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A R T I C L E I N F O A B S T R A C T
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The growth of the urban population intensifies climate change due to the increase in activities that emit 
greenhouse gases, such as heating. However, proper urban planning and effective environmental policies can 
mitigate these impacts and foster a sustainable future. This study proposes an optimized spatial tool to implement 
renewable coupled heating systems in urban areas, combining geothermal heat pump technology with electricity 
generation through photovoltaic panels. The tool performs an exhaustive geospatial analysis that considers 
technical, economic, and socio-environmental criteria, offering multiple alternatives prioritized through multi-

criteria evaluation methods. This facilitates the design of various scenarios according to the investment in 
renewable coupled systems for heating in buildings, in line with Sustainable Development Goals (SDG) 7, 11, 
and 13. The tool is evaluated in the city of Madrid, specifically in the neighborhood of Ciudad Lineal, generating 
a total of 2733 alternatives. Four scenarios are designed based on the annual subsidies provided by the Spanish 
Institute for Energy Diversification and Saving (IDAE) for heating and cooling using renewable energy sources. 
The first scenario, which includes 599 alternatives, manages to avoid emissions of 5 MtCO2/year and primary 
energy savings of 278.9 GWh/year.
Nomenclature

Abbreviations

BHE Borehole Heat Exchanger

Bi Biomas

COP Coefficient of heat pump performance

DHW Domestic hot water

EED Earth Energy Designer

GHG Greenhouse Gas Protocol

GIS Geographic Information Systems

GN Natural gas

GSHP Ground source heat pump

HVAC Heating Ventilation Air Conditioning

IDAE Spanish Institute for Energy Diversification and Saving

LCA Lifecycle analysis

Mat Construction materials

MCDM Multi-Criteria Decision Making

NPV Net present value

* Corresponding author.

PV Solar photovoltaic

PVT Solar thermal

SCOP Seasonal coefficient of performance in the heating 
season

SDG Sustainable Development Goal

Thc Thermoelectric cooler

TOPSIS Technique for Order of Preference by Similarity to 
Ideal Solution

TRNSYS Transient System Simulation Tool

URBAN3R GIS based tool to support urban regeneration

Wi Wind

Variables

E𝑑𝑒𝑚𝑎𝑛𝑑 Building heating demand (kWh/year)

q heat extraction (W/m)

𝑡𝑜𝑝 Annual facility operation time (h)

𝑙𝐵𝐻𝐸 Total length of vertical heat exchanger (m)

𝐸𝐺𝐸𝑁 Energy generated annually (kWh)
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Fig. 1. Final Energy Consumption. Share of energy sources for heating and cooling. Data source [7]. Own elaboration.
𝑃𝑅 Performance Ratio of the PV panels

𝐿𝑇 Lifetime of the utility (years)

𝑃𝑝 Power peak of the system (kW)

𝐼𝑟𝑟 Solar irradiation (kWh/m2 per year)

𝐺𝑆𝑇𝐶 Standard test conditions (STC) irradiance (1 kW/m2)

1. Introduction

1.1. Background & significance

The challenge of climate change, driven predominantly by human 
activities that emit substantial amounts of greenhouse gases, stands as 
one of the foremost global issues of our time [1]. The goal of limiting 
temperature rise to below 1.5 degrees Celsius is pivotal, representing a 
critical effort to mitigate the most severe impacts of climate change [2]. 
Recent assessments indicate that global temperatures have already sur-

passed the 1.5 degrees Celsius threshold, emphasizing the urgent need 
for intensified climate action [3]. Urban areas are increasingly pivotal in 
this endeavor as they expand, heightening their vulnerability to climate 
risks and disasters. By the end of 2022, 57% of the global population, 
equivalent to 4.52 billion people, resided in urban settings [4], with 
this trend projected to persist. By 2050, the urban population is ex-

pected to double, with nearly seven out of ten individuals projected to 
live in cities [5]. Notably, the residential sector alone emits 1,989 mil-

lion tons of CO2 globally [6]. Regarding heating and cooling - including 
space heating and cooling in buildings, domestic hot water, cooking, 
industrial process heat, and agriculture, 49% of the total energy pro-

duced is consumed in heating. This sector constitutes the world’s largest 
share of final energy consumption, surpassing electricity and transport. 
The origins of this energy are key to the climate crisis; fossil fuels and 
non-renewable electricity met more than 77% of heating and cooling de-

mand, the use of modern renewables to meet heating and cooling needs 
has been limited to just over 10% of global demand, - including sustain-

able bioenergy, solar thermal and geothermal heat - met 6.9%, 0.7%, 
and 0.3% respectively of heating and cooling demand, and renewable 
electricity accounted for 2% [7], see Fig. 1.

Cities thus become crucial points for facilitating climate action, tran-

sitioning to sustainable energy sources, and promoting sustainability 
[8]. A number of targets are driving the transformation from fossil 
fuel-based heating and cooling systems to renewable hybrid or coupled 
systems. These targets, aligned with sustainable development goals [9], 
2

include efforts to reduce air pollution and its impacts on health, reduce 
greenhouse gas emissions, improve energy access, and address energy 
poverty. Renewable energies foster socio-economic benefits, leading to 
economic development and local employment [10]. The far-reaching po-

tential of renewables in the field of heating and cooling is highlighted.

1.2. Literature review

During the period between 2020 and 2024, the authors carried out a 
comprehensive study on hybrid or coupled heating systems. This study 
focused on several fundamental aspects, including the technologies used 
in heating systems and objective indicators from technical, economic, 
and environmental perspectives. Additionally, the use of Geographic In-

formation Systems (GIS) was explored to analyze the spatial distribution 
of these systems, multi-criteria evaluation methods were applied, and 
the direct relationship between heating systems and sustainable devel-

opment goals was examined, see Table 1.

