without casing in 43% of the 

area. 
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Table 3.3. Aquifer types and drilling techniques based on consolidation grade of materials. 

Aquifer type Unconsolidated 
materials 

Partly 
consolidated 
materials 

Consolidated 
materials 

Highly productive fissured aquifers (including 
karstified rocks) 1% 4% 6% 

Highly productive porous aquifers 7% 1% 2% 
Locally aquiferous rocks, porous or fissured 11% 7% 10% 
Low and moderately productive fissured aquifers 
(inc. karstified rocks) 0% 7% 5% 

Low and moderately productive porous aquifers 18% 2% 1% 
Practically non-aquiferous rocks, porous or 
fissured 2% 2% 14% 

Total 38% 24% 38% 
Drilling technique       
Chevron with casing 2%   
Chevron without casing    
Down-hole hammer with casing  17% 3% 
Down-hole hammer without casing  5% 43% 
Easy drill pilling without casing 10% 3%  
Tricone with casing  17%  
Tricone without casing   2% 
Total 10% 42% 48% 
 

 

Figure 3.7. Consolidation’s grade of materials map. 
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3.6.2 Climatic factors 

3.6.2.1 Ground surface temperature 

Figure 3.8 show results obtained for the ground surface temperature map. Values range from -7ºC 

to 21ºC divided in 5 classes. They represent the annual mean temperature across the continent. 

Class from 5 - 7ºC represent the most widespread class amounting to 44% of the total area. Second 

class, -1ºC to 5ºC, covers 25%. Third is 11 to 17ºC class covering also 25% and finally, -7 to -

1ºC and 17 to 21ºC classes with 2% and 3 coverage, respectively. In a general vision, temperatures 

increasing as going direction South and vice versa. 

 

Figure 3.8. Ground surface temperature map. 

3.6.2.2 Heating + cooling degree days. 

The resulting heating + cooling degree days map is represented in Figure 3.9. Values range from 

800 to 7,230 and are divided into 7 classes. Around 70% of the area is covered by two classes: 

2,000 – 3,000 and 3,000 – 4,000. Highest values classes (values from 4,000 to 7,230) cover 14% 

of the area. In contrast, the lowest values classes (from 800 to 2,000) also cover the same 

percentage of area. In the map, it can be observed how values increase going further North as a 

rule and in high-altitude areas such as The Alps. 
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Figure 3.9. Heating + Cooling degree days. 

 

3.6.2.3 Annual thermal amplitude 

The Annual thermal amplitude map is represented in Figure 3.10. Resulting values range from 

7.5ºC to 35ºC and were segmented into 5 classes. The first two classes (from 7.5ºC to 18.5ºC) 

cover 50% of the territory and the other three classes (from 18.5 to 35ºC) the other 50%.  Heading 

further north-west, a depleting tendency in values is observed and lower values are found at the 

coast. The different classes behave as conventional climatic classes. The lowest amplitudes are 

found in the Atlantic coasts and mountainous areas of the continent. In addition, low amplitudes 

are found in coastal areas regardless of the climate area. In contrast, the broadest amplitudes are 

found in the Mediterranean part and in continental climates areas. 
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Figure 3.10. Annual thermal amplitude map. 

3.6.3 Environmental factors 

3.6.3.1 Protected areas. 

The resulting protected areas map can be seen in Figure 3.11. The areas are classified in three 

main groups: “strict areas” which are areas where SGE exploitation is not allowed, “may be 

protected areas” where the exploitation may be restricted, and “non-protected areas” where there 

is no protection identified. 0.08% of the area were identified as “strict areas” and were found 

mainly in Norway, Sweden, Switzerland, and Slovakia. 15% of the areas turned out to be “may-

be protected” and were found in Germany, the United Kingdom, Poland, Czech Republic, Austria, 

Denmark, and Switzerland. The largest part of the territory, 87%, fell under the “non-protected 

areas” and can be recognized in Southern countries and Finland. Local restrictions on 

groundwater protection are not contemplated here (see 3.4.4.) 
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Figure 3.11. Protected areas maps. 

3.6.4 Areas vs population 

Area and population present per indicator class were analysed as GIS-based decision support can 

be driven by enhanced spatial thinking about issues related to energy-human-environment 

relations (Calvert, Pearce, and Mabee 2013). Figure 3.12 summarizes resulting indicators 

spatially analysed based on area and population affected. The following information can be 

extracted from it. For thermal conductivity, in general, as values escalate, both area and 

population affected de-escalate. In other words, the lower the values, the more populated and 

larger the area is. That tendency is broken, though, with the 2.5 to 3 W/mK class that contains the 

largest share of population and area (36% and 28% respectively). The vast majority of the 

population lives in areas whose underground possesses between 1.2 to 2.5 W/mk thermal 

conductivity and, in contrast, an almost negligible 1.5% of the population lives where the thermal 

conductivity goes up 3 W/mK.  

Almost 50% of the population also lives in areas with unconsolidated materials underground, 

covering 29% of the total; 10% of the area and 15% of the population is affected by partly 

consolidated materials grounds; and lastly, 45% of the population lives in areas with consolidated 

materials and covers 61% of the territory. 
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When it comes to ground surface temperature, trends differ in area and population, differing 

mostly in those areas with highest and lowest annual mean temperatures. A small part of the 

population (4.4%) lives in areas where GST range from 17 to 21ºC and another small part (1.5%) 

in -1 to -5ºC areas. In contrast, 40% lives in 11 to 17ºC-areas and the remaining 50% do live in 5 

to 11ªC-areas. 

As for heating + cooling degree days, the largest classes (2,000 – 3,000 and 3,000 – 4,000) 

comprise 85% of the total population together. The highest values classes (classes covering from 

4,000 to 7,230) cover 14% of the area, but only 3% of the population resides there. Finally, the 0 

to 2,000 class comprises 14% of the area and 13% of the population. 

Annual thermal amplitude shows quite equally results concerning area and population. 

Nevertheless, it highlights the 29.5º to 35º class that covers 16% of the total area, but a small part 

of the population resides there (3%). 

Finally, strict protected areas do not have any population affected. May-be restricted areas cover 

15% of the area and 13.5% of the population lives there, whereas 87% of the population lives in 

non-protected areas, that cover 85% of the area. 

 

Figure 3.12. Population and area affected by each indicator. For every indicator, first bar reflects 

population affected and the second bar, the area affected. 
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3.6.5 Identification of potential areas for SGE. A case of study in Southeaster Spain.  

From the resulting maps, regions across the EU Member states can be determined where 

environmental factors are positive for the SGE exploitation and can be used to contrast its 

potential with its current implementation level. As a case for an example, a province located in 

Southern Spain, the province of Murcia, has been selected. In this area, thermal conductivity 

ranges from 1.5 to 3.2 W/mK which are considered very favourable values. The rest of the 

indicators shows also positive indicators, except the presence of some may-be protected areas. 

Therefore, this area is a good case of example as possess adequate environmental conditions. 

In spite of the favourable conditions, the regional Master Plan (2016-2020)(Energía y Minas de 

la Región de Murcia 2016) does not consider SGE as a real alternative for sustainable heating and 

cooling energy sources. This document contains almost 100 energy different actions to fight 

against climate change by promoting the energy efficiency and the use of renewable energy, and 

in only one of these actions SGE is mentioned. Indeed, the shallow geothermal potential in this 

area is unknown as there is no official resource map. Curiously, the SGE has been exploited in 

this area for greenhouse heating purposes in the agriculture sector, which is one of the most 

important economic activities. Additionally, owing to the climatic conditions (18ºC approx. mean 

annual temperature), the building stock in the regions accounts for high cooling energy needs 

(compared to the rest of the continent), which are mainly met by electric systems. 

Among the possible reasons behind the scarce deployment of SGE in the region are the absence 

of specific regulations concerning the drilling of boreholes (Industria Energía y Minas de la 

Región de Murcia 2015)  and also the evident lack of public awareness on the potential of this 

technology. 

These maps can be utilized, too, as input into Multi-Criteria Decision Making (MCDM) 

framework. MCDM has been broadly used for the selection of the optimal location in the RE field 

(Sánchez-Lozano et al. 2013). In this work, though, rather than the optimal place, the suitability 

level of a GSHP installation in a certain area is the goal to be reached. As a demonstration, a basic 

example has been done in which every criteria layer was used as input in the MCDM. Based on 

theoretical experts’ understanding, criteria are weighted according to their influence on bettering 

the GSHP performance. 
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Figure 3.13. Thematic map outlook of the example case selected to be applied for the MCDM. (A) 

thermal conductivity, (B), protected areas, (C), Annual Temperature amplitude, (D) Heating + Cooling 

degree days, (E) Ground surface Temperature, and (F) Consolidation grade rock. 

To be capable to compare the different indicators to each other, a normalization process was done, 

including the qualitative into quantitative conversion. Each criterion was first categorized into 

three groups (acceptable, good, and excellent) regarding their suitability to reach the goal. Next, 

a score was assigned to every group (1, 2, and 3 respectively). Secondly, the weights were 

summed up in GIS following (3.1) using the “map algebra” tool. (w1, w2, w3, w4, w5 and w6) are 

the weights and (S1, S2, S3, S4, S5 and S6) are the scores. 

 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑊𝑊𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠 = (𝑤𝑤1 ∗  𝑆𝑆1) +  (𝑤𝑤2 ∗  𝑆𝑆2) + (𝑤𝑤3 ∗  𝑆𝑆3) + (𝑤𝑤4 ∗  𝑆𝑆4) + (𝑤𝑤5 ∗  𝑆𝑆5) + (𝑤𝑤6 ∗  𝑆𝑆6)         (3.1) 
 

Table 3.4. Weighted criteria to be applied in GIS-based MCDM in Murcia. 

Order Indicator Unit Weight Suitability level 
1 (Acceptable) 2 (Good) 3 (Excellent) 

1st Thermal 
conductivity W/mK 0.6 1.2 - 2.5 2.51 - 4 4.01 - 6 

2nd HDD+CDD  0.1 800 - 2,000 2,001 – 
4,300 4,301 - 6430 

3rd Consolidation 
grade rock ºC 0.1 Consolidated Partly con. Unconsolidated 

4th Ground Surface 
temperature 

 0.08 (-7.2) – 2 2 – 18 18 - 21 

5th Protected areas 
 

0.06  May be 
restrictions 

Non protected 
areas 

6th 
Annual 
temperature 
amplitude 

ºC 0.02 7.5 – 18 18 – 24 24 - 35 

A B 

C D E F 
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Figure 3.14. Suitability of Murcia region after applying GIS-based MCDM. 

 

3.7 Conclusions. 

This chapter results show how the main indicators controlling the suitability of shallow 

geothermal energy potential leveraged across the EU Member states alter spatially and how they 

link with population. The pan-European and the thematic maps set the intention to support 

guidance on the most important indicators in the exploitation of SGE across the European 

continent. This analysis and result do not aim at serving for installations design, for instance, as 

site-specific values at a local scale are likely to vary. Indeed, for small scales application, detailed 

information is required and likely with local measurements. This study, for instance, does not take 

the hydrogeological conditions into considerations that both may impact the SGE resource and 

may fall in a groundwater area protection. 

Based on a free open-source data, the thematic maps and statistics based on geological, climatic, 

and environmental factors were formulated. The area and population combination brought to light 

the most frequent indicators across the study site and ranges where populations are concentrated 

were also identified. This is deemed a support to identify hot spots for the geothermal exploitation. 

Quantitatively, from the results, the following can be pointed out. Derived from the geological 

factors, most of the population lives in areas where thermal conductivity ranges from 1.2 to 3 

W/mK. Therefore, focus must be given to this range for scientific research and technological 

innovation purposes. The application of BHE and grouting within the range of these specific 

thermal conductivity values is probable to contribute to the enhancement of the overall 

performance of the system, diminish installation and associated costs and allow for a targeted 

promotion of the use of these systems. Although higher values were found, a small part of the 

population resides there and therefore there is not much need for efforts in these areas. 



Development and use of Geographical Information Systems (GIS) based methodologies as a 
strategic tool to enhance policy support for the deployment of shallow geothermal energy. 

 
Geologically, despite unconsolidated materials representing almost half of the area, more than 

half of the population resides in consolidated materials areas. Here, the down-hole hammer is 

considered the most applicable drilling technique, owing to their associated costs. Thus, the 

upfront costs can be reduced by means of the research of new drilling techniques applicable to 

consolidated materials. 

Derived from the climatic factors, we concluded that most of the population resides in areas where 

mean annual temperature ranges from 5 – 21ºC and a very small group was found in areas where 

annual temperatures is below 0ºC. Besides, from the air temperature amplitude, we observed that 

one quarter of the population (125 million people) lives in areas where space heating and cooling 

energy generated from GSHP is more suitable compared to air heat pumps. In addition, another 

quarter of people live in areas where GSHP could be the most suitable system, which would 

depend on the specific distance to the sea. We also observed a tendency of people living in areas 

with no severe climate conditions and consequently living in low to medium energy needs 

buildings. 

According to the environmental outlook, in principle, 85% of the territory does not seems to have 

any special environmental restriction when it comes to the shallow geothermal resource. 

Nevertheless, other parts of the territory may need to embrace complicated bureaucratic permit 

processes that could cause higher costs of the installations or even in denial of permission. A 

small 0.08% of the territory is strictly protected and no human activity is allowed. 

As proven, thematic maps can be used as input for Multi-Criteria Decision-Making framework. 

When applied to the regional level, other relevant information levels can be also incorporated that 

are not possible at a regional scale. The case of the Region of Murcia is an example for which 

suitability maps generation can be used for regional energy decision makers to support them to 

identify those areas where the exploitation of the shallow geothermal resource may entail better 

results. It can be also used to identify those non-exploited areas with high resource, technical and 

economic potential so that gaps in legislation are pointed out as well as public awareness. 

Due to the results obtained for the Region of Murcia and the identified lack of policy support by 

the regional government and public awareness, it is a representative area to develop a detailed 

spatial study at a regional and even urban scale.
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4 CHAPTER Spatial analysis of shallow 

geothermal energy at a regional scale. 

4.1 Introduction 

In this chapter, shallow geothermal energy potential is analyzed at a regional scale. Energy 

management does not only occur only at the continental or even national level. The scale used for 

energy decision-makers must be closely aligned with the scale at which RE energy operates and 

the manage authority scale (Mendonça, Lacey, and Hvelplund 2009). Nations in the EU are 

increasingly decentralizing authority over RE supply and planning decisions (Smith 2007). 

Indeed, European energy policy appears to be moving toward a “multi-level” governance situation 

which is related to the way policy has migrated from centralized governmental forms and become 

distributed across levels and actors. This pattern in RE policy appears to fit also in Spain. Bearing 

this in mind, we propose the use of a GIS-based methodology to assess the potential of shallow 

geothermal energy at a regional scale. The use of this methodology aims: 

- Provide a sound energy-environmental-economic knowledge framework over shallow 

geothermal energy to support regional energy decision makers in the final decision for 

the use of shallow geothermal energy in the region. 

- Raise awareness among regional decision makers and the public over the untapped 

presence of the shallow geothermal resource under our feet, its economic performance 

and the environmental benefits derive from its use as a real tool to deal with climate 

change. 

- Among the specialist scientific community, adding innovative information over the 

potential and performance of SGE under certain site-specific conditions. 

- Identify the main handicaps of the SGE in the region preventing a proper deployment. 

In this chapter, the resource, technical, economic, and environmental potential of the shallow 

geothermal energy is assessed at a regional scale. To this end, a GIS-based methodology is 

proposed considering a close-loop vertical GSHP system. The analysis is conducted on the basis 
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of site-specific hydrogeological and climatic conditions. Outputting results of the work are shown 

in maps to ease the understanding of whom it may concern. Additionally, the methodology 

proposed can be extrapolated anywhere. The methodology proposed is summarized in Figure 4.1. 

 

4.2 Study area 

4.2.1 Spain as the replicable case for the EU-Mediterranean-member states. 

Energy consumption behavior of the residential sector in Spain can be divided into three groups 

(Ministerio de Fomento 2017) attending to their locations: Continental, Atlantic, and 

Mediterranean. According to (IDAE-Institute for Energy Diversification and Saving 2016) the 

Mediterranean part is the most populated group (50% of the total population) and is characterized 

by concentrating the highest proportion of tertiary building surface area related to leisure and 

tourist activities, which are great consumers of energy. It implies being the major energy 

consumers in Spain for the tertiary and residential sector, apart from Madrid, which concentrates 

the highest number of company offices. Mediterranean areas consume 40% of the total energy 

used to produce heating in Spain and 70% for cooling (Figure 4.2). Besides, heating and cooling 

systems used are the most inefficient in Spain (73% of the electrical and non-electrical radiators 

used in Spain are concentrated here). In Europe, there are 8 Mediterranean coastal countries 

deemed to possess similar energy behavior (Spain, France, Italy, Malta, Slovenia, Croatia, Greece, 

and Cyprus). These areas cover 15% of the total EU-Member countries’ surface and account for 

22% of total population. 
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Figure 4.1. Methodology proposed for the regional analysis. 
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Figure 4.2. Climatic zones in Spain. Mediterranean zone data: population and energy consumption for 

the building sector (residential and tertiary). Source: Spanish Building Technical Code and SECH-

SPAHOUSEC Project. Own elaboration. EU- Mediterranean regions. 