97% of works on hybrid-coupled systems incorporate solar photo-

voltaic or solar thermal technologies, while 80% include geothermal 
heat pumps. Regarding multicriteria evaluation methods, Chen et al. 
[13] analyze the optimal hot water allocation ratio to maximize the 
hybrid system’s performance in a specific building, considering energy 
factors. On the other hand, Ren et al. [20] employ the TOPSIS method to 
determine the ideal solution among a group of alternatives, considering 
different infrastructures, operational strategies, hybrid systems, and ob-

jective indicators in terms of energy efficiency, environmental impact, 
and economic viability. Similarly using the TOPSIS method, a dynamic 
model was developed that integrates solar energy, geothermal energy, 
and energy storage, optimized with a genetic algorithm. In a case study 
in Beijing, the optimized system outperformed the reference system, 
achieving a 69% performance index and 79% renewable energy utiliza-

tion [47]. A multi-energy complementary heating system was developed 
in rural areas using renewable energy. The entropy-TOPSIS method was 
employed to evaluate and optimize the system’s operation, establishing 
six working modes. Results indicated that the optimal energy supply 
mode for maximizing heating efficiency was the combination of solar 
and biomass energy [49].

40% of the works include technical, economic and environmental 
indicators, among them we highlight the following. Kavian et al. [12]

proposed a hybrid photovoltaic-geothermal system to meet the heat-

ing and cooling demands in a residential building. This system, ana-

lyzed using a numerical dynamic model that considers various com-
ponents such as solar panels, batteries, inverters, and geothermal heat 
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Table 1

Previous studies focused on hybrid or coupled systems for heating. Overview of factors an-

alyzed and comparison with this study. Legend-Column: Hybrid-coupled systems (PV: solar 
photovoltaic, PVT: solar thermal, GSHP: ground source heat pump, Bi: biomass, Wi: wind, 
GN: natural gas, Thc: thermoelectric coolers, Mat: construction materials). Column: Objec-

tive Indicators (T: Technical, E: Economic, A: Environmental).

Ref. Year Hybrid-coupled System GIS MCDM Objective Indicators ODS

[11]

2020

PV-PVT-GSHP-Wi T,A

[12] PV-GSHP T,E,A

[13] GSHP-GN T

[13] PV-PVT-GSHP ✓ T,E,A

[14] PV-GSHP T,A

[15]

2021

PV-PVT-GSHP T,A

[16] PV-GSHP T

[17] PV-PVT-GSHP T

[18] PV-GSHP T,E

[19] PV-GSHP T,E,A

[20] PV-PVT-GSHP ✓ T,E,A

[21] PV-PVT-GSHP T,A

[22] PV-PVT-GSHP T,E

[23]

2022

PV-GSHP T,E,A

[24] PV-GSHP T,E,A

[25] PVT-GSHP T,A

[26] PV-GSHP T,E,A

[27] PV-GSHP T,E

[28] PV-GSHP T,E

[29] PV-PVT-GSHP T,A

[30] PV-GSHP T,E

[31] PV-GSHP T,E,A

[32] PV-Mat T,E

[33]

2023

PV-GSHP T,E

[34] PV-GSHP-Bi T,E,A

[35] PV-GSHP T,E,A

[36] PV-PVT-Wi T,E

[37] PVT-GSHP T,E

[38] PV-Thc T,E

[39] PVT-GSHP T,E

[40] PV-GSHP T,E

[41] PV-GSHP T,E,A

[42]

2024

PV-GN-Thc ✓ T,A

[43] PV-Bi T,E,A

[44] PV-Mat T,E,A

[45] PV-PVT-GSHP T

[46] PVT-GSHP-Bi T,E,A

[47] PVT-GSHP-GN ✓ T,E,A

[48] PVT-Bi T,A

[49] PVT-Bi ✓ T,E,A

This Paper PV-GSHP ✓ ✓ T,E,A 7,11,13
pumps, was optimized to minimize costs and maximize efficiency us-

ing a particle swarm optimization algorithm. The study revealed that 
the polycrystalline hybrid photovoltaic system, with a surface area of 
35 m2 and a solar fraction of 31%, was profitable even with an infla-

tion rate of 24%. On the other hand, and in the same line of specific 
cases, Perkovc et al. [19] explored the effectiveness of decarbonizing 
the household sector through the consumption of microgrids, merging 
renewable sources for electricity, heating, and cooling. Their analy-

sis of a hypothetical microgrid in Zagreb integrating photovoltaic and 
geothermal energy demonstrated a balance in energy flows and a no-

table reduction in CO2 emissions. The close integration between energy 
demand and supply promotes profitable decarbonization in the domestic 
sector. Solar-assisted ground source heat operation has been analyzed 
by Nahavandinezhad and Zahedi [23] in four different configurations: 
GSHP supplying heating, cooling, and DHW and PV panels providing 
the necessary electricity; PVT panels installed in parallel with GSHP 
to provide heating and DHW instead of the heat pump in order to re-

duce the heat pump operation; GSHP and PVT panels installed in series 
through an external exchanger using the source with the most appro-
3

priated temperature, and a direct design in which the solar collector 
and the GSHP exchanged heat directly with each other enhancing the 
performance of the PVT. These configurations have been evaluated and 
compared technically, economically, and environmentally, concluding 
that the last option is the best hybrid system for the location analyzed 
with an investment return of 7 years. PVT and GSHP hybridization has 
also been studied by Pilou et al. [24], in this case, applied for heating and 
cooling an office building. The analysis is carried out in two locations 
(Athens and Copenhagen) considering three thermal demand scenar-

ios (high, medium, and low), depending on the number of PTV panels 
installed, the COP of the heat pump, the electricity demanded by the sys-