Thus, resource, technical, economic, and environmental potential assessment of any SGE 

applications in the Mediterranean part of Spain can be considered dramatically relevant and 

directly replicable in the EU countries. Besides, special attention must be given to these areas as 

they present a high energy saving potential to reduce the energy consumption in H&C purposes. 

Among the Mediterranean areas, there is the region of Murcia that was selected as a case study 

due to the reasons explained in 3.6.5. 

 

4.2.2 The Region of Murcia. 

The Region of Murcia is located in the southeast of Spain by the Mediterranean Sea. It has a 

population of 1.488 million people and an area of 11,313 km2. The mean annual temperature 

reaches to 17.6 ºC. Due to its orography, it is isolated from the Atlantic influence, resulting in a 

dry and soft climate. A wide range of lithological groups can be found in this area, with gravels 
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and sands, sandstones, and dolomites as the most frequent among sedimentary rocks and phyllites 

among metamorphic rocks (Geological Survey of Spain (IGME) n.d.). 

Approximately 27% of the total territory corresponds to the mountainous topography, 38% to 

intramountain depressions and corridor valleys, and the remaining 35% to plains and plateaus, 

resulting in an area with a certain temperature disparity (see Figure 4.3). This results in three 

climatic zones that define winter climatic severity, according to the Spanish Technical Building 

Code (Development Spanish Ministry. 2019). B3 from 0 to 100 m.a.s.l., C3 from 100 to 500 

m.a.s.l. while D3 from 500 to 1300 m.a.s.l. To B3 belong to the warmer areas, whereas to C3, the 

coldest. 

In the Region of Murcia, electrical heat pumps to supply both heating and cooling are, by far, the 

most frequent energy systems used to provide H&C (IDAE-Institute for Energy Diversification 

and Saving 2016). 

 

Figure 4.3. Digital elevation model and location of Region of Murcia. Own elaboration. 
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4.3  Assessment of the shallow geothermal energy potential methodology. 

4.3.1 Shallow geothermal resource potential mapping 

Throughout this section, step 1 of the methodology is carried out (see Figure 4.1). 

G.POT method 

This module contains the processes and data used to determine the underground conditions of the 

approach. They will be used to conduct the shallow geothermal potential assessment that a close-

loop Ground Source Heat Pump (GSHP) can extract under specific conditions. For this purpose, 

the G.POT method (Casasso and Sethi 2016) was used. In the same manner as, other 

methodologies determining the shallow geothermal potential, this methodology is based on the 

premise that the final potential depends mainly on the site-specific parameters of the underground 

and its usage in the residential sector. The model allows estimating the potential for space heating 

and space cooling separately. It calculates the average thermal load that can be exchanged 

between a Borehole Heat Exchanger (BHE) and the underground per time unit. It processes a set 

of heat transfer simulations where some variables remain fixed, such as the properties of the BHE, 

and others vary spatially, such as the underground properties. Within the first group, there are 

threshold fluid temperature, borehole depth, borehole radius, borehole thermal resistance and 

simulated time. In the second group, thermal conductivity, thermal capacity, and undisturbed 

temperature. The length of the heating or cooling season can be both fixed or varied in case of the 

presence of different climatic zones in the area to be studied (4.1).  

QBHE =
a · (To − Tlim) · λ · L · t´c

−0.619t´c · log(u´s)  +  (0.532t´c −  0.962) · log(u´c) − 0.455t´c − 1.619 + 4πλ · Rb
 (4.1) 

 

The algorithm (4.1) states that shallow geothermal potential is a function of the following 

variables: 𝑇𝑇𝑜𝑜 and 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙 which are, respectively, the soil temperature and benchmark temperature 

of the carrier fluid expressed in Celsius degrees; 𝜆𝜆 is the thermal conductivity in W/mK; L is the 

BHE length in meters; 𝑅𝑅𝑏𝑏 is the thermal resistance of the borehole in mK/W. Finally, 𝑡𝑡´𝑐𝑐, 𝑠𝑠´𝑠𝑠, and 

𝑠𝑠´𝑐𝑐 are non-dimensional variables, which depend on the simulation time and the length of the load 

cycle.  The model is eventually solved by calculating the benchmark temperature provoking the 

maximum temperature increment of the heat carrier fluid.  

Main outputs expected at this stage are the annual shallow geothermal potential and the specific 

thermal rate: 
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- Shallow geothermal energy for heating and cooling 

It refers to the yearly geothermal potential and is expressed in MWh/year. Its estimation allows 

to obtain an indicator of the suitability of the GSHP installation for every point of the area studied. 

The potential was calculated for heating and cooling mode separately so that the G. POT method 

was computed two times, one for each mode. 

- Specific heat extraction rate for heating and cooling 

Countries with mature GSHP market possess their own guidelines in which heat extraction rates 

are given. A clear example is Germany with its well-stablished and wide-spread used standard 

VDI 4640 (VDI 4640 Directive. Thermal use of the underground. Fundamentals, approvals and 

environmental aspects. 2010). Specific heat rate values contained in the German standard were 

established for the climatic and hydrogeological site-specific conditions of the country and only 

for heating purposes. These rates can lead to misinformation in the real extraction rate potential 

when applied in areas with different conditions. For instance, Erol, 2011 (Erol 2011) estimated 

heat extraction rates under different conditions than in the VDI and compared his results with 

those in the standard, his rates result between 10 and 20% lower than in the VDI. Since VDI do 

not provide succinct background information, such as hydraulic conditions, it is difficult to adapt 

the VDI conditions to a different area condition. Thus, as the study site national standard has no 

specific rates defined, they must be estimated for this work. G. POT method offers the possibility 

to estimate the annual geothermal potential that can be extracted by a GSHP technology for 100-

meters depth boreholes for heating and cooling. The method outputs the thermal energy per unit 

time (heat or cool) that can be exchanged with underground under certain conditions. This is the 

same information as the specific extraction rate but under different conditions regarding BHE 

length and simulation time. Therefore, considering the new conditions (1-meter length borehole 

in 1-hour time simulation) as the new variables, the specific extraction rates were estimated. Here, 

specific rates also vary depending on the lithology which is defined and introduced in the model 

using the thermal conductivity. 

Main inputs required to conduct this output in the hydrogeological module are the thermal 

conductivity and capacity and undisturbed ground temperature: 

- Thermal conductivity and thermal capacity 

The thermal conductivity of the rock is a key indicator as it determines the efficiency of the GSHP 

systems (Rybach 2000). When assessing both thermal conductivity thermal capacity of the rock, 

its water saturation is considered as it considerably influences the thermal property for certain 

lithologies (Schiel et al. 2016). Considering water saturation of the underground materials, the 

average thermal conductivity and thermal capacity values can be obtained at a large scale in GIS 

using algorithm (4.2) (Gemelli, Mancini Adriano, and Longhi 2011), where 𝑇𝑇𝑇𝑇𝑘𝑘 is the thermal 
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conductivity or capacity of the layer k, 𝑡𝑡ℎ𝑘𝑘 is the thickness of the layer k-th and 𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑎𝑎 is the 

overall depth considered.  

�
1

𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑎𝑎
(𝑇𝑇𝑇𝑇𝑘𝑘 · 𝑡𝑡ℎ𝑘𝑘)

𝑛𝑛

𝑘𝑘=1

 (4.2) 

 

Thermal conductivity and thermal capacity values, for dry and saturated materials, can be 

obtained from different sources depending on the country to be applied. The thickness of the 

saturated layer can be obtained from specific maps or can be estimated from piezometer 

measurements. Thermal conductivity and thermal capacity are created in a raster format that will 

serve as inputs for the model. 

- Ground undisturbed temperature. 

The ground surface temperature is one of the most relevant parameters when assessing the 

geothermal yield of the GSHP. G. POT method model is based on the temperature difference 

between the ground and the heat carrier fluid. Unlike other study cases where G.POT was used 

only for heating, here ground surface temperature must be assessed two times: one for the winter 

and another for the cooling season. This allowed us to measure the seasonal temperature 

difference between the underground and the heat carrier fluid in every mode. The ground Surface 

Temperature (GST) calculation is commonly based on Surface Air Temperature (SAT) (Gwadera, 

Larwa, and Kupiec 2017), which is easier to measure. However, in most cases these 

methodologies output only the annual average GST and for this work, seasonal GST is sought. 

According to Good et al. (Good et al. 2017), there is a relationship between air surface temperature 

and ground surface temperature. In their work, after analyzing the relation between these two 

temperatures in a 17-year period, they concluded that the correlation between both data series was 

0.9 and can be applied throughout the year. Thus, to proceed with GST calculation in GIS, mean 

average temperature was estimated in the period of the cooling season and the same for the heating 

season. To convert SAT into GST, they were finally multiplied by 0.9 and converted into GIS 

raster layer. Influence in the underground of the fluctuations of seasonal temperature was not 

considered as it can be neglected on closed-loop systems due to temperature variation occurring 

only several meters from the surface (Erol 2011). 

4.3.2 Shallow geothermal energy mapping  

Throughout this section, step 2 of the methodology is performed (see Figure 4.1). 
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- Space and cooling demand 

This part defines the energy needs required for the building stock that will consume the 

geothermal energy beneath the area to be studied. With this purpose, heating and cooling (H&C) 

unitary energy needs of the residential sector of the area studied must be determined. According 

to CIBSE (The Chartered Institution of Building Services Engineers (CIBSE) 2006), the annual 

heating and cooling demand for a specific building can be calculated derived from the Heating 

and Cooling Degree Days (HDD and CDD) and the heat loss coefficient of the building. They 

can be easily estimated using (4.3):  

𝑈𝑈 (𝑀𝑀𝑊𝑊ℎ/𝑦𝑦)  =  2,45 · 10−5 · �𝑉𝑉 · 𝐴𝐴 +
1
3
𝑁𝑁 · (𝐻𝐻𝐻𝐻𝐻𝐻 𝑜𝑜𝑜𝑜 𝑇𝑇𝐻𝐻𝐻𝐻) (4.3) 

 

Where V is the overall building heat loss (W·m−2·K−2), A is the component area (m2), N is the air 

filtration rate in air changes per hour (h−1), V is the volume of the space (m3), and HDD and CDD 

are the annual local heating and cooling degree days, respectively. This allows us to calculate 

separately the heating and cooling needs. 

 

- GHSP capacity needed 

Next, the assessment of the GSHP power demand is considered valuable information in this work. 

It allows us to determine the technical characteristics of the system as relevant input to 

determining the economic conditions to exploit the SGE potential. To calculate the power demand 

(kW) for heating and cooling, the energy demand was then divided by the average operating hours 

(4.4). 

𝑃𝑃(𝑘𝑘𝑘𝑘) =
𝐸𝐸𝐸𝐸𝑊𝑊𝑜𝑜𝑊𝑊𝑦𝑦 𝑐𝑐𝑜𝑜𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑡𝑡𝑊𝑊𝑜𝑜𝐸𝐸 (𝑘𝑘𝑊𝑊ℎ)
𝐴𝐴𝐴𝐴𝑊𝑊𝑜𝑜𝐴𝐴𝑊𝑊𝑊𝑊 𝑜𝑜𝑐𝑐𝑊𝑊𝑜𝑜𝐴𝐴𝑡𝑡𝑊𝑊𝐸𝐸𝑊𝑊 ℎ𝑜𝑜𝑠𝑠𝑜𝑜𝑠𝑠

 (4.4) 

 

Power demand shall be assessed only for the operating mode that is the prevailing one (Study et 

al. 2018). The abovementioned building characteristics above mentioned can be calculated by 

building simulation software or can be extracted from technical building guides. Operating hours 

depend directly on the climatic conditions and can be calculated from either of them. 

- BHE Length 

To calculate the BHE length required for every point of the area being studied, (4.5) was applied 

in GIS.  

𝐵𝐵𝐻𝐻𝐸𝐸 𝑙𝑙𝑊𝑊𝐸𝐸𝑊𝑊ℎ𝑡𝑡 =  
𝑃𝑃𝑜𝑜𝑤𝑤𝑊𝑊𝑜𝑜 𝑡𝑡𝑊𝑊𝑠𝑠𝐴𝐴𝐸𝐸𝑡𝑡 (𝑘𝑘𝑊𝑊)

𝑠𝑠𝐻𝐻𝐸𝐸 (𝑊𝑊/𝑠𝑠)
 (4.5) 
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Another power demand and the specific thermal energy rate used here are the outputs of Step 2. 

Likewise, for the power demand calculations BHE length must be calculated for the prevailing 

operating mode. 

4.3.3 Shallow geothermal economic mapping 

Throughout this section, step 3 of the methodology is carried out (see Figure 4.1). 

- Cost GSHP installations 

The total capital cost of the GSHP installations is mainly the sum of costs for equipment, BHE 

drilling and development. Drilling includes grouting, tubing, and piping and supposes an 

important part of the total budget. Depending on the other parameters affecting the suitability of 

the installation, drilling can reach up to 60% of the total upfront cost (Gemelli, Mancini Adriano, 

and Longhi 2011). Thus, as drilling works strongly determine the final cost of the installation, the 

latter was calculated on the basis of the former and this, simultaneously, was calculated on the 

basis of BHE length. To start with the calculations, once BHE length was known for every pixel, 

they were multiplied by a fixed drilling cost value (€/m). Next, an extra fixed amount was added 

to the concept of the GSHP cost, and the hydraulic components and the total GSHP installation 

cost was obtained for every pixel of the map. 

- Payback period time 

This factor expresses the time required for the energy cost to reach the energy facility cost, and it 

is considered the main economic indicator to determine the profitability of the energy installation 

(Gemelli, Mancini Adriano, and Longhi 2011). It was estimated according to (4.6): 

𝑃𝑃𝐴𝐴𝑦𝑦𝑃𝑃𝐴𝐴𝑐𝑐𝑘𝑘 𝑡𝑡𝑊𝑊𝑠𝑠𝑊𝑊 (𝑦𝑦𝑊𝑊𝐴𝐴𝑜𝑜𝑠𝑠) =
𝐺𝐺𝑆𝑆𝐻𝐻𝑃𝑃 𝑊𝑊𝐸𝐸𝑠𝑠𝑡𝑡𝐴𝐴𝑙𝑙𝑙𝑙𝐴𝐴𝑡𝑡𝑊𝑊𝑜𝑜𝐸𝐸 𝑐𝑐𝑜𝑜𝑠𝑠𝑡𝑡 (€)
𝑌𝑌𝑊𝑊𝐴𝐴𝑜𝑜𝑙𝑙𝑦𝑦 𝑊𝑊𝐸𝐸𝑊𝑊𝑜𝑜𝑊𝑊𝑦𝑦 𝑐𝑐𝑜𝑜𝑠𝑠𝑡𝑡𝑠𝑠 (€)

 (4.6) 

 

- Cost of producing SGE 

Besides, the cost of the geothermal energy was also calculated considering a 10-year’ period 

following algorithm (4.7): 𝑇𝑇𝑘𝑘𝑘𝑘ℎ is the cost of the geothermal energy production (€/kWh), 𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 

is the total cost of the GSHP installation (€) and the energy demand is the energy demanded by 

the building, for heating or H&C. This factor reflects the cost of the geothermal energy production 

which, compared to other fuel costs, supports the economic analysis.  
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𝑇𝑇𝑘𝑘𝑘𝑘ℎ (€) =  
𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (€) 

𝐸𝐸𝐸𝐸𝑊𝑊𝑜𝑜𝑊𝑊𝑦𝑦 𝑡𝑡𝑊𝑊𝑠𝑠𝐴𝐴𝐸𝐸𝑡𝑡 (𝑘𝑘𝑊𝑊ℎ)
 (4.7) 

 

As established by Urchueguía et al.  (Urchueguía et al. 2008) GSHP working in both heating and 

cooling modes in the eastern coast of Spain save up to 43% costs. Here, economic analysis was 

developed taking directly the most profitable option, which is an installation covering the supply 

of both heating and cooling needs. 

4.3.4 Shallow geothermal environmental analysis 

Throughout this section, step 4 of the methodology is carried out (see Figure 4.1). This section 

contains information to assess the environmental benefits derived from the migration from 

conventional H&C systems to geothermal. It is fed with the H&C consumption obtained in Step 

2 and information shaping the energy performance of GHSP to determine the energy savings 

derived from the migration to geothermal. The performance of GSHP is represented by the 

Coefficient of Performance (COP) for heating and Energy Efficiency Ratio (EER) for cooling. 

This way, energy consumption to provide energy demand with SGE can be obtained and 

compared with the consumption with a conventional source that must be also estimated. The 

difference between them supposes the energy savings derived from the migration to geothermal. 

Finally, GHG emissions savings can be calculated by applying a factor emission (Kg of CO2 per 

kWh produced) to the energy saved. 

4.4 Data used. 

4.4.1 Hydrogeological data.  

The main source of the geological data used was the Spanish Geological Survey (IGME Spanish 

Geological Survey 2000). The information is provided openly online in the geological map of 

Region of Murcia 1:200.000 in GIS format. The source for thermal parameters of the 

underground, i.e. thermal conductivity and thermal capacity, is the Spanish standard 100715–one 

called thermal conductivity and thermal capacity of the ground and extracted from (UNE 2014). 

It provides a range of values of thermal parameters depending on the underground type, their 

consolidation grade and water saturation. Piezometers level data source was the Official Network 

for Monitoring the Quantitative State: Piezometric Network from the Spanish Ministry (Ecology 

Transition Spanish Ministery n.d.). It provides a historical series data of the piezometers from 

1985 which are grouped by watershed authorities. The region of Murcia contains 197 piezometers 

register with free accessible updated information. Air surface temperature GIS data was collected 

from the Iberian Peninsula Digital Climatic Atlas (Barcelona n.d.). This database provides 
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climatic information in a raster format (200-meter spatial resolution) that covers the Iberian 

territory segmented by regions.  

4.4.2 Climate data. 

Air surface temperature data in GIS format was collected from (Barcelona n.d.). This database 

provides climatic information in a raster format (200-meter spatial resolution) that covers the 

Iberian territory segmented by regions. It also provides pluviometry, maximum and minimum 

data as well as solar radiation. Heating and Cooling degree days were gathered from the Spanish 

Meteorological Agency (AEMET and Agency n.d.). It provides meteorological data for different 

meteorological stations along and across the Spanish territory. In Region of Murcia there are 5 of 

these meteorological stations. From them, HDD15/15-base data was selected for heating and 

CDD20/20-based data for cooling as stated by Building Technical Code (Development Spanish 

Ministry. 2019).  

 

4.4.3 Building characterization data. 

Data concerning the energy demand behavior of the stock buildings were extracted from the 

Spanish Technical Building Code (Development Spanish Ministry. 2019). It provides limit 

average values for the thermal enclosure and change air relation (V/A) per climatic zones. Those 

corresponding to the climatic zones of the study area were used for estimating the energy needs. 

 

4.5 Shallow geothermal energy resource potential in the Region of Murcia 

4.5.1 Thermal conductivity and thermal capacity of the ground. 

Thermophysical properties of underground have been identified. They are deduced from the 

thermal conductivity and thermal capacity of the ground. As they have site-specific conditions, 

their values have been calculated in GIS. The input values were those extracted from UNE 

100715-1. To define the water saturated level of the materials, a water-level map was constructed. 

- Water saturation material assessment. 

In Region of Murcia there are 194 piezometers located whose depth range from 0 to 1,000 meters 

approximately. For this study, only piezometers up to 100 meters depth were considered as our 



Chapter 4 Spatial analysis of shallow geothermal energy at a regional scale. 

thickness of interest is located between this height to the surface. An average of the last 10 years-

time series data was selected and used here. Only water bodies containing selected piezometers 

were considered. The rest was believed to reach deeper and therefore out of the study area. For 

every water body, an interpolation of the depth values was made so that the average water level 

was obtained for every water body. This way, different water bodies heights were not mixed. 

Later on, all water bodies maps were collected and merged into only one layer so that Region of 

Murcia water-level map was obtained. As shown in Figure 4.4, shallower water bodies are located 

in coastal areas and nearby and in the west part of the area, whereas inland water bodies are 

deeper. This map allowed us to estimate the thickness of saturated and dry material from the 

surface to 100 meters depth for the whole study area. 

 

Figure 4.4. Map of the water table level from the surface to 100 meters depth. The points represent the 

piezometers considered in the area. Green points represent those considered for the map and dark those 

dismissed for the map as the level goes deeper than 100 meters. Own elaboration. 

 

- Thermal conductivity and thermal capacity 

The thermal conductivity and thermal capacity of the underground estimation were processed in 

a GIS environment. For this purpose, four layers were created for each parameter. Two of them 

are related to the saturation of the materials: the former for dry material, considered from the 
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water table up to the surface, and the latter for saturated material, from the water table to 100 

meters depth. The other two were related to thermal conductivity values: the former with thermal 

conductivity values from (UNE 2014) for dry materials and the latter with values for saturated 

materials. Although thermal conductivity values for the saturated material affect only gravels and 

sands, they are significant in the study site, as they represent more than 40% of the lithology in 

Region of Murcia. Then, the formula (1) was applied and the thermal conductivity map taking the 

saturation of the materials into account was obtained. Results can be observed in Figure 4.5. 

Likewise, the thermal capacity calculation was performed in the same manner as thermal 

conductivity. Thermal conductivity resulting values vary from 0.6 to 4.1 W/mK. Three different 

areas were detected with similar characteristics and conductivity behavior results: the coastal part 

near the sea, a band crossing the region in East-West direction and the North part from the band. 

In the first group, by the coast, predominant materials are mainly unconsolidated materials, such 

as gravels and sands, where the water table can be found at 20 meters on average from the surface. 

Some consolidated materials (limestones and dolomites) with higher conductivity can also be 

found here with thermal conductivity values up to 3.8. In the second group, there is a band with 

low values (0.6 to 1.3 W/mK) corresponding to sunken areas at the Guadalentín catchment where 

the African and Iberian continental plates converge. Predominant materials here are dry gravels 

and sands as there is no evidence of the presence of shallow groundwater. The last group involves 

the rest of the Region, characterized by a huge heterogeneity of lithologies and saturation material 

grades. Here, the highest thermal conductivity values are found due to the presence of 

consolidated rock in the mountainous areas composed by dolomites and limestones. In these areas, 

therefore, high values derived from the consolidation grade of the rocks rather than the saturation 

content. Alternatively, lower conductivities here are found in dry gravels and sands areas and 

medium values in saturated gravels and sands parts. 
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Figure 4.5. Map of Thermal conductivity in Region of Murcia based on UNE 100715-1 values. Own 

elaboration. 

4.5.2 Shallow geothermal potential assessment. 

The shallow geothermal potential for both space heating and space cooling (see Figure 4.6) was 

calculated by applying the G. POT method algorithm (4.2.) The approach was processed in GIS 

with input parameters mirrored in Table 4.1. Results show that the annual shallow geothermal 

potential in Region of Murcia for heating range from 2.4 to 20.7 with a mean potential of around 

10 GWh. For space cooling, the potential varies from 1.8 to 14.2 GWh yearly with 6.7 as the 

mean value. Such wide range comes from heterogeneity on the subsurface and climatic conditions 

across and around the study area. As expected, higher values are found with better thermal 

properties. Differences in the shallow geothermal potential for heating and cooling differ in the 

difference between ground surface temperature and the heat carrier fluid temperature. Shallow 

geothermal potential calculations were conducted assuming a 6-month heating season length and 

the other 6 months a cooling season length as an average in the study area. As explained in the 

next section, this is not always precise, as cooling length is usually larger than heating length in 

most of the study area. However, this way was considered more accurate for further analysis of 

the data and they are forward adjusted to the real conditions. All the same, thermal properties of 

the subsurface dominate the heat transfers as it can be concluded looking at the map results.   
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Table 4.1. Shallow geothermal potential assessment inputs. 

General Parameters Unit Values 
Borehole radius meters 0.075 
Borehole length meters 100 
Borehole thermal resistance mK/W 0.1 
Simulated lifetime years 50 
Thermal conductivity  WmK-1 0.6 ÷ 4.1 
Thermal capacity  106 J-3K-1 1.4 ÷ 2.9 
Parameters Heating mode   

Threshold fluid temperature ºC - 2 
Heating season length range d 150 ÷ 200 
Superficial Air Temperature range ºC 9.7 ÷ 18.7 
Undisturbed ground temperature range ºC 8.7 ÷ 16.9 
Parameters Cooling mode   

Threshold fluid temperature ºC 40 
Cooling season length range d 150 ÷ 200 
Superficial Air Temperature ºC 14.8 ÷ 24.4 
Undisturbed ground temperature range ºC 15 ÷ 24 
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Figure 4.6. Map of the shallow geothermal potential for space heating (up) and space cooling (down) in 

Region of Murcia with the G.POT method up to 100 meters depth. Own elaboration. 

4.6 Shallow geothermal energy technical potential in the region of Murcia. 

To determine energy needs and distribute them along the study area, the algorithm (4.3) was used 

with HDD and CDD as main inputs. HDD and CDD local data were only accessible for certain 

municipalities (shown in dark color in Figure 4.7). For the rest of the municipalities, average 

estimated values based on the available values of the same climatic zones were assigned. Results 

show that the annual heating demand varies from 2,575 to 8,035 kWh and annual cooling demand 

2,415 to 5,050 kWh. Average energy needs by climatic zones were calculated and the results are 

shown in Table 4.2.  

 Table 4.2. Average annual energy demands for the residential sector in Region of Murcia for H&C 

Climatic zone Heating demand (kWh) Cooling demand (kWh) 
B3 3,200 5,200 
C3 4,200 5,100 
D3 6,200 3,800 

 

It is observed that heating needs are higher than cooling needs in D3 municipalities, cooling needs 

are higher than heating in C3 municipalities, and in B3, cooling needs are much higher than 

heating needs. The prevailing operating mode has been considered when calculating power 
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demand for each municipality so that only the higher energy needs with the prevailing mode were 

considered. In the end, in 30 of 45 municipalities cooling prevailed (67%) while in the remaining 

15 heating mode prevailed (33%). The algorithm (4.5) was used to calculate the power demand 

of the GSHP utility, which is based on the energy demands and the operating hours of the GSHP 

utility. For ease, a fixed value of 1,500 hours (Air-conditioning Spanish Association (ATECYR) 

2015) was considered the yearly full-load operating hours on average for both heating and cooling 

in the whole study site. Power demand obtained a range from 4 to 5 kW in B3 and C3 climatic 

zones, and from 4 to 7 in D3. 

 

 

Figure 4.7. Climatic needs characterization. On the left municipalities in the darker color with 

meteorological stations where HDD and CDD data are measured and in lighter color, municipalities 

where HDD and CDD were estimated from those with real values. (Left) Climatic characterization based 

on the energy mode prevailing by municipality. In blue, municipalities where up to 75% are cooling 

needs; In green, municipalities where approximately half are for cooling and half for heating; and in red, 

municipalities where at least, 75% of demand is for heating. Own elaboration. 

For calculating of the BHE length, Specific Heat Extraction was estimated in Watts per meter 

depth following the G.POT method for both cooling and heating mode (Figure 4.8). The specific 

thermal energy extraction rate for cooling ranges from 38 to 85 W/m whereas for heating the 

range varies from 17 to 87 W/m. As expected, based on the specific conditions in the study site, 
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specific energy rate is slightly higher for cooling than for heating. Comparing results obtained for 

cooling and heating, although similar spatial behavior, we observed that highest rates can be found 

in different areas. That is, in the cooling mode, higher rates are observed in the Northwest-North 

part (mountainous area), while for the heating, the highest rates move to the central part of the 

Region. This is mainly due to the undisturbed ground temperature: in the cooling mode, the lower 

the undisturbed ground temperature, the higher the extraction rate and in the heating mode the 

opposite occurs. This is the reason why higher cooling potential is observed in low-temperature 

areas and higher heating potential in high-temperature areas. All the same, specific rates obtained 

here are slightly higher than those from VDI4640 although here operating hours are lower than 

in the VDI (1,200 vs 1,800 to 2,400). 

 

Figure 4.8. Specific heat extraction rate for Cooling mode (left) and Heating mode (right) estimated with 

G. POT method based on the hydrogeological and climatic conditions. Own elaboration. 

 

4.7 Shallow geothermal energy economic potential in the Region of Murcia 

The economic analysis is based on the installation cost of geothermal systems which are 

determined mainly by the length of the BHE. The length of the BHE was determined for every 

point of the study area by applying the formula (5) in GIS based on the energy demands and the 

power demand required in each municipality. (See Figure 4.9 right) shows results in power 

demand and BHE length. Power demand was calculated based on the energy demand of the 

prevailing mode (heating or cooling) for every municipality. Results show that power demand 

ranges from 4 to 7 kW and that this power is sufficient to provide the energy needs for cooling 

and heating. BHE length varies from 45 to 410 (see Figure 4.9 left) meters across the study area. 
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Mean BHE length is 99 meters, and the standard deviation is 49 meters. Exceptionally large BHE 

length is required in certain areas provoked by the high energy demands and poor hydrogeological 

conditions of the area. This is observed mainly in those areas with the highest power demand 

required that, simultaneously, correspond to the areas with the highest heating demand. 

Considering a fixed drilling cost (50€/m), total cost for drilling the BHE length required (Figure 

4.10) to supply the power demanded in every point of the study area has been calculated. The 

resulting drilling costs vary from 2,300 to €21,000 with a mean cost of €5,000. Higher costs are 

found in northern areas with the highest energy demands and, in those areas composed of gravels 

and sands where thermal properties are poor due to the low water table level. 

 

Figure 4.9. Power demanded to supply heating and cooling need by municipality (right) and BHE length 

required to supply these needs (right). Own elaboration. 

- Payback period time 

Based on the cost of the GSHP installation and the yearly energy demand, the payback period 

was calculated following algorithm (4.6) for an installation covering heating and cooling 

demands. GSHP total installation costs have been determined by adding a fixed value of €13,000€ 

to the drilling costs, in terms of GSHP cost and all the accessories needed. The heating plus the 

cooling yearly energy demand was considered for each municipality. From them, the electrical 

energy consumption was estimated on the basis of an estimated COP improvement of the GSHP 

with respect to the conventional heat pump (Urchueguía et al. 2008). Yearly energy costs were 

obtained by first converting the energy demand in energy consumption, multiplying the energy 
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demands by the average electricity price (0.11667 €/kWh tariff 2.0A). Results (Figure 4.11) show 

that the payback period varies between 8 and 20 years with a mean value of 11 years. As expected, 

shorter periods are observed in areas with optimal thermal properties. An exceptionally 

suboptimal area is observed in the west part where poor thermal properties along with high energy 

demands concur. 

 

Figure 4.10.Drilling costs map. They are calculated on the basis of the BHE length required. Own 

elaboration. 

- Shallow geothermal energy production cost (€/kWh).  

Considering a 10-year period, the cost of producing energy in kWh of geothermal energy, based 

on the conditions developed in this work was assessed applying formula (4.7). Results (Figure 

4.12) show that the kWh price ranges from 0.13 to 0.18 €. Compared to the price of electricity in 

2020 (0.116€/kWh), it represents an increment between 10 and 35%. Here, any financial support 

has been applied. 

4.8 Shallow geothermal energy environmental potential in the region of Murcia 

Considering an energy regional scenario in which all H&C systems would migrate to geothermal, 

annual CO2 emissions savings were estimated. Calculations of the primary energy (electricity) 

saved was based on the system efficiency of both conventional HP and GSHP. In the 

Mediterranean zone, the average SCOP for HP is 3.49 (Instituto para la Diversificación y Ahorro 

de la Energía. IDAE 2016). 
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Figure 4.11. Map of GSHP Payback period considering only the yearly space heating demand. Own 

elaboration. 

 

Figure 4.12. Map of the production cost of Geothermal energy (€/kWh). Own elaboration. 
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For GSHP, recent studies (Urchueguía et al. 2008) concluded that in the Mediterranean area, 

savings in heating mode represent 30% for heating and 27% for cooling on average, compared to 

HP. Once energy savings were obtained, they were converted into GHG emissions by using the 

electricity GHG emission factor (241g CO2/kWh, 2020 (Spanish Transport and Operation 

Electricity Corporation (Red Eléctrica de España) 2020)). Therefore, considering energy demands 

from Table 4.2, primary energy needs were calculated for both systems, as well as the energy 

savings and GHG emission savings for a single house per climatic zone. Mean annual results per 

climatic zones are summarized in Table 4.3. GHG emissions savings vary from 0.12 and 0.18 Tn 

per house. Areas with higher emission savings correspond to those with higher overall energy 

needs, which in Region of Murcia are those with high heating demands. 

Table 4.3. Mean annual energy savings and GHG emissions savings per climatic zone. 

Climatic zone Energy savings  
(kWh) 

GHG emissions savings per 
house (Tn CO2) 

B3 686 0.137 
C3 767 0.153 
D3 794 0.159 

 

 

Figure 4.13. Map of GHG emissions savings per house (Tn/y) considering a complete migration of the 

energy residential sector to shallow geothermal. Own elaboration. 
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4.9 Conclusions 

The results show the variation of the main conditions affecting the SGE performance across and 

along the region and its translation into economic and environmental information. The regional 

scale provides the opportunity to work with more detailed information than the European scale. 

For instance, SGE resource potential here uses more accurate lithological information and 

underground water saturation is considered and thus outputting results are more precise.  

Based on open-source data, the different thematic maps were elaborated. Derived from the maps, 

the following can be highlighted. Thermal conductivity values vary from 0.5 to 4 W/mK with a 

mean of 2.2 W/mK. The highest values are found in dolomites and limestone lithologies although 

high values were also found in water saturated unconsolidated materials with shallow aquifer 

water table. Using this information as main input to the G.POT method, and other simulated 

parameters identified in the region, the shallow geothermal energy that can be extract by GSHP 

was estimated. For this method, the highest the temperature difference between the carrier fluid 

and the ambient temperature, the highest the shallow geothermal potential in a certain area. 

Combining the resource potential (hydrogeological conditions) and the technical potential (the 

amount of energy that the GSHP can produce) the shallow geothermal energy that can be extract 

annually varies from 2.4 to 20.7 GWh for heating mode with a regional average of 10 GWh. For 

cooling, the potential ranges from 1.8 to 14.2 GWh with a mean of 6.7 GWh. Based on the climatic 

conditions, the average energy needs of the residential building stock were identified per each 

municipality within the region. Depending on the climate zone, heating needs varies from 3,200 

to 6,200 kWh /year and cooling between 3,800 to 5,200 kWh/year. Results showed that the 

cooling mode is the prevailing one in the majority of the municipalities within the region although 

the heating needs turned out to be also considerable. These conditions are relevant in the thermal 

efficiency of the SGE systems to the long term as it may provoke the warming of the underground 

and the loss of efficiency in the future. Technical parameters of the GSHP to cover the required 

energy demand were also assessed.  