tem, and the PVT electricity production. The main result of this work is 
that it presents a system capable of achieving a renewable energy share 
between 75-80% in office buildings located in southern Europe and be-

tween 50-60% in buildings in northern Europe, reducing GHG emissions 
and increasing self-consumption. In [31], Calise et al. perform a thermo-

economic analysis of a solar driven 5th generation district heating and 
cooling network coupled with water to water and ground source heat 
pumps. The system proposed, and its operation strategies are modeled 
in TRNSYS, particularly in a case study that supplies 50 buildings lo-
cated in Leganés (Madrid, central Spain). Network energy performance 
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is assessed through the primary energy demand and a primary energy 
saving index relative to a reference system (natural gas boilers for heat-

ing and DHW and electrically driven air-to-air heat pumps for cooling). 
A primary energy saving index of 64% is obtained for the optimal pho-

tovoltaic field area although corresponds to a high payback period of 
33 years. A feasibility evaluation of multi-energy hybrid systems comb-

ing different renewable energy sources applied a several buildings of 
the Olympic Training Center in Kuortane (Finland) is performed by Lü 
et al. [34]. This work aimed to obtain the best renewable combination 
(deep and shallow geothermal, biomass, and solar PV or electricity grid 
as complementary energy) to replace the peat-fired boiler, considering 
both thermal demand and the evolution of electricity market prices. A 
lifecycle analysis (LCA) is carried out to obtain the lifecycle (NPV) prof-

itability indicator for the different options evaluated. In conclusion, it is 
deduced that geothermal energy alone is not a viable technology com-

pared to biomass, but if the peak loads can be reduced by electricity, 
purchasing from the grid becomes an economical option. The combi-

nation of GSHP systems and PV panels to achieve net zero-emission 
buildings is analyzed in [41], Kim and Junghans use the TRNSYS soft-

ware tool to simulate different HVAC systems in a residential building, 
comparing the air source heat pump with the ground source heat pump, 
both supplied by a PV installation. Three critical aspects are calculated 
to analyze the energy rates to meet the objective of net zero-emission: 
grid energy demand, building operation cost, and GHG emissions. For 
the option PV panels integrated with GSHP system, energy conversion 
rates reach 24,75%, 28,50% and 43,50% in these indicators. Billerbeck 
et al. [46] presents a European energy model that integrates district 
heating with high spatial resolution for 25 EU Member States in 2050. 
It highlights the use of renewable sources and excess heat, finding that 
heat pumps and geothermal energy offer cost advantages for heating 
generation.

The primary innovation of this paper stems from the notable absence 
of studies addressing the integration of spatial analysis with hybrid heat-

ing systems. Despite extensive research in the field of urban energy 
systems, the authors did not identify any work that combines these as-

pects, nor did they find research specifically aligned with the Sustainable 
Development Goals (SDGs). This highlights a significant scientific gap 
and knowledge deficit. To address this, the present study develops a 
novel tool that not only facilitates the efficient and sustainable plan-

ning of heating infrastructure but also directly contributes to achieving 
SDGs 7, 11, and 13. This innovative approach bridges the existing gap 
in the literature, offering a comprehensive framework for sustainable 
urban energy solutions.

1.3. Motivation & contributions

In this context, the motivation behind this work stems from the need 
for efficient and sustainable solutions in urban energy systems [50]. 
Urban areas are particularly challenged by high energy demands and 
significant greenhouse gas (GHG) emissions, necessitating innovative 
approaches to improve sustainability Marvuglia et al. [51]. A spatial 
planning tool has been developed to facilitate the efficient and sus-

tainable implementation of coupled geothermal heat pump (GSHP) and 
photovoltaic (PV) systems. This tool leverages geospatial analysis and 
multi-criteria evaluation, enabling detailed and adaptable assessments 
tailored to specific urban contexts. By providing a robust framework for 
informed decision-making in heating infrastructure planning, the tool 
addresses key challenges such as the assessment of the availability of 
space for drilling the Borehole Heat Exchanger (BHE) required, cost 
variability, and limited space for PV installation.) Under this frame-

work, the present study aims to develop an optimized spatial tool for 
implementing renewable heating systems in urban areas, specifically 
combining geothermal heat pump technology with on-site electricity 
production using photovoltaic panels. Thus, the key question that this 
work addresses is how a novel tool for the spatial planning of renewable 
4

systems, incorporating geospatial analysis and multi-criteria evaluation, 
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facilitates efficient and sustainable heating infrastructure planning in ur-

ban areas while addressing specific zone characteristics and overcoming 
challenges such as interior building space assessment and cost variabil-

ity. The main contributions of this work are:

• It provides a tool that facilitates efficient and sustainable plan-

ning of heating infrastructure, combining various renewable energy 
sources and adapting to urban environments’ specific characteris-

tics and needs.

• It conducts a comprehensive spatial analysis, moving beyond in-

dividual and simplistic approaches that cannot be generalized to 
other areas, thus enhancing the tool’s applicability and robustness.

• It incorporates technical, economic, environmental, and social cri-

teria into the tool’s modeling, aligning with political initiatives to 
improve energy security and achieve climate objectives.

• It directly contributes to sustainable development goals 7 (afford-

able and clean energy), 11 (sustainable cities and communities), 
and 13 (climate action).

The evaluation of the model is based on a real area of Spain; the rest 
of the document is organized as follows. The methodological proposal 
is described in section 2. The evaluation of the tool is in section 3. The 
results and discussion are in section 4. Finally, conclusions are given in 
section 5.

2. Proposed methodology

The proposed methodology encompasses three stages: (𝑖) Input 
(𝑖𝑖) Modeling, and (𝑖𝑖𝑖) Output, as depicted in Fig. 2.

2.1. Phase 1. Input

2.1.1. Geographic information system (GIS) assessment

In this study, GIS plays an essential role, enabling a comprehen-

sive assessment through the use of open-access QGIS v.3.32.3 [52]. GIS 
facilitates several critical processes. All information is organized into 
thematic layers, with each piece of data geospatially localized. GIS is 
used to analyze geospatial databases, including natural resource fea-

tures (geothermal and solar), land use, and building information. New 
information, such as geothermal and solar potential, is produced based 
on spatial data modeling. Additionally, suitable locations are identified 
by integrating the newly generated information with collected data.

The assessment includes analyzing restriction layers to determine 
suitable areas for the study. This analysis identifies the appropriate 
space for drilling the BHE field in urban areas. For the initial selection, 
restricted and permitted areas are delineated within the urban zones.

2.1.2. Selecting suitable areas: restrictions and permissions

In the proposed location problem, the selection of suitable surface 
areas and buildings within the urban area is determined by identifying 
and excluding restricted spaces using a GIS tool. Restrictions are defined 
by factors such as public transport infrastructure (primarily subways), 
buffer zones around buildings, and other protected urban areas. Once 
the restricted areas are excluded, suitable areas are selected based on the 
identification of permitted spaces where drilling is allowed, the proxim-

ity of nearby buildings, and the availability of sufficient space for the 
BHE. Permitted areas are chosen from free spaces near buildings, such as 
parks, city gardens, pavements, and backyards. However, not all build-

ings are considered; they must meet the following conditions: Maintain a 
safety distance from the building and surrounding infrastructure; Have a 
considerable space (greater than 500 m2); Be within 5 m of the building 
to reduce hydraulic losses and minimize pumping costs. Both the re-

strictions and permitted parameters are defined using thematic layers, 
which can be obtained from open or non-open access databases, gov-

ernment organizations at the municipal or national level, or companies 

specializing in spatial information processing. By using QGIS software 
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Fig. 2. Architecture of the proposed methodology.
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to subtract thematic layers that define each restriction from the origi-

nal layer covering the entire study area, suitable areas for implementing 
coupled geothermal-PV systems for individual buildings can be identi-

fied.

2.2. Phase 2. Modeling

The determination of each criterion involves a combination of sci-

entific analysis, empirical data collection, and expert judgment. Upon 
identifying and refining the study area, thematic layers defining the 
criteria are integrated as inputs in QGIS. Some thematic layers are di-

rectly collected and used, while others are calculated using GIS tools. 
The selection of the final criteria takes into account, both directly and 
indirectly, the technical, economic, resource, and environmental poten-

tial of the different parameters affecting the decision on optimal zones 
(see Fig. 2). During this phase, the assessment process for optimal loca-

tions continues; buildings that do not meet the criteria are systematically 
excluded. The criteria and the process for their assessment are described 
in detail in the following sections 2.2.

2.2.1. Building energy demand

It is considered a technical criterion, and it assesses the energy de-

mand of the buildings needed to provide space heating within the urban 
area. The determination of the total energy demand can be simulated 
with different simulation tools (i.e. TRNSYS [53], EnergyPlus [54], ESP-

r [55], etc.), or can be collected from databases. Target buildings are 
those beneficiaries of energy refurbishment investment programs, such 
as residential buildings, as they may benefit from coupled geothermal-

PV systems.

2.2.2. Number of borehole heat exchangers (BHE)

The assessment of the number of boreholes involves two main con-

siderations: Firstly, determining the maximum number of boreholes 
feasible per available parcel near a building. This serves as an initial 
filter to evaluate each parcel’s availability and potential as a BHE field. 
Secondly, establishing the number of boreholes required to meet a build-

ing’s specific thermal demand. This evaluation assesses the suitability 
of a parcel in relation to its association with a particular building’s 
energy needs. It directly relates to the feasibility and efficiency of im-

plementing geothermal systems. Different subcriteria are considered to 
obtain this criterion, which are explained below. The geothermal poten-

tial based on the underground conditions and the thermal conductivity 
seems to be the most important. However, is assumed that both are con-

stant throughout the reduced area and thus cannot be considered as a 
criterion to make a distinction in the optimal selection problem. They 
are considered in the system cost criteria, as explained later. The space 
availability is another important subcriteria considered. They are the 
outdoor free spaces available that are not far from the specific building, 
which is more than 5 m, to avoid hydraulic losses from the horizontal 
geothermal loop. To obtain the maximum number of BHEs available for 
every building, the surface of the free space is divided by the area re-

quired by every BHE, considering the safety space between themselves, 
which can vary from one study case to another. The number of BHE re-

quired has been calculated from the heating demand obtained from the 
buildings databases, the heat extraction rate, the facility operation time 
determined from the annual hours in which heating is necessary because 
the outside temperature is below a certain value applying a use factor 
and the seasonal coefficient of performance of the heat pump ([56]).

𝐸𝑑𝑒𝑚𝑎𝑛𝑑 ∗ (1 − 1∕𝑆𝐶𝑂𝑃 ) = 𝑞 ∗ 𝑡𝑜𝑝 ∗ 𝑙𝐵𝐻𝐸 (1)

Where 𝐸𝑑𝑒𝑚𝑎𝑛𝑑 is the building heating demand (kWh/year), SCOP is the 
seasonal coefficient of performance in the heating season, 𝑞 is the heat 
extraction rate (W/m), 𝑡𝑜𝑝 is the annual facility operation time (h) and 
𝑙𝐵𝐻𝐸 is the total length of vertical heat exchanger (m). By setting a 
borehole depth of 100 m (single U-pipe), the number of BHE to cover 
6

the building’s heating demand is obtained. The number of boreholes that 
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can be drilled in the urban areas is assessed using GIS in different steps. 
Firstly, the parcels located near the buildings (maximum 5 m distance) 
available for drilling the BHE must be identified and divided into dif-

ferent buildings. Then, to calculate the maximum number of BHEs per 
parcel and building (2) is applied.