To this end, the specific heat extraction rate that the GSHP can supply at an hourly basis was 

estimated for heating and cooling separately. The sHe for heating varies from 17 to 87 W/m, with 

a regional average of 56.2 W/m, and 38 to 85 W/m for cooling, with 56.7 W/m as average. High 

sHe rates areas are different when considering the heating and the cooling needs and are localized 

where the highest temperature difference between heat carrier fluid and ambient temperature is. 
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Specific rates obtained here are slightly higher than those from VDI4640 although here operating 

hours are lower than in the VDI (1,200 vs 1,800 to 2,400).  

Sizing of the reference GSHP system for each municipality to cover the entire thermal loads was 

assessed, ranging from 4 to 7 kW. The combination of the power required, and the specific heat 

extraction value allowed to know that BHE length of the reference system may vary between 45 

to 410 meters. Nevertheless, the mean value is 99 meters that usually vary ± 50 meters. Drilling 

BHE costs were calculated using a fixed value of 50€/meter and the result shows that drilling cost 

vary from €2,300 to €21,000 with a mean value of 5,000€. Total cost of the reference GSHP were 

also calculated, that range between €15,300 to €34,000. Higher GSHP cost are found where higher 

associated energy demands are located. Th GSHP payback period calculated shows that the 

investment can be recovered between 8 and 20 years, with 11 years as average. Considering a 10-

year period, shallow geothermal energy production costs in the region varies from 0.13 to 0.18 

€/kWh. Compared to the current electricity cost, which is by far the main primary energy used to 

produce H&C in the region, these prices represent an increment of 10 to 35%. It is worth to 

highlight that any public financial support was considered in the economic study. Finally, the 

environmental benefits were brought to light. GHG emissions savings were associated to each 

climate zone, in B3 areas, 0.13 Tn of CO2 as average can be annually saved per GSHP system, 

0.15 Tn in C3, and 0.16 Tn in C3 areas.  

Despite the proven SGE potential in the region of Murcia, the regional administration does not 

support its deployment. High initial upfront costs of the GSHP is identify as the main barrier 

preventing the use of SGE and it is clear that a financial support from the government will promote 

its use. In addition, the lack of knowledge and awareness among all stakeholders is also paramount 

for a quick SGE development in the region to which regional administration may act. However, 

the low energy needs of the region, compared to northern regions in Spain and Europe, provoke 

energy systems to be less cost-effective. To have a more detailed energy, economic and 

environmental understanding of the GSHP performances, two study cases are developed in the 

next chapter at a local scale, one for close loop system and the other for open loop system. 
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5 CHAPTER Spatial analysis of the 

shallow geothermal energy at local 

scale. 
 

5.1 Introduction 

This chapter focuses in studying the shallow geothermal energy potential at a local scale. The 

local scale is a strategic dimension to translate the EU political orientation into concrete actions 

due to the decentralized nature of energy efficiency and renewable applications (Cosmi et al. 

2015). The local action plans can represent an opportunity to boost local economy through the 

implementation of EU directives (Müller-Steinhagen and Nitsch 2005). These local actions can 

eventually feed into European policies by local bottom-up strategies (Furmankiewicz et al. 2020). 

An example is the Local Action Groups5 (LAGs), funded by the EU that facilitates the cooperation 

among decision makers, public authorities, and local stakeholders, fostering the efficient 

implementation of RE. They allow to identify new successful RES cases and implement the 

models in the EU member states. All in all, shallow geothermal local scale studies are paramount 

to foster the deployment of the shallow geothermal resources among the member states.  

                                                      

5 A Local Action Group (LAG) is a non-profit-making composition made up of public and private 

organizations from rural villages having a broad representation from different socio-economic sectors. 

Through the European Agricultural Fund for Rural Development (EAFRD), LAGs can apply for financial 

assistance in the form of grants to implement the Local Development Strategy of their respective territory. 
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In this chapter, a GIS-based methodology is proposed to level the shallow geothermal potential 

at a local scale. The use of this methodology aims at: 

- Raise awareness among the public and energy decision makers about the existence of the 

local resource. 

- Determine the energy and the reduction of GHG benefits derived from the use of the 

shallow geothermal energy. 

- Determine the cost-effectiveness of the SGE systems based on site-specific 

characteristics. 

- Identify the barriers and constraints that are preventing the SGE for a better deployment. 

- Based on the local conditions, identify the best SGE technology to use. 

In this chapter, the resource, technical, economic, and environmental potential of the shallow 

geothermal energy is assessed at a local scale. To this end, a GIS-based methodology is proposed 

considering two shallow geothermal technologies: close loop borehole heat exchanger technology 

and Aquifer Thermal Energy Storage (ATES) technology. In both cases, the resource potential is 

evaluated for a vast extension, and, from them, two study cases are selected. For a better 

understanding of the results, they are shown in maps. Additionally, the methodology proposed 

can be extrapolated anywhere.  

 

5.1.1 Aquifer Thermal Energy Storage (ATES) system 

Aquifer Thermal Energy Storage (ATES) systems offer the possibility of storing cold and heat in 

an aquifer. The development of the technology began in the 1980s with the aim of storing solar 

energy and waste heat at high temperatures. The direction of the variable flow in the system 

between the wells of an ATES system creates a storage of thermal energy and, in addition, 

increases temperature difference between the cold well and the warm well. Due to this increase 

in the temperature difference, large thermal loads (kWth) can be provided with relatively moderate 

flow rates. On the other hand, the low temperature of the cold well makes it possible to directly 

cover complete or part of the cold demand that is much more efficient than the application of a 

chiller / heat pump. 

During the heating mode, water is pumped from the warm well to the cold well (see Figure 5.1 

left). ATES provides, with a heat pump, the baseload heating demand. GSHP can provide peak 

loads as well, although a gas boiler usually covers this part. In the cooling mode, underground 

water flow moves from the cold well to the warm well. In the example of Figure 5.1 on the right 

side, a cold well temperature increases from 10 to 12°C is observed. While the cold well 

temperature is lower than the return temperature (18°C), the system can provide free cooling using 
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only the heat exchanger. ATES systems provide part or totally the cooling demand. To cover any 

peaks in the cooling needs, the use of compression chiller, or the use of the heat pump as chiller 

is common. 

 

Figure 5.1. ATES system operation example in cooling mode (left) and in heating mode (right). Own 

elaboration. 

Both studies develop an up-bottom method in which the resource is first assessed (see Figure 5.2 

and Figure 5.3). As explained before, the methodology differs in this step as parameters to be 

considered are different. Second, the technical analysis is developed and differs from one case to 

the other too. Two technical parameters are assessed as an example of technical potential 

evaluation. Finally, the economic and environmental analysis does follow the same pattern. They 

allow us to determine whether these technologies are site specific cost-effective and the GHG 

savings derived from their use. 

The resource potential analysis is in both cases conducted in GIS. It is based on the 

hydrogeological conditions for BHE technology according to the G.POT method. For ATES, 

however, both hydrogeological and climate conditions are considered. The resource analysis 

greatly differs from one technology to the other (see Step 1 in Figure 5.2 and Figure 5.3). Besides, 

while BHE technologies can be installed almost everywhere (Sanner 2019), ATES systems only 

can be applied in areas fulfilling determined conditions (Schüppler, Fleuchaus, and Blum 2019). 

Suitable areas conditions for ATES and the spatial analysis developed in this chapter are 

developed in the following section. 
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Figure 5.2. Methodology for the BHE local scale case. Own elaboration 
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Figure 5.3. Methodology for the ATES local scale case. Own Elaboration
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The technical potential is technology-specific estimates of energy generation potential based on 

shallow geothermal resource availability and quality, technical system performance, topographic 

limitations, environmental, and land-use constraints only. The technical potential analysis at a 

local scale developed the necessary calculation to dimension the GSHP BHE and ATES system 

based on the local conditions of the study cases selected. 

The economic analysis is conducted for both technologies similarly. However, literature 

considered for estimating the costs associated differ from one to another technology. They both 

develop a feasibility case to assess the cost-effectiveness of the proposed systems. 

Finally, the environmental analysis consists of the calculation of the GHG emissions derived from 

the use of the systems proposed and those from the reference system. The GHG emission savings 

from using the SGE systems are calculated too. 

 

5.2 BHE GSHP potential at local scale 

5.2.1 Resource potential analysis 

The resource potential values were extracted for Chapter 4. Refer to 4.3.1. for the details in the 

methodology. (See Figure 5.2 step 1). 

5.2.2 Energy analysis 

The energy analysis consists of the determination of the HC energy demands to provide the space 

heating and cooling needs for the reference single dwelling of the study case is determined (See 

Figure 5.2 step 2). To this end, the open access VPCLIMA software (University of valencia 2020) 

was used. This software allows for the definition of the building energy needs (capacity and 

power) by setting the outdoor climatic conditions, the architectural properties of the house and 

the use typology of the house. To conduct the simulations, the software uses databases provided 

by the Building Technical Code of Spain (Ministerio de Fomento 2017) for the outdoor 

conditions, which are based on climatic zones in Spain, and the reference typical architectural 

properties of the buildings for every specified climatic zone, such as enclosures or wall properties. 

With this tool, the energy needs for a single dwelling are calculated and later, the energy needs 

for the stock building contained in the study area are assessed by multiplying the energy needs by 

the total number of dwellings contained in the study area. 
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5.2.3 Technical potential analysis. 

The technical analysis consists of the determination of the parameters defining the dimensioning 

of the BHE GSHP installation in one hand, and the determination of the underground capacity to 

cover the energy demands is assessed. More details over this analysis are described in the 

following section. (See Figure 5.2 step 3). 

The parameters affecting the BHE GSHP sizing are estimated based on the energy demands and 

the site-specific underground properties. This process is entirely GIS- bases calculated. First, the 

BHE length required for single dwelling is estimated, depending on the energy demand and the 

type of underground. It can be then estimated according to (Sanner 2005): 

𝐿𝐿𝐵𝐵𝐺𝐺𝐵𝐵 =
𝑃𝑃𝐵𝐵𝐺𝐺𝐵𝐵
𝑆𝑆𝐻𝐻𝑊𝑊

 (5.1) 

 

Where 𝑃𝑃𝐵𝐵𝐺𝐺𝐵𝐵 is the capacity of the GSHP (W) derived from the energy requirements of the specific 

building, and SHe is the specific heat extraction rate (W/m). BHE length must be calculated for 

the maximum capacity required for heating or for cooling mode. Besides, to assess the feasibility 

of the different systems solutions proposed, BHE length is then calculated both for the monovalent 

and the bivalent systems. 

5.2.3.1 BHE GSHP hybrid solutions. 

The BHE GSHP systems possesses high upfront costs which is considered the main barrier 

preventing the shallow geothermal energy for a faster deployment (European geothermal Energy 

Council 2011) (Giambastiani et al. 2014). In order to reduce this upfront costs, the GSHP bivalent 

system can be one of the solutions to be considered (Kurevija 2017) (Abbasi, Baniasadi, and 

Ahmadikia 2016). The performance of these systems is influenced by the magnitude of the peak 

load of the house and the specific site conditions of the house (Yoon 2021). They cover the base 

heating and cooling load while an auxiliary system covers the additional peak demand, see Figure 

5.4.  Many of these systems are operated with electric back-up systems (Le Feuvre 2007) and are 

sized for 60% of the maximum heat and meet around 50—95% of the annual demand (Chua, 

Chou, and Yang 2010). This is eventually translated in a shrink of BHE length and thus, a 

reduction in the capital cost of the system (Kurevija 2017). 
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Figure 5.4. GSHP sizing principle considering an ASHP back up system (left) and scheme of the bivalent 

system (right). 

 

5.2.4 Economic analysis 

In comparison to fossil fuels conventional systems, the more mature the Renewable Heating and 

Cooling (RH&C) technology, the more cost-competitive is the solution to be over the lifetime of 

such installation. Production costs of heating demand from the shallow geothermal energy are 

considered low in comparison to other RH&C (3-89 €/GJ against 8-226 of solar thermal or 11-

307 of solar assisted cooling) (Bertermann, Klug, and Morper-Busch 2015)(Bertermann 2020). 

However, the competitiveness of RH&C installation varies greatly depending on the resource 

potential availability and the technical potential of the system derived from the energy system 

usage (Casasso and Sethi 2017) or the electricity tariff, among others. BHE GSHP has 

demonstrated to be a cost-competitive technology around the world (Lu et al. 2017) (Müller et al. 

2018). It can be installed everywhere, and its techno-economic feasibility depends on a wide range 

of factors, being the system usage profile, the thermal properties of the ground and the systems 

properties the most relevant (Casasso and Sethi 2017). Therefore, cost-benefit analyses are 

paramount for determining the feasibility of the BHE GSHP systems in a specific area. The 

economic analysis is based on the capital costs and the operational costs of the BHE GSHP (see 

Figure 5.2 step 4). The upfront costs of the GSHP installations are calculated based on (i) thermal 

underground properties and (ii) power demand required to cover the energy needs in the 

residential sector. Both characteristics determine the length of the GSHP with vertical BHE, and 
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the installation costs as well. Indeed, BHE length is the most important parameter to determine 

the capital costs of the installations and, along with the operational costs, it determines their 

economic suitability (Casasso et al. 2017). Different contributions (Ondreka et al. 2007)(Lu et al. 

2017) conclude that, on average, approximately 60% of the total cost of the BHE GSHP 

installations derived from drilling costs depends on the BHE length and the lithological material 

to drill. Rather than the lithology, the bedrock’s hardness defines the final price: the softer the 

material, the higher the drilling costs are as the task of material containment becomes arduous. 

To maximize the cost-effectiveness, GSHP is usually sized to meet 60-70%. 

5.2.5 Environmental analysis 

From an environmental viewpoint, key advantages of using RH&C energy sources can be 

summarized as follows: (i) the reduction of GHG (greenhouse gas) emissions, (ii) the cost savings 

for building owners due to the electricity use diminished and (iii) the reduction of the exposure to 

energy price fluctuations. GHG emissions savings due to the use of GSHP BHE and ATES system 

are calculated in this chapter.  

The environmental analysis is based on the annual CO2 emissions resulting from the system 

operation and estimate the amount of CO2 emission saving of the system compared to the 

reference technology (see Figure 5.2 and Figure 5.3 step 5). For both BHE GSHP and ATES 

systems and their reference systems the CO2 emission can be calculated by multiplying the annual 

heating and cooling demands by the national emission factor. Emission savings of the BHE GSHP 

and ATES with respect to their reference systems are also calculated by the difference in their 

emissions. 

5.3 ATES systems potential at a local  

5.3.1 Resource potential analysis. Suitable areas for ATES systems 

5.3.1.1 Spatial distribution of the heating and cooling demand 

As aforementioned, the two most important indicators defining the site-specific suitability for 

ATES systems are climatic and the hydrogeological conditions. The climate determines, to a large 

extent, the associated energy needs of a building. To successfully apply the ATES systems, the 

annual heating and cooling needs must be balanced so that the cooling storage during the winter 

is similar to the heating storage during the summer (Bloemendal, Olsthoorn, and van de Ven 

2015). On the other hand, the hydrogeological conditions of the aquifer determine whether the 
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aquifer has the accurate properties to be exploited by ATES. Well permeable aquifer and enough 

thickness are basic. Besides, other hydrogeological parameters provide information about the 

cost-effectiveness of the exploitation of the aquifer by the ATES systems. To this end, a feasibility 

study has been developed in two places accounting with different climatic and subsurface 

characteristics. The sites have been selected after a selection process following explained. 

To sustainably exploit ATES systems, seasonal energy stores and recovery must be more or less 

balance (Ruiz Delgado, E.; Hendriks, M.; Toimil Matesanz 2010). That means that the energy 

demanded for heating and for cooling must be approximately balance throughout the year. 

Therefore, disproportionally warm or cold areas must be avoided as their subsurface can hardly 

thermally recover and will negatively influence negatively the system itself and other future 

systems (Ruiz Delgado, E.; Hendriks, M.; Toimil Matesanz 2010). To be able to spatially localize 

these areas in this study, a climatic characterization of the study area and their energy demand 

associated for the residential and tertiary building sectors is conducted (see Figure 5.5). 

 

Figure 5.5. H&C spatial distribution analysis steps. 

The energy needs required for the human comfort in a specific building is a function of the outdoor 

climatic conditions and the specific architectural characteristics of the building (Carli et al. 2018). 

Outdoor climatic conditions can be estimated at a large scale based on the climatic zones6 and the 

specific energy needs that are usually associated to the different climatic zones (Tsikaloudaki, 

Laskos, and Bikas 2012). This can be done by setting a reference building with a certain energy 

behavior so that all the buildings in the same area are supposed to behave energetically in the 

same way. In the present study, this approach was conducted to obtain an insight of the energy 

needs for the building sector in Spain, both for the residential and the tertiary buildings. To 

estimate the energy demands, difference has to be make between building sector uses, such as 

residential and office buildings, due to the resulting differences in thermal loads (IDAE 2005). 