𝑁𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝐵𝐻𝐸 = 𝑃𝑎𝑟𝑐𝑒𝑙 𝑎𝑟𝑒𝑎∕(𝑆𝑎𝑣𝑒𝑡𝑦 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)2 (2)

This is possible by overlapping the building polygons with BHE available 
area polygons and, ultimately, the number of BHE.

2.2.3. Electricity production from the PV panels

To estimate the maximum electricity generated per building by the 
hypothetical PV system, (3) is applied ([57]).

𝐸𝐺𝐸𝑁 = 𝑃𝑅 ∗𝐿𝑇 ∗ 𝑃𝑝 ∗ (𝐼𝑟𝑟∕𝐺𝑆𝑇𝐶 ) ∗𝑅𝑜𝑜𝑓𝑡𝑜𝑝𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (3)

Where 𝐸𝐺𝐸𝑁 is the energy generated annually (kWh), 𝑃𝑅 is the Per-

formance Ratio of the PV panels, 𝐿𝑇 the lifetime of the utility (years), 
𝑃𝑝 is the Power peak of the system (kW), 𝐼𝑟𝑟 is the solar irradiation 
(kWh/m2 per year), the 𝐺𝑆𝑇𝐶 is the standard test conditions (STC) irra-

diance: 1 kW/m2, and finally, the Rooftop surface is the usable surface 
available for every building to install the PV panels. Thus, the potential 
of the rooftops to provide electricity for the GSHP is assessed based on 
the space available, the shading, and the solar irradiance. Some subcri-

teria that cannot be assessed spatially are not considered, such as the 
rooftop technical suitability to installing the panels or the orientation.

2.2.4. Coupled system cost

This criterion includes the cost of the geothermal system plus the cost 
of the PV system per square meter of building. This criterion tackles the 
economic feasibility of the system. The conditions stated here are: the 
system consider covers 100% of the total thermal energy demand, and 
the PV system cover the electricity that the GSHP demand entirely. The 
building that do not fulfill these conditions are deleted. Once the ther-

mal energy demand and the number of BHE are known, the cost of the 
geothermal system can be assessed based on the price databases of the 
studied area. The cost per linear meter of BHE includes the total invest-

ment in the installation. In the same way, the cost for the PV system is 
established per m2 of panel installed.

2.2.5. Emissions saved

The primary focus here is to assess the reduction in greenhouse gas 
emissions and primary energy consumption resulting from the coupled 
of a photovoltaic (PV) solar installation with a geothermal system. We 
specifically exclude considerations of savings derived from geothermal 
use compared to alternative heating technologies such as aerothermal 
or conventional boilers. Our objective is to estimate the potential reduc-

tion in greenhouse gas emissions achieved by displacing conventional 
energy sources with renewable energy generation, specifically geother-

mal and PV, and to evaluate the environmental competitiveness of this 
integrated system. The assessment of emission savings involves a two-

stage calculation process. Initially, we compute the electricity required 
by the heat pump for each building, subtracting the electricity that the 
building can generate through photovoltaic (PV) systems (from 2.2.3). 
This is calculated based on the building’s heating demand and the heat 
pump’s efficiency (Coefficient of Performance or COP). This approach 
allows us to quantify the net electricity demand met by the geothermal-

PV coupled system, thereby facilitating a precise estimation of emission 
reductions attributable to renewable energy displacement (KgCO2).

2.3. Output

2.3.1. Selection of optimal zones with MCDM

To identify the optimal conditions for a GSHP-PV system within 
urban areas, Multi-Criteria Decision Making (MCDM) methods are em-
ployed. The process begins with the matrix derived from phase 2, which 
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captures the relationship between criteria and the areas or alternatives 
under study. These alternatives represent buildings identified through 
GIS after applying the selection criteria. Various methodologies are em-

ployed to effectively classify these alternatives [58]. Typically, criteria 
weights are assigned to prioritize their relative importance, and alter-

natives are then ranked accordingly [59]. The entropy method for de-

termining weights in multi-criteria decision-making is a technique that 
uses information theory; it provides an objective way to assign impor-

tance to criteria [60]. Its objective is to assign weights to the criteria 
equitably and objectively. Here is a summary of the process [61]:

1. Data normalization: The values of the criteria are adjusted so that 
they are comparable to each other, eliminating scale differences.

2. Entropy calculation: The entropy of each criterion is determined us-

ing Shannon’s entropy formula. Entropy is interpreted as a measure 
of uncertainty or dispersion in the criterion values. The greater the 
entropy, the greater the uncertainty.

3. Calculation of relative information: The relative information is cal-

culated for each criterion, dividing the entropy of the criterion by 
the total sum of entropies of all the criteria. This provides a mea-

sure of the relative importance of each criterion in relation to the 
others.

4. Weight assignment: Weights are assigned to the criteria using the 
calculated relative information. Criteria with lower entropy (lower 
uncertainty) obtain greater weight in decision-making.

5. Normalization of weights: The weights are adjusted so that they add 
up to 1, thus ensuring an adequate distribution of the importance 
of the criteria.

The VIKOR method, which stands for “Multi-Criteria Compromising Op-

timization,” is a technique used to rank alternatives based on multiple 
criteria, taking into account both performance close to the ideal solu-

tion and distance to the anti-ideal solution [62]. Here is a summary of 
the process [63]:

1. Data normalization: The criteria values are normalized to eliminate 
scale differences and allow direct comparison between them.

2. Determination of weights: Weights are assigned to the criteria 
according to their relative importance in decision-making. These 
weights can be provided by experts or calculated using analytical 
methods such as entropy.

3. Alternative score calculation: A score is calculated for each alterna-

tive using a weighted combination of the normalized criteria values 
and the assigned weights.

4. Identification of the ideal and anti-ideal solutions: The best and 
worst alternatives for each criterion are determined based on their 
normalized values. The ideal solution is one that maximizes benefits 
and minimizes costs, while the anti-ideal solution is the opposite.

5. Calculation of the distance to the ideal solution and the anti-ideal 
solution: The distance between each alternative and the ideal so-

lution and the anti-ideal solution, respectively, is calculated using 
some measure of distance, such as the Euclidean distance.

6. Calculation of the agreement and disagreement index: The agree-

ment and disagreement indices are calculated for each alternative 
based on its distance from the ideal and anti-ideal solutions. The 
concordance index measures how close an alternative is to the ideal 
solution compared to other alternatives, while the discordance in-

dex measures how far an alternative is from the anti-ideal solution 
compared to other alternatives.

7. Calculation of the classification index: A classification index is cal-

culated for each alternative, which combines the agreement and 
disagreement indices into a single measure.

8. Sorting of alternatives: Alternatives are sorted based on their rank-

ing indices so that those with lower indices (indicating better per-
7

formance) are placed at the top of the list.
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2.3.2. Investment program proposal

Alternatives ranking is used to prioritize the most suitable invest-

ment (public and private) in building energy refurbishment projects. 
In this way, knowing the annual budget, the number of buildings in 
which actions will be carried out can be determined following the rank-

ing obtained by applying the developed methodology establishing the 
investment program. This is very useful for urban planners who can al-

locate available resources to projects that are technically viable, involve 
greater savings in primary energy and greenhouse gas emissions and re-

quire less investment.

3. Study case

Ciudad Lineal is a neighborhood of Madrid, Spain that accounts for 
generous outdoor spaces and is densely populated, which converts it into 
an optimal study case for such systems in a big urban zone, see Fig. 3. 
Ciudad Lineal accounts for a total surface of 11.4 km2 (604.3 km2 total 
Madrid) and a population density of 87 inhabitants/Ha, which is above 
the municipal average (52 inhabitants/Ha). Madrid city represents 15% 
of the total population of Spain and has an average temperature of 
14,3◦𝐶 and an annual temperature amplitude of 36◦𝐶 with a conti-

nental climate ([64]).

3.1. Phase 1. Input

To select the available space required by the coupled system, both 
permitted and restricted areas within the city environment were stud-

ied. Permitted zones for the BHE field encompass pedestrian pavement 
spaces and recreational areas such as green spaces, sports facilities, and 
outdoor areas adjacent to buildings. This information is openly accessi-

ble and was collected from the Opendata Madrid Municipality database 
[65] in a shapefile format. Buildings, though, serve as the primary con-

straints on land use for the BHE field, delineating areas where construc-

tion and other activities may be restricted or regulated. Restricted zones 
thus include buildings and a 3 m buffer zone (Spanish standard UNE 
100715-1 [66]) around them, as well as transportation infrastructure, 
mainly metro lines. Building information was extracted from the [66]. 
As a result, a total of 355 Ha contained in 1,864 parcels that range from 
1 to 139,6000 m2 (green areas in Fig. 4a and brown areas in Fig. 4b) 
seem to be suitable to drill BHE. The space on the selected buildings’ 
rooftops was considered the available space for PV panels. This infor-

mation was collected from the [67]. The 6,855 buildings selected seem 
to offer a total of suitable 259 Ha of space in the roof, in principle, avail-

able for PV panels, with an average of 378 m2 each.

3.2. Phase 2. Modeling

3.2.1. Building energy demand

To characterize buildings’ energy demand, the URBAN3R database 
has been used ([68]). This database provides heating demand data by 
square meter, collecting the values of the energy performance certifi-

cates carried out by the methodology indicated in the Energy Perfor-

mance of Buildings Directive ([69]). Most of the buildings in the neigh-

borhood were built between the 1940s and the 1980s, which implies 
that their energy efficiency is low, with energy ratings on a scale from 
𝐺 (least efficient) to 𝐴 (most efficient) between 𝐹 and 𝐷. Of the total 
buildings analyzed, 32% were built between 1941 and 1960 and 44% 
between 1961 and 1980. The former has an average heating demand of 
110.5 kWh/m2 year, and the latter 76.8 kWh/m2 year; a range that rep-

resents the characteristic heating demand of 80% of the buildings in the 
neighborhood is 182.4 - 71.0 kWh/m2 year. Buildings after 1980 and be-

fore 2007, built with the NBE-CT-79 Spanish law ([70]), represent 19% 
of the total, and have an average heating demand of 50.7 kWh/m2 year. 
The newest buildings, built after the approval of the Technical Building 
Code in 2006 ([71]) and until 2020, represent less than 2% of the real es-
tate stock and have an average heating demand of 36.5 kWh/m2 years. 
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Fig. 3. Study case. Ciudad Lineal Neighborhood, Madrid - Spain.

Fig. 4. (a) Restrictive and permitted areas for BHE field, (b) Available zones for BHE field and PV panels. (For interpretation of the colors in the figure(s), the reader 
8

is referred to the web version of this article.)



Energy & Buildings 323 (2024) 114752A. Ramos-Escudero, T. Magraner and I.C. Gil-García

Fig. 5. (a) Maximum number of BHE that can be accommodated per parcel (b) Buildings that could allocate enough BHE to provide utterly the energy demand with 
shallow geothermal (green areas), and parcels that do not (in red).
To obtain the annual heating demand of each building, it has been con-

sidered that 80% of the surface given by the cadastre database is heated 
to exclude common areas.