For the residential sector, energy needs can be identified for every climatic zone based on existing 

literature. Later, energy needs were compared (heating vs cooling) allowing for spatially 

determine those areas with balance and unbalance energy needs. According to the balance level, 

they were categorized as by comparing the heating and cooling needs and the increment of the 

minority mode to the majority. According to this increment, a score from 1 to 3 was assigned for 

                                                      

6 A climate zone is a world area or region distinguished from a neighbor by a major physical climatic 
characteristic that is a global scale. 
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every climate zone (see Table 5.1) proposing suitable areas that gradually fulfil the favorable 

requirements for ATES. 

Table 5.1. Heating and cooling balance score. 

Score H/C Description 

1  0.5<H/C<2 Energy needs balanced. Prevailing mode can be either heating or cooling 
and the other energy need typology is up to 2 times higher than the other. 

2 0.1<H/C<0.5 and 
2<H/C<9 Heating between 3 and 6 times higher than cooling.  

3 0.1>H/C>9 High heating needs and no cooling need. 
 

The suitability score was spatially assigned to the climatic zones in the study area. As a result, a 

map with the suitability for ATES based on the climatic conditions for the residential sector was 

created. Score-1 areas were finally selected and considered for the following step in the final 

selection of the study sites to develop a detailed feasibility study of the ATES systems. 

For the tertiary buildings, however, due to lack of data per climatic zone provoked the use of 

another approach. This time, the most common tertiary building and thus, the representative 

building typology consumming large amount of thermal energy was identified. Later, average 

thermal energy for heating and cooling purposes was estimated based on statistics and present 

literature. As main result, the spatial identification of great energy consumers in the tertiary sector 

buildings and their energy demands associated was obtained. 

Although in Spain is not yet binding, in the near future geothermal systems will be only applicable 

to those high energy efficiency buildings (Catalonia 2010). In Spain, only after the approval of 

the building technical code in 2007 (Ministerio de Fomento 2017) the energy consumption of the 

building stock was limited. This provoked that the buildings constructed from then on were more 

energy efficient. Therefore, in this study, only stock building constructed from 2008 is considered. 

5.3.1.2 Spatial distribution of hydrogeological conditions. 

The amount of thermal energy that can be recovered for the ATES system defines the suitability 

of the aquifer for this purpose and it depend on the hydrogeological conditions and the store 

volume in the subsurface (W. T. Sommer 2015). Therefore, assessing the hydrogeological 

conditions of the aquifer where ATES will operate is a paramount to determine its suitability. The 

transmissivity measures the quantity of water that the aquifer can transmit horizontally. For 

ATES, this parameter is also commonly used to determine the water that an aquifer can be supply 

to the well which eventually will determine the capacity of the aquifer. Transmissivity is the 
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product of hydraulic conductivity and reservoir thickness. Simultaneously, hydraulic conductivity 

behavior derives from the permeability of the rock and thus they are to a high extent connected. 

Any of these two parameters can be then used to proceed with the basic evaluation of the 

suitability of the aquifer at a large scale. 

In addition, there are another specific hydrogeologic parameters to be considered for the aquifers 

that determine the efficient operation and the design of ATES system. More extended explanation 

about them can be consulted in (Bloemendal, Olsthoorn, and van de Ven 2015), although they are 

following outlined: 

- Water quality. It determines the life expectancy of the ATES systems and the 

maintenance of the system. Mixing different water with differencing qualities is 

likely to cause well filter clogging. Shallow aquifers in urban areas (< 50 meters 

depth) are usually affected by this circumstance. 

- Water freshness. Although ATES can be applied both in saline to fresh water, the 

latter option results to be cheaper as no salinity-resistance equipment is needed. 

Therefore, this is the preferable option although, but they must compete with drinking 

water uses. Coastal urban areas possess saline aquifers with no use for drinking and 

thus, in principle it can be considered an option however, this use is normally 

forbidden to prevent salinization of fresh aquifers. 

- Groundwater flow. High groundwater flow may provoke the loss of efficiency in the 

system due to the thermal energy loss due to advection which have a large thermal 

plume affection. This factor affects larger extent the smaller systems. Thus, high 

groundwater velocity aquifers are not desired. 

- Aquifer composition. Complex hydrogeological aquifers are not desired. Indeed, any 

heterogeneity, fractures or fissures in the aquifer affect the thermal efficiency of the 

system. In one hand, they may cause lateral thermal losses due to localized flow 

paths. On the other, tilted aquifers are likely to be caused by fractured geology and 

they present high groundwater flow with the undesired conditions mentioned. 

- Depth. Although it does not affect thermal energy, going to deep aquifers eventually 

results in higher drilling costs. Optimal length is then a commutation between system 

costs, water quality expected, and system efficiency. 

Parameters here descripted have been used to determine the suitable aquifers for the ATES 

systems in this chapter. The first group has been used as the first filter to assess the potential of 

the aquifer while the second group has been used to select of the study cases for the feasibility 

study. 
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5.3.1.3 Spatial distribution of potential areas for ATES. 

Based on the information outlined in, potential areas for ATES systems maps following the 

climatic conditions are elaborated for both residential and tertiary sectors. The process is 

performed in GIS so that the information must be previously converted into a shapefile GIS layer. 

From the “vector” tool package, the geoprocessing tools were used in the creation of the maps so 

that areas that did not fulfill with the established requirements for every case were dismissed. It 

allowed for a rough assessment of the suitable aquifers for residential and tertiary sectors 

separately. This information served as the basis for selecting of the study cases. 

5.3.2 Energy demand buildings analysis 

The energy analysis aims at determining the heating and cooling needs associated with the 

reference building considered for the study cases. They are calculated in the same way as for the 

BHE GSHP system. For more details, refer to section 5.2.2. 

 

5.3.3 Technical potential analysis. 

ATES potential assessment also requires a detailed design evaluation of ATES, as this is 

imperative to evaluate the economic and environmental benefits (Bloemendal and Hartog 2018). 

The ATES systems efficiency depends mainly on the thermal recovery efficiency and is affected 

by site-specific storage and hydrological estate. When designing the ATES wells, the main 

parameter to be considered is the pumping capacity, which is related to the amount of thermal 

energy power (heating and cooling) the pump can deliver to the building, that is the flow rate the 

well must be able to produce. Also, the storage volume that the ATES needs to provide the 

required heating and cooling needs which depend on the total energy needed during the season. 

The capacity of the heat pump must be sized in accordance with the heating loads (Bloemendal 

and Hartog 2018). In general, ATES systems follow a seasonal pattern with heating mode in the 

winter and cooling mode in the summer. However, energy demands may vary in the same day 

and this trend can be disrupted for a specific system, so that heating is needed in the morning and 

cooling in the afternoon. Nonetheless, this short variation have been proven not to influence the 

overall thermal impact and thermal efficiency of the system (W. Sommer et al. 2015). In this 

study, the required capacity was calculated based on the specific heating and cooling needs 

(W/m2) which were estimated by using an energy modelling software (University of valencia 
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2020) (details in 5.2.2. and 5.7.2.) Next, the capacity from well can be calculated assuming the 

work principle of the heat pump that can be express as follows: 

 

𝐻𝐻𝑊𝑊𝐴𝐴𝑡𝑡𝑑𝑑𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  𝑊𝑊𝑙𝑙𝑊𝑊𝑐𝑐𝑡𝑡𝑜𝑜𝑊𝑊𝑐𝑐𝑊𝑊𝑡𝑡𝑦𝑦𝑢𝑢𝑠𝑠𝑑𝑑 + 𝐻𝐻𝑊𝑊𝐴𝐴𝑡𝑡𝑓𝑓𝑑𝑑𝑜𝑜𝑙𝑙 𝐴𝐴𝐴𝐴𝐵𝐵𝐺𝐺 (5.2) 

𝐸𝐸𝑙𝑙𝑊𝑊𝑐𝑐𝑡𝑡𝑜𝑜𝑊𝑊𝑐𝑐𝑊𝑊𝑡𝑡𝑦𝑦𝑢𝑢𝑠𝑠𝑑𝑑 =  
𝐻𝐻𝑊𝑊𝐴𝐴𝑡𝑡𝑑𝑑𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑇𝑇𝐶𝐶𝑃𝑃
 (5.3) 

Where 𝑇𝑇𝐶𝐶𝑃𝑃 is the coefficient of performance of the heat pump, 𝐻𝐻𝑊𝑊𝐴𝐴𝑡𝑡𝑑𝑑𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the heat delivered 

from the system to the building, and the 𝑊𝑊𝑙𝑙𝑊𝑊𝑐𝑐𝑡𝑡𝑜𝑜𝑊𝑊𝑐𝑐𝑊𝑊𝑡𝑡𝑦𝑦𝑢𝑢𝑠𝑠𝑑𝑑𝑑𝑑 is the electricity needed by the pump to 

finally provide the heat delivered. Substituting electricity use from (5.2) in (5.3), the heat 

delivered by the ATES can be obtained. The heat delivered by the ATES must be calculated 

separately for heating and for cooling as the system operates differently in each mode. Cooling 

can be provided without using the heat pump, which is here where one of the greatest advantages 

of these systems lies.  Indeed, the temperature difference between the cold well and the building 

temperature  make possible to cool the building without using the heat pump (W. Sommer et al. 

2015) which is translated in great amount of energy saved. Therefore, to calculate the energy 

demand required from the wells to provide the cooling needs, no calculations are needed as there 

is no other facility involve. The energy demand that the system must produce for heating can be 

calculated by applying (2). In Spain heat pumps connected to ATES operate with a COP between 

3 and 5.5 (IDAE-Institute for Energy Diversification and Saving 2019). However, ATES systems 

providing cooling are able to operate with COP between 20 to 40, in the cooling mode since the 

circulating pump is the only electricity consumer device (Ruiz Delgado, E.; Hendriks, M.; Toimil 

Matesanz 2010). 

The well flow rate (QATES, m3/h) can be calculated applying (5.4) and output the amount of water 

needed per unit time by the ATES to provide the energy demanded. 

𝑄𝑄𝐴𝐴𝐴𝐴𝐵𝐵𝐺𝐺 =  
𝑄𝑄𝑡𝑡ℎ

𝑇𝑇𝑤𝑤 · (𝑇𝑇𝑜𝑜𝑢𝑢𝑡𝑡 −  𝑇𝑇𝑙𝑙𝑛𝑛)
 (5.4) 

Where 𝑄𝑄𝑡𝑡ℎ is the heating/cooling capacity of the ATES system, 𝑇𝑇𝑤𝑤 is the volumetric heat capacity 

of water (4.2 MJ/m3K), and 𝑇𝑇𝑜𝑜𝑢𝑢𝑡𝑡 −  𝑇𝑇𝑙𝑙𝑛𝑛 are the extraction and infiltration water temperature and 

represent the average temperature difference between the warm and the cold well. These 

temperatures must be assessed based on the specific working temperatures of the building in 

heating and cooling mode and the thermal increased generated by the GSHP considering that as 

average, it is able to produce 5ºC (Zhu et al. 2011). Temperature of the reinjected water must be 

in the range of 5ºC to 25º to not cause negative effects on the subsurface and groundwater (A. Q. 

Li 2014). The storage volume (m3) of pumped groundwater can be calculated as follows, where 

𝐸𝐸𝑡𝑡ℎ is the power required by the system. 
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𝑉𝑉𝐴𝐴𝐴𝐴𝐵𝐵𝐺𝐺 =  
𝐸𝐸𝑡𝑡ℎ

𝑇𝑇𝑤𝑤 · (𝑇𝑇𝑜𝑜𝑢𝑢𝑡𝑡 − 𝑇𝑇𝑙𝑙𝑛𝑛)
 (5.5) 

Besides, the distance that the wells must be separated to no interfere one to the another are a 

function of the thermal radius (Rth), and it can be calculated as follows: 

𝑅𝑅𝑡𝑡ℎ = �
𝑇𝑇𝑤𝑤 · 𝑉𝑉𝐴𝐴𝐴𝐴𝐵𝐵𝐺𝐺
𝑇𝑇𝑎𝑎𝑎𝑎 · 𝜋𝜋 · 𝐿𝐿

 (5.6) 

Where 𝑇𝑇𝑤𝑤 is the volumetric heat capacity of the aquifer (2.8 MJ/m3K) and 𝐿𝐿 is the length of the 

well screen in meters. L must be assessed based on the length required for the well to reach until 

the accurate aquifer layer. However, an approximation can be made by using the following: 

𝐿𝐿 = �
2.25 · 𝑇𝑇𝑤𝑤 · 𝑉𝑉
𝑇𝑇𝑎𝑎 ·  𝜋𝜋

3
=  1.02 · √𝑉𝑉3  (5.7) 

In the ATES system, thermal losses in the aquifer can be diminished by reducing the surface area 

of the circumference and the top and bottom of the thermal cylinder (A) of the volume of the 

underground heat storage (V). To this end, an appropriate screen length must be identified on the 

basis of the required storage volume needed and local conditions: 

𝐴𝐴
𝑉𝑉

=
2
𝐿𝐿

+
2
𝑅𝑅𝑡𝑡ℎ

 (5.8) 
 

Optimal screen length can be also estimated based on the relation with the storage volume, so that 

conduction and dispersion losses are minimal at the screen length when 𝐿𝐿 𝑅𝑅𝑡𝑡ℎ� is 2. Finally, the 

required borehole radius for the well (rw) can be calculated as follows: 

𝑜𝑜𝑤𝑤 =
𝑄𝑄

𝑉𝑉𝑙𝑙𝑎𝑎𝑚𝑚 · 𝐿𝐿 · 2𝜋𝜋
 (5.9) 

Where 𝑉𝑉𝑙𝑙𝑎𝑎𝑚𝑚 (m/h) is the maximum velocity of entrance of the water to the well. The maximum 

velocity of entrance is a critical parameter in the well design as it addresses the possible well 

mechanical clogging due to the presence of particles (Ruiz Delgado, E.; Hendriks, M.; Toimil 

Matesanz 2010). It can be estimated using the following equation: 

𝑉𝑉𝑙𝑙𝑎𝑎𝑚𝑚 =
𝑄𝑄

𝜋𝜋 · 𝑡𝑡 · 𝐿𝐿
 (5.10) 
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𝑡𝑡 is the required borehole radius  usually varies from 0.3 to 1 meters (Ruiz Delgado, E.; Hendriks, 

M.; Toimil Matesanz 2010). Dimensioning of the ATES systems was conducted by applying this 

formula with the input data from the study cases selected. 

 

5.3.4 Economic analysis 

The economic study consists of assessing the cost of the ATES installation and comparing it with 

other possible alternative solutions. Total cost is calculated based on the capital and the 

operational costs of the system. The ATES systems capital costs have a strong variability as 

parameters used are not site-specific (Schüppler, Fleuchaus, and Blum 2019). According to 

(KWA 2018), capital costs can be estimated based on the maximum capacity of the system (see 

Figure 5.3 step 3). For small systems (<100 kW) capital costs can be calculated following the 

equation: €10,000 + € 525/𝑘𝑘𝑊𝑊. For large systems (>100kW), they can be estimated by 

substituting the capacity of the system in the following approximation: €69,860 ·

 𝑙𝑙𝐸𝐸(𝑘𝑘𝑊𝑊/6.69) −  €109,000. 

Operational costs comprise the demand-related costs and the operation-related costs. The demand 

related costs are the result of the heating and cooling demanded (kWh) multiplied by the cost of 

the electricity (€/kWh). The operation-related costs are made up by the maintenance costs and it 

is estimated to be 4% of the capital costs of the ATES (Schüppler, Fleuchaus, and Blum 

2019)(KWA 2018).  

The economic study has been completed by comparing the results with a reference technology. 

This comparation allowed for calculating the Net Present Value (NPV) of the ATES systems by 

using this equation: 

𝑁𝑁𝑃𝑃𝑉𝑉 =  −𝑇𝑇𝐴𝐴𝐴𝐴𝐵𝐵𝐺𝐺 +�𝑅𝑅𝑡𝑡

𝐴𝐴

𝑡𝑡=1

· 𝑞𝑞−1 (5.11) 

Where −𝑇𝑇𝐴𝐴𝐴𝐴𝐵𝐵𝐺𝐺 is the capital cost of the system, T is the period studied, 𝑅𝑅𝑡𝑡 is the difference 

between the operational costs of the ATES and of the reference technology. 

5.3.5 Environmental analysis 

For the ATES system, the environmental analysis is conducted in the same way as for the BHE 

GSHP technology. For more details, refer to 5.2.5. 
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5.4 BHE GSHP study area 

The region of Murcia was selected due to the same reasons mentioned in previous chapters and 

following the results described in Chapter 4. Two main cities were selected within the Region of 

Murcia: Cartagena and Lorca. Both locations are, respectively, the second and the third most 

important cities in the Region of Murcia in terms of size, economy, and population. Within these 

urban areas, two neighborhoods with similar urbanistic and architectonic characteristics were 

selected (see Table 5.2). Their climatic and underground conditions differ significantly to each 

other, which are relevant parameters in this study. Location 1 presents an annual average 

temperature of 18.2ºC and Location 2 16.7ºC accordingly. The selected study sites are residential 

areas consisting of dwellings with available individual outdoor spaces. Location 1 study site is 

located in the suburbs of Cartagena city. Location 2 corresponds to the city center of Lorca, see 

Figure 5.6. Both locations present different building characteristics: in Location 1 residential 

terraced houses with small available outdoor spaces and dwellings with large spaces are found; 

Location 2 has homogeneous residential houses in terms of space and type of residential buildings. 