3.2.2. Number of boreholes heat exchangers

Once building heating demand has been obtained, the number of 
borehole heat exchangers needed for each building has been calculated 
using (2). A conservative SCOP value of 3.0 has been considered in the 
calculations because it is a value that meets the regulatory requirement 
to consider the heat pump as renewable energy (SCOP ≥ 2.5) ([72]) 
and also it is a value that is reached by most of the equipment available 
on the market, even for the supply at high temperatures to terminal 
units such as radiators, an aspect to take into account when replacing 
boilers by heat pumps in energy refurbishment projects. The Madrid 
region’s shallow geothermal power map ([73]) establishes a heat ex-

traction rate between 35-50 W/m in the study area. The lower value 
has been used in the calculations, which has been verified using the EED 
program ([74]) carrying out a representative case of the neighborhood 
(133 kWh/m2 year of heating demand) considering the following data: 
ground thermal conductivity (2.22 W/mK), ground volumetric heat ca-

pacity (2.3 MJ/m3K) [75], undisturbed ground temperature (17◦C), 
single U-pipes and monoethylenglycole at 14% as a heat transfer fluid, 
obtaining a heat extraction rate of 39 W/m, close to the used value of 35 
W/m, for an annual heating demand of 156,570 kWh/year and a BHE 
total length of 3,000 m. To calculate the operation time, the number of 
hours in which the outside temperature is less than 15 ◦C during heating 
season has been determined from the climate database, assuming that 
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the heating system is on when the outside temperature is below 15◦C, a 
valid hypothesis for buildings with low internal thermal load, 24-hour 
use and heating setpoint temperature around 21 ºC ([76]). According to 
([64]), in Madrid, there are 4043 hours a year with temperatures below 
15 ºC between November and April. Considering that the heat pump will 
not always be operating when heating is requested, a use factor of 0.21 
was calculated from the data of the representative case carried out. The 
selected BHE drilling sites were identified based on proximity to nearby 
buildings within a radius of no more than 3𝑚; see Fig. 4b. Each build-

ing was then associated with the available nearby area. In cases where 
one parcel was shared among multiple buildings, it was divided accord-

ingly. A total of 176,623 BHE must be drilled to cover the total energy 
demand of the buildings. Considering the 6,173 buildings in the study 
area, that means 28 BHE as average, however, 7 is the most frequent 
number of BHE required per building.

Additionally, an estimation was made of the maximum number of 
BHE that could be drilled per parcel, see Fig. 5a. This analysis provides 
insights into the capacity of each parcel to accommodate the neces-

sary BHEs to meet thermal demands comprehensively. Across the 1, 863
selected parcels covering a total area of 375 hectares, a maximum of 
104,088 BHEs could be drilled, averaging 17 BHEs per parcel. However, 
practical constraints such as distances between parcels and buildings re-

strict the utilization of available areas for BHE installations. Among the 
initially selected 6,060 parcels, approximately half (3,082 parcels) can 
effectively accommodate BHE installations, while the remainder (2,978 
parcels) cannot be utilized due to distance limitations from buildings. 
These 3,082 parcels could provide shallow geothermal energy to 4,585 
buildings, from which 3,798 buildings (82% of buildings), see Fig. 5b, 

might be capable of meeting 100% of their energy demands through 
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Fig. 6. (a). Maximum electricity produced per building according to its rooftop surface available.(b) Cost of the system (GSHP + PV) per building surface.
geothermal sources. Consequently, these 3,798 buildings were selected 
as suitable areas up to this point of the work.

3.2.3. Electricity production from PV

The computation of the maximum electricity available on selected 
buildings’ rooftops was executed using Equation (3), employing Geo-

graphic Information System (GIS) tools. A combination of fixed and 
site-specific input data was utilized for this analysis. Fixed input pa-

rameters included a Performance Ratio of 0.8 and a utility lifetime of 
25 years. A standard Power Peak of 1.1 kW was adopted for the system. 
Site-specific pixel data, comprised of solar irradiation values, is crucial 
for precise analysis and encapsulated in GIS format. This data, sourced 
from the “Digital Climatic Atlas of the Iberian Peninsula” [77], encom-

passed the entire region of Spain and Portugal. The Atlas provides digital 
climate maps of the Iberian Peninsula, detailing average air tempera-

ture, precipitation, and solar radiation every 200 meters annually and 
monthly. Rooftop surface data, essential for accurate calculations, was 
tailored to each building and was extracted from the Cadastral Database. 
An approximate method was employed, given the challenge of precisely 
estimating the available surface area for PV panels. This involved de-

ducting 20% of the total surface area for potential shading losses and 
an additional 20% to accommodate the non-utilization of the entire sur-

face. The annual solar radiation in the study locale amounted to 2,189 
kWh/m2 (optimum angle), with an average electricity generation rate 
of 0.34 MWh/m2 per square meter of panel. This translates to an esti-
10

mated total electricity output of approximately 404 MWh annually. On 
average, each building is projected to generate 106 MWh of electric-

ity annually, with outputs ranging from 1 to 1,472 MWh per building, 
see Fig. 6a. These findings shed light on the considerable potential for 
electricity generation through rooftop PV installations, underscoring the 
significance of site-specific data in optimizing renewable energy strate-

gies.

3.2.4. Coupled system cost

The system under consideration is designed to fulfill all of a build-

ing’s heating needs. It comprises a Ground-Source Heat Pump (GSHP) 
with a specified number of Borehole Heat Exchangers (BHEs) to gen-

erate heat, complemented by Photovoltaic (PV) panels to generate the 
electricity required to power the GSHP.

Determining the optimal configuration involves several steps:

1. The requisite number of BHEs to satisfy the maximum heating de-

mand of the building is determined beforehand.

2. The electricity consumption of the heat pump is calculated by divid-

ing the heating demand by its Seasonal Coefficient of Performance 
(SCOP).