Both Location 1 and Location 2 have predominantly homogeneous geological characteristics 

consisting of fluvial sites, where gravel and sands are mostly found. 

 

5.5 ATES system study area. 

For ATES systems the study cases must be selected among the areas with potential aquifers and 

among them, areas with H&C energy needs balance. Here, one for the residential sector and the 

other for the tertiary sector. For every case and among the suitable areas, one aquifer must be 

selected based on site-specific conditions. Here, groundwater flow and proximity to urban areas 

is assessed and is determined to the final selection of the areas. High underground water flow 

areas are avoided and proximity to urban areas is desired as they are considered energy 

consumption hotspots (C. Li 2018). Groundwater flow assessment is based on the local Digital 

Elevation Model (DEM) of every aquifer and proximity to urban areas is identified by analyzing 

the aquifers’ location and urban area’s location in GIS. 

As aforementioned, ATES systems cannot be applied everywhere. Instead, suitable areas must be 

first identified. To this end, a national exploration of the suitable areas is carried out.  
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The most relevant parameters concerning the accessibility and suitability of these aquifers to be 

exploited are summarized in (Table 5.3). From them, we can see that the prevailing origin of the 

aquifers is carbonated and detrital, with an average temperature ranging from 7 to 20ºC, and a 

flow rate varying from 1 to 200 l/s. 

 

Table 5.2. Study site’s location main characteristics for BHE GSHP technology. 

Parameter Location 1 Location 2 
Perimeter (km2) 332 381 
Space available in private properties (km2) 119 159 
Number of dwellings 255 227 
Total constructed area dwellings (m2) 64,400 72,000 
Spanish climatic zone (CTE) B3 C2 
The annual average space heating demand (kWh) 3,200 16,400 
The annual average space cooling demand (kWh) 4,200 6,000 
Private space available per dwelling (km2) 0,470 0,700 
Total space per dwelling (km2) 1,300 1,680 
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Figure 5.6.Study area overview for the BHE GSHP technology. 
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Table 5.3. Main characteristics of aquifers with thermal use potential in Spain. 

Origin Quantity Temperature (ºC) Flow rate (l/s) 
Carbonated 188 10 – 20 20–200 
Carbonated and metamorphic 1 16 – 20 – 
Detrital 138 9 – 201 1 – 150 
Detrital and carbonated 23 7 – 202 13– 50 
Detrital and metamorphic 5 8 – 16 8 – 16 
Volcanic 1 11 – 13  

In 1 2 classes, two aquifers have been removed since they present thermal anomalies that do not represent the average 
temperatures. 

 

Information displayed in Figure 5.7 was spatially analyzed along with other spatially relevant 

parameters to provide insight over the potential areas’ location. From this information it can be 

concluded that total groundwater in Spain occupies 360,812 km2 while those identified to have 

potential for thermal use accounts for 137,970 km2, so that they represent 38% of the total aquifer 

surface and 27% of the surface of the Spanish territory (505,990 Km2). In Figure 5.7 also urban 

areas of Spain are represented. As specified above, they are large urban areas that account for a 

minimum of 100,000 inhabitants. In Spain, a total of 136 urban areas with these characteristics 

are identified. After a spatial evaluation with GIS, 86 large urban areas in Spain were identified 

to be located above potential aquifers, representing 63% of the total large urban areas. To evaluate 

the suitable areas in Spain for ATES systems, further research must be done. Climatic, and site-

specific hydrogeological conditions are behind it. 

From them, two study cases are selected: one for the reference tertiary building and another for 

the residential sector building. Within the tertiary activities in Spain, office buildings possess the 

highest concentration of surface constructed. Most of these tertiary uses are concentrated in the 

climatic zone D3, which correspond to Madrid province and its surroundings. Neither of the two 

aquifers above Madrid city are within the aquifers with potential for thermal use and thus they 

were dismissed. However, there are some around the city under some important secondary 

satellite urban areas of Madrid. The “Guadalajara” (see Figure 5.8) aquifer is one and is within 

the potential aquifers inventory for thermal uses. Aquifer thickness is 480 meters, with a 

temperature range from 12 to 15ºC. The digital terrain model indicates that the aquifer area has a 

height difference of 600 meters (551 to 1,134 m.a.s.l.). However, where main urban areas are 

located, height difference is almost negligible. In all, this aquifer was selected as a suitable aquifer 

for the exploitation of ATES for the tertiary sector. 
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Figure 5.7. Aquifers in Spain with potential for thermal use. Own elaboration. Source [28]. 

Within the suitable areas for the residential sector, main cities were considered (Table 5.4). In the 

Mediterranean part there are Valencia, Cartagena, Murcia and Almería. In the western part there 

are Sevilla and Córdoba. In Valencia city’s underground area, there are two main aquifers (Plana 

de Valencia Norte and Plana de Valencia Sur). Negligible slope and 200-meters’ thickness make 

a good candidate for ATES application. Cartagena is another Mediterranean coastal city located 

in Murcia province. In this city, the quaternary main aquifer is considered too thin, with 50-

meters’ average thickness, becoming even thinner near the city and thus was also dismissed. 

Moving from the coastal to the inner part within Murcia region, there is Murcia city, which is the 

capital of the province. There is one shallow aquifer accessible at 15 meters (Vega media del 

Segura aquifer) with up to 180-meters’ thickness, medium permeability, and is mainly composed 

lithologically by gravels. Besides, the city is located in a plain, which also plays in favor. Within 

the water temperature of all aquifers, in this city, the temperature range remains stable and not 

high, compared to the others. Taking all these characteristics into account, this was the aquifer 
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selected to develop the design of the ATES systems in the residential sector. In Figure 5.8 this 

aquifer is represented. 

The case to be developed in Guadalajara is the representative office building sector, and in Vega 

Media del Segura aquifer close to the city of Murcia is considered the representative residential 

building. 

Table 5.4. Aquifer’s characteristics of the main cities selected for residential areas.  

City Aquifer name Av. Thickness (m) T(ºC)1  Deep1 (m) Origin1 
Guadalajara La Alcarria 1102 12 – 15  10 – 50  Detrital 

Valencia Pla de València Norte 2003 18 – 22 15 – 100  Detrital 
Almería Medio-bajo Andaráx 20 – 404 15 – 40  20 – 40  Detrital 
Murcia Vega Media del Segura 2005 15 – 18  5 – 30   Detrital 
Cartagena Campo de Cartagena 10 – 1106 18 – 25  30 – 200  Det.&Carb. 
Sevilla 

Aluvial del Guadalquivir Unknown 16 – 18  5 – 30  Detrital Córdoba 
1(IDAE. 2011), 2 (Martín-Loeches Garrido, Pavón García, and García Martínez 2015), 3(Geological Survey of Spain 
(IGME) 2009) 4(Geological Survey of Spain (IGME) n.d.), 5(IGME) Geological Survey of Spain 2020), 6(Segura River 
basin Authority 2015).  

 

In the Vega Media del Segura, it should be noted that the materials that compose it correspond to 

a debris set that reaches 200 m in thickness, whose age ranges from the Pliocene to this day. This 

debris set, with a high vertical and horizontal lithological heterogeneity, constitutes a single 

aquifer that can be outlined in two main sections, one superficial, free and with a very shallow 

water table, and the other deep, semi-confined multilayer. Both are hydrodynamically connected. 

5.6 BHE GSHP potential analysis results 

5.6.1 Energy demand and GHSP sizing 

Heating and cooling capacity and energy demands are simulated for the reference dwelling in two 

locations, see Table 5.2 and Figure 5.6. In location 1, cooling needs are higher than heating needs 

and, in Location 2, in contrast, heating is the prevailing mode. In order to size the GSHP to 

be used, a SPF value of 5.22 is considered. This value agrees with a report elaborated from the 

Spanish Government (IDAE-Institute for Energy Diversification and Saving 2019), fulfilling de 

EU Directive 2009/28/CE (European Council 2008). This Spanish report is the result of the heat 

pumps stock inventory statistics in Spain based on geographical, population, reference period 

time, and capacity conditions, among other characteristics. The guide provides specific 

geothermal heat pumps SPF values as a function of climate zone areas, geothermal heat pump 

typology (groundwater and ground-air), and sectors |industrial, public administration buildings, 

commercial, hotels, agriculture, education buildings, offices, restaurants, and residential. 



 
Development and use of Geographical Information Systems (GIS) based methodologies as a strategic tool to enhance policy support for the deployment of 

shallow geothermal energy. 
 

 

113 

 

 

Figure 5.8. Aquifer selected to develop the feasibility study of an ATES systems. A) is the “Guadalajara” aquifer located in the northeast part of Madrid and B) is the “Vega 

Media del Segura” aquifer located under the city of Murcia.
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The authors selected a groundwater GSHP in warm climate in the residential sector for this purpose. 

Both monovalent and bivalent systems are considered. Monovalent systems are sized to cover 100% 

of the energy demand, and bivalent systems are sized to cover 70% of the energy demand, which is 

the minimum contribution of thermal energy from renewable energy resource for heating, cooling, 

and domestic hot water purposes at residential level (España 2017). As a result, for Location 1, 

considering the SPF mentioned, the thermal capacity is 5.8 kWth and 7.2 kWth for heating and 

cooling modes respectively for the monovalent system (see Table 5.5). For the bivalent system, 4 and 

5 kWth are the respectively heating and cooling capacities estimated. For Location 2, heating and 

cooling capacities for the monovalent systems are 13.6 and 9 kWth while for the bivalent system we 

estimated capacities of 9.5 and 6.7 kWth. As aforementioned, free cooling mode was also considered. 

In location 1, the starting period of the cooling mode occurs in June. At this time, the underground 

temperature is still low estimated in 10ºC in Location 1 and 13ºC in Location 2, and the outdoor 

temperatures do not require much energy to cool the house. However, the hourly cooling degree days 

values indicate that there are peak temperatures during the day that the free cooling will not be able 

to cover. Therefore, it was estimated that half of the cooling demand of June could be covered by the 

free cooling mode. The energy reduction expected in 250 kWh that represents a reduction of 4%, see 

Table 5.5. For location 2, it was assumed that the whole cooling needs corresponding to June, starting 

period of cooling month too, could be covered by free cooling. This represents an estimated reduction 

of 358 kWh is expected to be translated in an annual energy consumption reduction of 2%. 

 

Figure 5.9. Monthly H&C energy demand for the reference dwelling in Location 1. 
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Figure 5.10. Monthly H&C energy demand for the reference dwelling in Location 2. 

 

Table 5.5. Heating and cooling capacity and energy demands for the reference building for Location 1 and 1 

for BHE GSHP system. 

Parameter Location 1 Location 2 
Dwelling surface (m2) 200 200 
SPF 5.22 5.22 
Heating capacity (kW) 5.8 13.6 
Heating demand (kWh) 3200 16400 
Free heating demand (kWh) 250 560 
Total heating demand (kWh) 2950 15840 
Cooling capacity (kW) 7.2 9.6 
Cooling demand (kWh) 4200 6000 
Free cooling demand (kWh) 250 350 
Total cooling demand (kWh) 3950 5650 
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5.6.2 Shallow geothermal resource potential 

The maximum amount of shallow geothermal energy to be annually extracted by a BHE GSHP 

system with a specific BHE length to provide space H&C energy demand for the residential sector in 

Murcia region is first estimated according to the G.POT method described in Section 5.2.1. At a 

regional scale, results can be consulted in Chapter 4 section 4.5.2. BHE length required was calculated 

based on the formula (5.1) using the power capacity required both for heating and cooling separately 

and the specific heat extraction rate calculated in chapter 4. Specific heat extraction rates from 

location 1 and 2 for heating and cooling are shown in Table 5.6. We observe that the specific heat 

extraction for heating and for cooling is quite similar, being around 60 W/m for heating and 46 W/m 

for cooling. 

Table 5.6. Specific heat extraction values for Location 1 and 2 for heating and cooling mode operation of the 

BHE GSHP. 

Study area Mode Specific heat extraction rate (W/m) 

Location 1 
Heating  66 
Cooling 46 

Location 2 
Heating  60 
Cooling 47 

 

For calculating of the shallow geothermal potential with G.POT method for location 1 and 2, the BHE 

length required for heating and cooling modes to cover the H&C energy demands for the monovalent 

and bivalent systems was calculated. Results are summarized in Table 5.7. From these results, shallow 

geothermal potential for Location 1 and 2 were extracted. For Location 1, BHE length required for 

heating is 64 meters for a monovalent system and 45 meters for a bivalent system. For cooling, 78 

meters BHE length is required for the monovalent system whereas 55 meters for the bivalent. These 

number allows for a BHE length reduction of 23 meters. Thus, the selection of the bivalent with 

respect to the monovalent allows for reducing of 23 meters of the BHE, that correspond to the 

prevailing cooling mode. Based on these BHE length, the amount of energy that can be extracted 

from the ground varies from 7.75 to 5.81 MWh/year for heating and from 5.5 to 3.6 MWh/year for 

cooling. For Location 2, BHE length required for heating is 273 meters for a monovalent system and 

191 meters for a bivalent system.  For cooling, monovalent requires 191 meters and 71 for bivalent. 

Since heating is the prevailing mode, the selection of the bivalent system will allow for reducing 180 

meters. Based on these BHE length, the amount of energy that can be extracted from the ground varies 

from 4.35 to 3.14 MWh/year for heating and from 6.99 to 5.25 MWh/year for cooling 
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Table 5.7. Shallow geothermal resource potential in Location 1 and 2 for the different the monovalent and 

bivalent systems proposed. 

Study area M/B BHE length 
(meters) 

Energy for space 
heating (MWh/year) 

Energy for space 
cooling (MWh/year) 

Location 1 
Monovalent 

64 7.75  
78  5.5 

Bivalent 
45 5.81  
55  3.6 

Location 2 
Monovalent 

273 4.35  
100  6.99 

Bivalent 
191 3.14  
70  5.25 

 

5.6.3 Shallow geothermal yield spatial analysis 

The shallow geothermal potential for both study areas is analyzed to compare the underground 

thermal energy available facing the annual H&C energy demand for the residential sector: the 

underground capacity. Derived from GIS and graphically determined, and we consider the available 

area by removing non-allowed spaces. An example of this initial BHE GIS estimation based on the 

case study is depicted in Figure 5.11. Considering the properties of both areas specified in Table 5.2, 

the spatial study reveals that 2022 BHE can be drilled in Location 1 and 1605 BHE in Location 2.  

To estimate the performance of the GSHP at a neighbor scale, considering all houses as a whole in 

the study site, the annual H&C energy demands of each study site and the annual shallow geothermal 

energy are estimated as global demand. To estimate such energy demands, the dwelling properties 

summarized in Table 5.2 are considered, and values from Table 5.5 are assumed for the shallow 

geothermal resource potential. With this purpose, the reference dwelling energy needs are then 

multiplied by the number of dwellings. For Location 1, 816 MWh are annually demanded for heating 

and 1,071 MWh for cooling. For Location 2, the annual energy demand is 3,723 MWh for heating 

and 1,361 MWh for cooling. Assuming these BHE dimensions, the specific heat extraction rates in 

every location, the total number of dwellings and its energy need associated, as well as the 

underground capacity for every study case as a whole are estimated. 
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Figure 5.11. Spatial analysis of the available space for BHE in the study site. 

For heating, and assuming only monovalent systems for extracting the shallow geothermal resource, 

the underground would contain 12 times the energy required for Location 1, and 2 times for Location 

2, see Figure 5.12. Assuming the use of bivalent systems, the capacity arises up to 13 times and 

remains 2 times for Location 2. For cooling, the underground capacity is estimated in 10 times and 8 

times for the monovalent system for location 1 and 2, and 10 and 6 assuming the use of bivalent 

systems by the dwellings. We can conclude that, at single residential scale, thermal energy contain in 

the underground is able to cover, sometimes by far, the yearly energy demands by means of BHE 

GSHP. Additionally, we do not appreciate strong changes in the underground capacities when using 

the monovalent or bivalent systems.  
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Figure 5.12. Underground capacity to meet the energy demands spatial analysis in location 1 and 2. 

 

Figure 5.13. BHE length required to provide the H&C energy demand for each location, operating mode and 

system proposed 
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5.6.4 Energy analysis 

The different energy systems scenarios proposed are energetically analyzed based on their site-

specific performance, see Table 5.8. Concerning the system capacity required, in location 1, the 

monovalent system is 5.8 kW and 7.2 kW for heating and cooling, respectively. The bivalent system 

required a capacity of 4 kW and 5 kW for H&C; and the ASHP support system is assumed to cover 

the rest. To cover the energy demand necessary, the mono- valent system uses 1327 kWh yearly and 

the bivalent system 1724 kWh, thus higher that for the monovalent system. This fact is due to the 

30% of the energy being produced by a lower efficient system. Alternatively, the ASHP reference 

system must produce the same energy and it uses 2372 kWh electricity. For location 2, the capacities 

required to cover the H&C needs are 13.6 kW for heating and 9.6 kW for cooling respectively. The 

bi- valent system needs 9.5kW and 6.7 kW for H&C, being the support system supposed to cover the 

rest of demand. The monovalent system uses 4115 kWh to provide the yearly demand. The bivalent 

uses 4751 kWh, thus, the electricity consumption is also higher. The ASHP reference system needs 

7179 kWh/year to provide the energy needs. 

Table 5.8. Energy system scenarios analysis. 

Location 1 – H&C Energy demand and generation (kWh) 
System – Energy needs GSHP Energy demand BHE Free energy   Total Electricity 
Monovalent – Heating space 5.8 3200 1873 250 1327 Monovalent – Cooling space 7.2 4200 2873 250 
Bivalent – Heating space 4 2240 1313 180 927 Bivalent – Cooling space 5 2940 2013 180 
ASHP Support System – Heating  1.8 960 248 0 797 ASHP Support System – Cooling  2.2 1260 548 0 
ASHP Reference System – Heating  5.8 3200 – – 2372 ASHP Reference System – Cooling  7.2 4200 – – 

Location 2 – H&C Energy demand and generation (kWh) 
System – Energy needs GSHP Energy demand BHE Free energy   Total Electricity 
Monovalent – Heating  13.6 15838 12285 358 4115 Monovalent – Cooling 9.6 5642 1885 562 
Bivalent – Heating  9.5 11087 8267 120 2065 

 Bivalent – Cooling  6.7 3949 1130 200 
ASHP Support System – Heating  4.1 4751 2686 0 2686 ASHP Support System – Cooling  2.9 1693 0 0 
ASHP Reference System – Heating  13.6 15838 – – 7179 ASHP Reference System – Cooling  9.6 5642 – – 

 

5.6.5 Economic analysis 

Capital costs and operational costs for both study locations have been calculated considering the 

monovalent GSHP system and bivalent system. A reference conventional ASHP system has been 
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stated and used for comparison. From there, the NPV of the investment and the payback period has 

also been estimated. Results are summarized in Figure 5.14. 

 

 

Figure 5.14. Economic analysis result of BHE GSHP monovalent and bivalent systems in location 1 and 2. 

In Location 1, capital costs are based on the site-specific BHE length and its drilling costs (65 €/m) 

(Badenes et al. 2020) associated which represent 60% of the total costs. Moreover, bivalent systems 

have an extra cost derived from the ASHP supporting system.  ASHP capital costs associated assumed 

are 0.5 k€/kW (Sandvall, Ahlgren, and Ekvall 2017).  For location 1, €4186 and €4848 are the 

associated costs for monovalent and bivalent GSHP systems, respectively, thus, the bivalent system 

is around 15% more expensive compared to the monovalent. The reference ASHP system costs arise 

to €3500. For location 2, BHE GSHP capital costs are €10,283 and €11,464, thus the bivalent system 

is 12% more expensive than the monovalent. 

Operational costs derive from the electricity consumed by the energy systems and the circulating 

pump. The electricity price considered was 0.15 ct €/kWh, which corresponds to the residential 2.0. 

electricity tariff in Spain (Spanish Transport and Operation Electricity Corporation (Red Eléctrica de 

España) 2020). For location 1, operational costs arise to €229 and €222 yearly for monovalent and 

bivalent respectively. In location 2, operational costs are estimated to be €617 and €733 for 
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monovalent and bivalent systems. Therefore, in location 1 operational costs of the bivalent system 

are almost the same energy as the monovalent system and in location 2, the bivalent operational costs 

associated are 16% higher. Considering CAPEX and OPEX in a 10–years’ operation time, the cost to 

produce the geothermal energy is 0.088 Euro/kWh for the monovalent system and 0.146 Euro/kWh 

for the bivalent system in location 1. In location 2, shallow geothermal energy production costs are 

0.073 Euro/kWh and 0.122 Euro/kWh respectively. These prices are market competitive when 

compared to the current electricity cost 0.15 Euro/kWh. 

With regard to the reference system costs, an ASHP is also considered the reference system in this 

study, as it is by far the most common system to provide H&C in these locations. The technical 

characteristics of the ASHP are the same as for the monovalent BHE GSHP in terms of the heating 

and cooling capacities. However, an SPF of 3.2 is used, based on the location (outdoor temperatures 

and climatic conditions) and the architectural characteristics of the reference building stock 

(Fernandez-Antolin, del-Río, and Gonzalez-Lezcano 2019). The reference system ASHP capital costs 

to cover the H&C demands are estimated in €3500 and €6800 at locations 1 and 2, respectively. 

Operational costs of the ASHP come from the electricity use of the compressor along with the 

maintenance cost. They are estimated in €386 and €1127, based on the electricity consumption (see 

Table 5.8) for both locations and from them, €30 corresponds to the maintenance costs in both cases. 

The net present value study is calculated in both locations considering the ASHP as the reference 

system with the mentioned characteristics. It allows us to estimate the payback time of the monovalent 

and bivalent GSHP systems, see Table 5.8. Considering the GSHP CAPEX and the OPEX of the 

GSHP and ASHP reference system, the payback period goes beyond 20 years for the monovalent and 

bivalent systems in both locations. The monovalent system possesses better economic conditions 

compared to the bivalent. Considering both locations, system in location 2 gives in a shorter payback 

time than Location 1 (22 vs 27 years). 
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Figure 5.15. GHG emissions derived from the use of BHE GSHP monovalent and bivalent systems in 

location1 and 2. 

5.6.6 Environmental analysis 

Considering the electricity use of the GSHP and the reference system, the GHG emissions savings 

throughout the life expectancy of the GSHP have been calculated. GHSP lifetime range from 20 to 

30 (VDI 4640 Directive. Thermal use of the underground. Fundamentals, approvals and 

environmental aspects. 2010) (Schüppler, Fleuchaus, and Blum 2019) For this study, a lifetime of 30 

years was stated as it will be less used compared to other systems with higher thermal loads. Factor 

GHG emission considered is 0.15 KgCO2/kWh produced (Spanish Transport and Operation 

Electricity Corporation (Red Eléctrica de España) 2020), see Figure 5.15. Considering the electricity 

used for the monovalent and bivalent systems in one hand, and the ASHP reference system in the 

other, the GHG emissions in the lifetime on the GSHP is estimated in 4.7 tons of CO2 and 4.6 tons of 

CO2 approximately for the monovalent and bivalent system in location 1 for a single dwelling. In 

location 2, 13.8 and 10.3 tons of CO2 are expected to be saved per dwelling when using monovalent 

and bivalent GSHP systems respectively. 
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5.7 ATES systems potential analysis results 

5.7.1 Suitable areas for ATES in Spain 

Total primary energy consumption for H&C purposes for the residential sector in Spain is 

approximately 5,800 GWh, from which 70% is for heating and 30% for cooling, and almost 50% is 

consumed in the Mediterranean areas (IDAE-Institute for Energy Diversification and Saving 2016). 

According to the Spanish technical building Code (Ministerio de Fomento 2017), energy needs are 

expected to be the same in areas with the same climate zone classification.  As aforementioned, 

average energy needs are associated to every climate zone. However, for this study, only energy needs 

from buildings constructed in 2008 onwards have been considered. Although not yet mandatory in 

Spain, in the near future geothermal systems will be only applicable to those high energy efficiency 

buildings (Catalonia 2010). To characterize the energy needs of only the new stock building, several 

estimations were made from information gathered that are explained in Annex I. Results are shown 

spatially in Figure 5.16.  

According to (Goverment of Spain 2020), the tertiary sector in Spain consumes for H&C purposes 

7% of the total primary energy consumption in Spain, from which approximately half is for heating 

and half for cooling. However, unlike the residential sector, there is no available information 

regarding the specific H&C energy needs by climatic zones for tertiary. In general, ATES systems 

have a better feasibility in the tertiary sector, because buildings are often large and require both 

heating and cooling. Offices are great consumers of cooling, and thus, H&C energy is expected to be 

more balance for the tertiary in continental and Atlantic climates as cooling is not as high as in the 

Mediterranean area, with a resulting balance energy need. (See Figure 5.16). Therefore, almost any 

potential aquifer can be considered suitable for the tertiary sector. Nevertheless, as with the residential 

sector, H&C needs in the tertiary are also influenced by the outdoor temperatures.  

Figure 5.16 shows that for the residential sector the Mediterranean area is the most suitable for the 

exploitation of ATES systems in terms of the stock building energy needs while in the Atlantic area 

the energy demand conditions are less favorable, but still possible. In contrast, areas in Spain where 

ATES is more appropriate for the tertiary sector follow the opposite pattern than for the residential 

sector. 
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Figure 5.16. Suitability of the ATES systems for the Residential (left) and Tertiary (right) based on the climatic conditions 

in Spain. 

All aquifers possess in principle good conditions for thermal use. However, further information must 

be first consulted to finally determine its suitability for ATES applications, e.g., the aquifer thickness, 

hydraulic conductivity, and groundwater flow. 

For the residential sector, a clear tendency for the Mediterranean areas is observed, including the 

Balearic Islands, along with Southwestern areas, covering a great part of the Andalusian provinces, 

Extremadura and some provinces from Castilla-La Mancha. For tertiary buildings, area selection was 

not as strict as for the residential, due to the huge variety of energy needs within this sector. ATES 

systems then may entail from small to huge systems that can be sized to compensate any thermal load 

deviation. 

 

5.7.2 Energy demand building analysis. 

Energy capacity and energy demand of the respective buildings have been modelled using the 

informatic application VPCLIMA (University of valencia 2020). This is a practical tool that uses a 

national dataset of the Spanish Building Code concerning outdoor parameters, such us external 

humidity or temperatures. Location, size of the building, and local architectural characteristics must 

be set, and the program outputs the expected energy behavior of the building. Building architectural 

characteristics have been set so that it represents a new building with lower energy needs. Reference 
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energy needs have been compared to those in the technical guide of the Climate changed Spanish 

Ministry (IDAE 2005). This guide evaluates the energy characteristics of the Spanish building stock 

making a distinction between residential and tertiary buildings. Figure 5.17 and Figure 5.18 show the 

annual energy demand of the representative buildings for space heating and cooling. In both cases, 

the cooling energy needs are higher than the space heating needs. Also, in both cases, heating needs 

are required from November to April whereas cooling is required from May to October. In the tertiary 

case, though, heating and cooling needs are more balanced than in the residential case. 

 

Figure 5.17. Annual heating and cooling demand for tertiary. 

 

Figure 5.18. Annual heating and cooling demand for residential. 

Derived from the thermal loads of the buildings (see Table 5.9), the GSHP of the ATES systems is 

sized. Tertiary case GSHP capacity is 400 kW and residential case is 50 kW. 
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Table 5.9. Heating and cooling needs of the buildings and installed GSHP capacity. 

Parameter Unit Tertiary Residential 
Surface  m2 10,000 2,000 
Heating capacity  kW 54 6 
Heating energy demand  MWh 140 19.4 
Cooling capacity  kW 400 50 
Cooling energy demand  MWh 420 20 

 

5.7.3 Technical analysis. ATES system dimensioning 

For developing a feasibility study, two ATES systems are considered with the capacity shown in 

Table 5.9. Each one with 2 wells, one for cold water storage and other for warm water storage. The 

specific characteristics of the wells are summarized in Table 5.10 and are explained in detail in this 

section. 

In the residential case, the aquifer has medium permeability and associated transmissivity of 100 

m2/day (Villarroya 2009) that results in hydraulic conductivity of 0.21 m/d. In the tertiary case, 

aquifer has high permeability with mean transmissivity of 1,000 m2/day (Villarroya 2009) that turned 

out to be 5 m/d. Groundwater flow is unknown, and therefore, thermal recovery cannot be assessed 

based on this parameter. 

Water maximum velocity in the well is estimated at 1.56 m/h for tertiary case and 0.38 m/h for tertiary 

case. This value comes from applying formula (5.10). Ambient water temperature is estimated to be 

13ºC and 16ºC for tertiary and residential cases, respectively. Derived from national normative (E. T. 

and demographic challende M. of Spain 2007), in Spain building temperature in the winter must be 

maximum 24ºC and 22º C in summer. Assuming these temperatures and accounting with heat losses 

between the two wells, for the residential case, cold and warm well temperature is estimated to be 

9ºC and 16ºC, and 13ºC and 19ºC for tertiary case. Water flow rate needed to provide the required 

thermal capacity for the ATES systems is 49 and 7.1 m3/h for tertiary and residential cases. The water 

volume required in the aquifer to store this amount of water is estimated at 50,000 and almost 3,000 

m3. 

The thermal radius in the residential case is 23 meters and 7 meters for the tertiary. The well optimal 

length identified is 40 meters for the residential case and 14 for tertiary case. In principle, the aquifer 

could be reached with shorter well lengths which would translate into in a capital cost diminished by 
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the reduction in drilling costs. However, optimal length will avoid undesirable heat losses in the 

border of the diameter of the cylindrical storage volume and by conduction and dispersion losses at 

the screen length, which will improve the overall efficiency of the ATES system. The resulting A/V 

ratio is 0.15 for residential case and 0.37 for tertiary case. As expected, tertiary case has the highest 

A/V ratio, which means higher thermal losses due to dispersion losses in the underground typical for 

small systems. The relation between length screen and thermal radius is 2, which is also the optimal. 

Finally, the required minimum borehole radius of the wells is 0.25 and 0.15 meters.  

Table 5.10. Technical parameters of the aquifer and wells. 

Parameter Unit Tertiary Residential 
Aquifer transmissivity m/d 0.21 5 
Cold well temperature  ºC 9 13 
Warm well temperature  ºC 16 19 
Well flow rate  m3/h 49.0 7.1 
Storage volume  m3 2,786 50,226 
Maximum velocity  m/h 1.56 0.38 
Required borehole radius  m 0.25 0.15 
Length screen m 20 20 
Thermal radius m 24.5 7.3 

 

As abovementioned, the COP of the GSHP selected is 5.48 for heating mode and was estimated in 30 

for the cooling mode. 

 

5.7.4 Economic analysis 

To proceed with the economic analysis, a reference system was established to compare the ATES 

systems results with them. In Spain, electric systems prevail in the Mediterranean areas and in the 

south while fossil fuel systems are already widely used in colder areas. For cooling, only electric 

systems are used in the whole territory (Instituto para la Diversificacion y Ahorro de la Energia 

(IDAE) 2011). Therefore, for tertiary case, a reference system consisting of a compression chiller for 

cooling and a gas boiler for heating was defined. Average 0.97 (Sandvall, Ahlgren, and Ekvall 2017) 

gas boiler efficiency was used to estimate the use of gas needed to provide the required heating. For 

residential case, an air-source heat pump system to provide heating and cooling was considered as a 

reference system. In total, 50 ASHP were considered, one per house in the building. Both for ATES 

systems and for reference technologies, capital and operational costs were calculated based on the 

information summarized in Table 5.11. Resulting costs are summarized in Table 5.12 and for a better 

understanding, they are graphically represented in Figure 5.19. 
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Table 5.11. Ratios and parameters considered for the economic analysis for the ATES systems and the 

reference technology. 

 ATES system Reference technology 
Parameter Tertiary  Residential Tertiary Residential 

CAPEX €10000+€160/kw1 €10.000+€5251 
(kW) 200 €/kW2 500 €/kW2 

   0.1 €/kW2  
Electricity costs (€) 0.15 €/kWh4 
Gas cost (€)   0.05 €/kWh5  
   4% CAPEX2  
Maintenance (€) 4% CAPEX3 4% CAPEX3 1% CAPEX2 5%CAPEX2 

1(KWA 2018), 2(Sandvall, Ahlgren, and Ekvall 2017), 3(Schüppler, Fleuchaus, and Blum 2019), 4(Government 
of Spain 2021), 5(G. of Spain 2021) 
 

Table 5.12. Estimated average capital costs, operational costs, and energy consumption of the ATES systems 

and reference technology. 

 ATES system Reference technology 
Parameter Tertiary Residential Tertiary Residential 
CAPEX 36,250 176,787 85,400 25,000 
OPEX 1,850 13,598 32,277 4,263 
Electricity consumption 
(MWh) 4 66 140 12.6 

Electricity costs (€) 404 6,526 14,023 1,263 
Gas consumption (MWh) - - 309 - 
Gas cost (€) - - 15,000 - 
Maintenance (€) 1,450 7,071 54 3,000 
Payback period (years) 16 10 - - 

 

For tertiary cases, primary energy annual savings resulting from the use of ATES systems compared 

to the reference technology is 665 MWh, representing an annual energy reduction of 91%. Energy 

consumed by the ATES is 65 MWh and by the reference system is 730 MWh, from which 421 MWh 

is consumed for cooling compression chillers and 300 by the gas boiler. For residential case, ATES 

systems annual electricity consumption is 4 MWh, and the reference system consumes 12.6 MWh, 

which represents a reduction of 70% of the annual energy consumed. 
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From the economic analysis, the following can be mentioned (see Figure 5.19). Tertiary case ATES 

system capital costs are 2 times the reference system’s capital costs. Operational costs are clearly 

lower for ATES although its associated maintenance costs make this advantage smaller. Despite this 

high fixed annual operational cost, ATES systems can be considered a cost-effective system. Here, 

the installation payback period is 10 years. Residential case ATES system capital costs are around 

1.5 the reference system’s cost. Annual operational costs are lower for ATES compared to the 

reference system although not as much as in tertiary case. Maintenance costs here are lower for the 

ATES since 50 heat pump units increase the reference system costs dramatically. The payback period 

for the ATES systems in residential case is 18 years. 

 

Figure 5.19. Economic analysis results comparing ATES systems costs and reference technology costs for Tertiary (left) 

and residential (right). 

 

5.7.5 GHG emission reduction 

Environmental analysis only considers CO2 gas emissions avoided resulting from the use of the ATES 

systems compared to the reference systems (see Figure 5.20). Thus, economic factors derived from 

the environmental damage provoked by CO2 emissions are not considered in this study. CO2 

emissions have been calculated based on the national electric mix from 2019, that is, 0.15 Kg 

CO2/kWh (Ministerio de Industria 2016) produced and the gas emission factor, 0.202 KgCO2/kWh 

(Ministerio de Industria 2016) produced. ATES system of tertiary case could avoid 78 Tn of CO2 

annually, which represents a decrease of 63% of the emissions. The reference system’s emissions are 

around 120 Tn, half from heating and half from cooling. In a 30-year period, considering the lifespan 

of the ATES system, CO2 savings would arise up to 2,400 Tn. For residential case, ATES annual 

emissions are 0.61 Tn and the reference system emissions 1.9 Tn. The result is an annual reduction 
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in 68% of GHG emissions when using ATES. Up to 40 Tn are expected to be avoided being released 

into the atmosphere in the lifespan of the system.  

 

Figure 5.20. GHG emissions savings of ATES systems and reference technology for Tertiary case (left) and Residential 

case (right). 

 

5.8 Conclusions 

This chapter describes a straightforward and consistent GIS based approach to assess the potential of 

the shallow geothermal resource at a local scale, for two technologies: BHE GSHP and ATES 

systems. This potential is assessed by means of the resource, technical, economic, and environmental 

analysis. 

The shallow geothermal resource able to be technically extracted from the underground using a BHE 

GSHP system for H&C separately is based on the G.POT method. With the aim of assessing the 

proposed analysis, two residential areas located in the southeast of Spain with different 

meteorological conditions are considered as a case study. Additionally, the analysis has been 

performed for a monovalent BHE GSHP system and for a bivalent BHE GSHP supported by an ASHP 

system to assess the most economic and environmental convenient option at both locations. 

Nevertheless, this approach can be extrapolated to any location worldwide as long as the climatic, 

hydrogeological and architectural properties are known. Open available data and open GIS tools are 

used in the proposed analysis. The results show that the underground energy capacity can provide 

from 13 to 10 times enough energy to cover the space H&C energy demand for residential dwellings 
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in one of the locations; and 2 times for heating and 8 times for cooling in the other location case study. 

This energy resource can be extracted in a relevant cost-effective way, with production costs up to 

0.073 Euro/kWh (vs 0.15 Euro/kWh of the current Spanish electricity price). They imply a reduction 

of 55% of the energy consumption for the shallow geothermal system at a single dwelling scale. 

However, payback periods of the investment are considered excessive. Nevertheless, the GHG 

emission savings associated with the use of BHE GSHP mean a reduction of 60% along the energy 

system lifetime. Therefore, and despite having remarkable economic and environmental 

performances and more than enough resource potential, the energy needs of a single house savings 

are too low to compensate the high initial investment. We can conclude that in these locations, the 

exploitation of the SGE for a single house is not a cost–efficient system so that the upfront cost of the 

BHE GSHP installations is the main barrier preventing a better deployment of the shallow geothermal 

resource. To explore the performance of shallow geothermal energy in this part of Europe, further 

analysis should be conducted in future works considering large residential building, industrial and 

tertiary buildings and open loop GSHP systems. 

As for the ATES technology, this chapter includes the assessment of underground and climatic 

conditions across the Spanish territory affecting to the systems feasibility. The underground 

exploration was developed on the basis of the aquifers with potential for thermal uses which were 

extracted from previous studies information. They show that at least 38% of the aquifers in Spain 

possess resource potential to be exploited thermally based on their hydrogeological characteristics 

and among them, 63% of large urban areas present in Spain are located above one of these potential 

aquifers. Unfortunately, as aforementioned, due to the lack of information regarding the 

characteristics of the aquifers (mainly the aquifer thickness) it was not possible to globally determine 

the suitable aquifers in Spain. Instead, only these contained in the inventory of potential aquifers for 

thermal use and located nearby selected areas were considered. 

Attending to climatic conditions of Spain, residential buildings located in the Mediterranean areas 

and south of Spain turned out to be more suitable for ATES than Northern climates since heating and 

cooling needs are more balance here. These conditions affect 50% of the Spanish population that lives 

here and 33% of the total area. In contrast, northern zones seem to be more accurate for tertiary 

buildings, since they usually present higher cooling needs compared with the first group. However, 

as aforementioned, as long as they are located above and aquifer fulfilling the hydrogeological 

requirements, the ATES may perform efficiently by introducing certain variations to the design. 

The feasibility study shows the great energy saving potential of ATES in Spain. It is concluded that 

up to 91% of the energy used to heat and cool a reference tertiary building and up to 70% for a 
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residential building located in an area with suitable aquifer can be saved. This is mainly derived from 

the fact that cooling can be produced free since only the water pump is used instead of the 

conventional compression chillers. These savings result in GHG emissions savings up to 68% 

compared to the reference technology. Besides, the required energy can be produced in a cost-

effective way. However, the high capital and maintenance costs induce a payback period variation 

and annual operational cost increases. The payback time range from 10 years to 18 years for both 

cases. This shows that, despite tertiary case having higher capital costs, higher thermal capacity 

systems are more cost-efficient. 

The results of this study highlight the potential for the ATES systems in Spain. Due to their energy 

and environmental benefits that will push Spain to reach the EU environmental goals, the focus must 

be put on solving current barriers for its better deployment. Among them, cutting capital costs and its 

promotion among stakeholders are identified in Spain as the most relevant.



General conclusions 

 

 

 
 
 

6 CHAPTER Conclusions 
 

Although Shallow Geothermal Energy (SGE) is a proven and reliable technology, that accounts for a 

strong GHG emissions reduction potential, it does not enjoy a high level of maturity worldwide. The 

main goal of this thesis has been to promote its usage by dealing with the lack of information among 

stakeholders, the public, and energy decision-makers. To this end, GIS-based methodologies have 

been developed to seek twofold main objectives: on the one hand, to assess the resource, technical, 

economic, and environmental potential of shallow geothermal energy for a certain study area; On the 

other hand, these methodologies have been conceived to support the scientific community in the 

process of harmonizing a shallow geothermal resource quantification official common methodology. 

The sound knowledge elaborated is intended to serve as a decision support system for policymakers 

to assist them in the decision on investing in shallow geothermal energy. In response to the multilevel 

European governance system, different scales, from continental to local, have been considered. Two 

different SGE technologies have been considered: close-loop BHE and open-loop Aquifer Thermal 

Energy Storage (ATES). 

This chapter presents the main conclusions of the thesis: 

 

• Shallow geothermal energy potential at European scale. 

At a European scale, certain factors influencing the performance of close-loop BHE systems have 

been identified and quantified. The innovative Pan-European resulting thematic maps show the range 

variation of these factors and their locations.  European-scales thematic maps are not intended to be 

used for SGE installation design purposes but to support guidance on the most important indicators 

in the exploitation of SGE across the European continent. The thematic maps and statistics have been 

formulated based on geological, climatic, and environmental factors and only free open source data 

was used. Therefore, this methodology can be extrapolated to any area in the world.  
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The spatial combination of these factors and the population georeferenced information give insight 

over the factors values range that are found in hotspot high populated areas where high energy demand 

is expected. 

For policy-makers, these maps can strongly contribute to feeding the European energy policy related 

to SGE. They can be used as input into the Multi-Criteria Decision-Making tool that allows ranking 

the area suitability to installing SGE. As proven, a Multi-Criteria Decision-Making tool has been 

proposed at regional scale with the thematic maps created as input. Results mirror a suitability map 

where area are classified into acceptable and excellent potential. The region of Murcia (South-eastern 

Spain) has been chosen as a case of study. On the one hand, the amps show clearly areas where the 

SGE potential is excellent in order to inform the public and the energy decision makers of the 

existence of the untapped resource to raise awareness. On the other hand, the suitability map is 

intended to serve regional and local policy-makers to support the decision on where investing in SGE 

generates more benefits.   

 

• Shallow geothermal energy potential at regional scale. 

At a regional scale, the SGE potential for close-loop BHE systems has been quantified. At this scale, 

the resulting maps show the variation of the main conditions affecting the SGE performance across 

and along the region and its translation into economic and environmental information. The regional 

scale provides the opportunity to work with more detailed information than the European scale. For 

instance, SGE resource potential here uses more accurate lithological information and underground 

water saturation is considered and thus outputting results are more precise. 

A set of thematic maps have been elaborated also based on open source data, and therefore, can be 

easily replicated to other areas. Resulting maps are intended to inform the regional public and energy 

policy and decision-makers to raise awareness concerning the SGE technology performance, costs 

and environmental benefits derived from its use.  

Not for coincidence, the region of Murcia in Southeast Spain has been again considered as a case of 

study. Its climate conditions are such that cooling needs are as important as heating needs, unlike 

northern European countries that possess SGE market matureness. Shallow geothermal energy 

potential map for cooling has been also elaborated. 



General conclusions 

The GIS-based methodologies developed allow us to reassure that SGE resource is never lacking and 

more than sufficient to cover the energy needs for the building sector. Besides, they let us know the 

specific economic conditions, which are considered one of the main barriers worldwide hindering the 

use of SGE. 

 

• Shallow geothermal energy potential at local scale. 

GIS-based methodologies have been applied to assess the SGE potential, considering separately a 

close-loop BHE system and an open-loop Aquifer Thermal Energy Storage (ATES) system. The 

resource potential has been extracted from the regional case developed while for the ATES system, 

an exploration of the potential for ATES has been carried out at a national scale in Spain. The local 

scale allowed for the elaboration of a feasibility study for both systems typologies. Thus, unlike the 

European and regional scales used, this scale focuses on site-specific information and its conversion 

into economic and environmental benefits. 

An innovative exploration of the potential for ATES has been carried out by considering the 

hydrogeological conditions of the aquifers and the climatic conditions in Spain. In Spain, only a few 

ATES systems have been installed to date However, it can be a key ally in Spain in reducing the 

energy consumed as these systems allow cooling needs to be completely or partly covered without 

energy consumption. The lack of an aquifer database containing the hydrogeological information has 

prevented for a better selection of the suitable aquifers where ATES systems can be installed. 

The results show the constraints and benefits of the technology applied in the different places. For 

BHE technology, resource potential is never a constrain, however, dwellings with a single BHE 

system accounts for low H&C demands that can lead to non-cost-efficient systems. ATES 

technologies, though, show the highest benefits in terms of economic and GHG emission reduction 

however suitable aquifers are not found everywhere and a detailed hydrogeological assessment must 

be first done.
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Future work 

GIS-based methodologies are considered a great ally for spreading the knowledge concerning the 

SGE potential and benefits. However, more information must be considered to elaborate more 

realistic results. For instance, spatial hydrological information at a European scale will allow for a 

better quantification of the shallow geothermal resource. This thesis carries out the resource 

quantification process assuming an extension of the outcropping lithology up to 100-200 meters deep 

which is not always accurate. Therefore, the quantification of the SGE resource could be dramatically 

improved by using 3D maps instead of 2D. 

Environmental protection information must be also completed as groundwater protected zones has 

not been considered in this study due to the arduous and time-consuming process of reunite and 

process all that information. 

Worldwide cities where SGE has been exploited agree on the importance of the existence of a 

resource management control aim at the different SGE systems so as not to thermally interfere one to 

another. Simultaneously, Spain does not have an official inventory of SGE systems installed. 

Therefore, in order to develop a sustainable use of SGE at an urban scale in Spain, SGE systems must 

be officially inventoried and considered in the SGE resource and in the suitability maps. 

Although thematic maps obtained at European scale contained valuable information itself, they can 

be used as input for a Multi-Criteria Decision-Tool at a European scale for strategic policy purposes. 

A suitability map or traffic light map will be obtained which will support the energy-decision makers 

in Europe with sound information to know where investing in SGE will contribute to the best results 

to decarbonize the economy and reach the environmental goals. Beyond of the scope of this thesis, 

the tool could be completed as well with other information typology, such as socioeconomic 

information, that will determine to what extend the SGE systems are affordable for the society, for 

instance. Energy dependency or GHG reduction need could be also implemented to identify those EU 

member states with greater necessity of investing in SGE. 

Besides, to improve the potential for ATES systems in Spain, a more comprehensive and plenary 

exploration of the aquifer suitable for ATES systems is paramount. To this end, the creation of a 

database with the hydrogeological aquifer information is needed, which to date does not exist in 

Spain. 



General conclusions 
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ANNEX I 
 

 

Climatic zones in Spain 

The Spanish territory is classified into major 12 groups according to their winter and summer severity 

which is based on the outdoor temperatures and the building stock characteristics (Spanish Building 

Technical Code, CTE) (Ministerio de Fomento 2017). The Winter Climate Severity (WCS) and 

Summer Climate Severity (SCS) are based on degree-days and solar radiation. Heating and cooling 

demands are assumed to be the same in every climate zone. (See Table A.1) 

Table A.1. Climate severity indexes provided by the Building technical Code in Spain. 

Winter severity A B C D E 
WCS <0.3 0,3 – 0,6 0,6 – 0,95 0,95 – 1,3 >1,3 

Summer severity 1 2 3 4  
SCS < 0.6 0,6 – 0,9 0,9 – 1,25 >1,25  

 

For each province, the average winter and summer severity is identified so that, each province is 

given the letter and the number that fits into the WCS and SCS range. All possible combinations 

result in 12 different groups (see Figure A.1.)  
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Figure A.1. Climatic zones in Spain, according to Building Technical Spanish Code. 

In general, the energy efficiency of the building stock in Spain is considered to be poor, due to the 

lack of isolation and the use of energy inefficient systems. As a result, over half of the houses has an 

energy label “E” or lower (Goverment of Spain 2020). However, the application of the EU Directive 

2002/91/CE marked a turning point as, for the first time in Spain, GHG emissions in the residential 

sector were limited by law by means of improving the energy efficiency of the buildings. As a result, 

buildings constructed from 2006 onward are more energy efficient than the ones built before that.  

From TABULA and EPISCOPE projects (Institut Wohnen und Umwelt 2013), the related 

information is gathered to estimate the annual energy needs for heating and cooling in the residential 

sector in the Spanish territory. The extension from regional to national data energy needs is based on 

the winter and summer severity of every climate zone: similar heating needs are given for zones with 

the same SCI and similar cooling needs for the same SCV. According to CTE, energy needs are 

expected to be the same in areas with the same climate zone classification. B3, B4, C1, C2, C3, D1, 

and E1 climate zones information is available whereas A3, A4, C4, D2, and D3 are estimated by 

interpolating H&C values of the known anterior and posterior climate zone energy needs information 

is categorized by climatic zone, typology building, and building age. Although in Spain is not yet 

binding, in the near future geothermal systems will be only applicable to those high energy efficiency 

buildings (Catalonia 2010). Therefore, annual heating and cooling needs for new buildings (>2008) 
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per climate zone and building typology extracted from TABULA and EPISCOPE and interpolated 

are reflected in Table A.2.  

Table A.2. Heating and cooling needs per climate zone and typology building in Spain. (In orange, interpolated values, in 

black, real values) 

 A3 A4 B3 B4 C1 C2 C3 C4 D1 D2 D3 E1 
Single family                         
Heating kWh/m2 10 10 22 10 70 40 50 60 120 120 125 130 
Cooling kWh/m2 15 20 18 20 0 10 20 30 0 20 30 0 
Terraced                         
Heating kWh/m2 5 5 10 5 35 22 28 32 60 60 65 68 
Cooling kWh/m2 17 20 17 20 0 12 17 20 0 20 30 0 
Multi family                          
Heating kWh/m2 10 10 19 10 42 38 38 40 70 70 80 90 
Cooling kWh/m2 10 12 10 12 0 5 10 15 0 10 20 0 
Building block                         
Heating kWh/m2 12 12 22 12 57 37 43 45 90 90 90 103 
Cooling kWh/m2 10 12 10 12 0 8 11 13 0 10 20 0 

 

Next, average heating and cooling needs for the Spanish territory are calculated. For this purpose, the 

building stock typology is analyzed. Geographical differences exist, but about 67% of the houses in 

Spain are in building blocks, while single-family, terraced house, multifamily have a share of 13%, 

17%, and 3.2% respectively (Goverment of Spain 2020). Taking this into consideration, a weighted 

average heating and cooling demands are calculated. Results are presented in Table A.3. In A3, A4, 

and B4, cooling needs are higher than heating needs. In C2, C3, D2, and D3 heating is the prevailing 

mode and up to 2 times with respect to the other. Finally, in C1, D1, and E1 heating needs are quite 

high and there are no cooling needs, thus, energy needs are entirely unbalanced.  
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Table A.3. Characterization of the climates zones based on the balance between H&C needs for the residential sector. 

Energy needs Heating kWh/m2 Cooling kWh/m2 Increase (points) Score 

A3 9.7 14.2 1.46 1 
A4 9.7 18.4 1.90 1 
B3 20.5 16.3 0.80 1 
B4 9.7 18.4 1.90 1 
C1 62.4 1 62.40 3 
C2 37.7 9.5 3.97 2 
C3 45.9 17.8 2.58 2 
C4 53.7 25.8 2.08 1 
D1 106 1 106.00 3 
D2 106 18 5.89 2 
D3 111 28 3.96 2 
E1 117.1 1 117.10 3 
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