3. Once the necessary surface area for the PV panels and the length of 
BHEs have been established, the costs are computed by multiply-

ing these parameters by predefined investment ratios. These ratios, 
€400/m2 for the PV installation and €90/m for the GSHP installa-

tion, are derived from project budgets executed in Spain in recent 

years.
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Fig. 7. (a). GHG saved (Tn CO ).(b) Heat island index.
The analysis reveals that out of 3,798 surveyed buildings, 2,969 possess 
the capability to produce the total annual electricity demand required by 
the GSHP. This electricity demand spans a wide range, varying between 
3 and 6,241 MWh, contingent upon each building’s size and energy 
consumption profile. The incurred costs for implementing the system 
exhibit considerable variability, ranging from €24k to €38,060k across 
the selected buildings. Moreover, the system cost per square meter of 
the building ranges from €34 to €1,722, see Fig. 6b. These findings un-

derscore the diverse economic implications associated with deploying 
systems tailored to individual building characteristics.

3.2.5. Emissions saved

The calculation of greenhouse gas (GHG) emissions saved hinges 
upon the electricity generated by each building and its subsequent multi-

plication by the emission factor of Spain’s electricity mix in 2023, which 
stands at 273 gCO2eq/kWh [78]. According to the analysis, buildings 
have the potential to mitigate GHG emissions by amounts ranging from 
130 to around 57000 tons of CO2eq annually, see Fig. 7a. Each building 
could save approximately 4000 tons of CO2eq per year. Notably, nearly 
all buildings, almost 100% of them, exhibit emissions within the range of 
1000 to 5000 tons, with 1,786 buildings exhibiting savings within this 
range. These findings underscore the substantial environmental bene-

fits achievable through the adoption of renewable energy strategies like 
rooftop solar installations. By leveraging clean energy sources, buildings 
can play a pivotal role in curbing GHG emissions and contributing to a 
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more sustainable future.
2

3.2.6. Heat island index

In 2022, the Madrid municipality introduced the Urban Climate Map 
[79]. This map, compiled from Landsat 8 satellite imagery, stems from a 
meticulous nine-month analysis, excluding periods of cloud cover. Uti-

lizing a multi-criteria evaluation, it factors in diverse elements such as 
land and ambient temperatures, vegetation density, urban compactness, 
proximity to water bodies, slope, and shadows. Consequently, it delin-

eates eight distinct thermal comfort levels, ranging from 1, representing 
extremely high, to 8, signifying very low. This innovative map serves as 
a pivotal tool in understanding the urban heat island effect. By overlay-

ing it with the building layer, we elucidate the map’s impact on the built 
environment. This amalgamation revealed a clear correlation: buildings 
with a higher heat island impact score correspond to areas ripe for in-

vestment in Ground Source Heat Pump (GSHP) technology to mitigate 
this effect effectively. Visual inspection of the resulting layer, see Fig. 7b, 
reveals conspicuous patterns. Notably, an intensely extreme heat island 
area emerges, aligning with the concentrated urban sprawl of Madrid’s 
densely populated neighborhoods, particularly evident in the central-

southern region. Here, transitioning to coupled heating systems presents 
a proactive solution to combat the heat island effect. Conversely, regions 
with a very low heat island index are discernible in select locations in 
the North and South, owing to their abundant green spaces.

4. Results & discussion

From phase 2, the decision matrix formed by the 6 criteria and 2,733 

alternatives is obtained. Firstly, the weights of the criteria are obtained 
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Fig. 8. Alternatives Ranking.

using the Entropy method 2.3.1, the predominant criterion turns out 
to be the savings of greenhouse gas (GHG) emissions with a weight of 
17.11%, which is highly favorable in terms of the Sustainable Develop-

ment Goal (SDG) number 13. The rest of the criteria do not exceed 17%, 
the production of photovoltaic energy (photovoltaic production), the 
heat island, BHE+PV cost, Age of the building and Energy demand of 
the building with 16.88%, 16.55%, 16.52%, 16.47% and 16.46% respec-

tively. Finally, the ranking of alternatives is obtained using the VIKOR 
2.3.1.

Based on the ranking of buildings according to their suitability for 
the PV-geothermal system (see Fig. 8), all buildings have been assessed 
and categorized from highly optimal (dark green) to less optimal (dark 
red). This ranking map is essential for identifying potential deployment 
areas for coupled PV-geothermal systems. A heatmap visualization high-

lights areas where less optimal alternatives are concentrated.

The most favorable zones (ranked 1-250) predominantly lie in the 
northern and central parts of the region, characterized by dark green 
shades, indicating favorable conditions for deployment. Conversely, the 
southern region shows a mix of moderately optimal to less optimal 
zones, with yellow, orange, and red areas signifying decreasing suit-

ability. Therefore, initial investments in coupled PV-geothermal systems 
should prioritize these optimal green zones to maximize returns on in-

vestment and energy output, focusing efforts where conditions are most 
favorable

Considering this and advancing into Phase 3 of the methodology, 
four scenarios have been developed based on the optimized ranking 
derived from multi-criteria evaluation and the maximum annual invest-

ment feasible for the study area. The annual investment limits include 
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the cost of systems corresponding to the ranking of alternatives (Fig. 8), 
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determining the annual number of projects (alternatives) feasible within 
these financial constraints.

These scenarios also factor in anticipated annual subsidies from the 
IDAE (Spanish Institute for the Diversification and Saving of Energy) 
for heating and cooling via renewable energy sources, as well as elec-

trical self-consumption in buildings. Given Madrid’s representation of 
14% of Spain’s primary residences, where subsidies cover 40% of to-

tal investments, the scenarios vary based on different public investment 
percentages: 50%, 51 million euros per year total investment (𝑆1); 40%, 
41 million euros per year total investment (𝑆2); 30%, 30 million euros 
per year total investment (𝑆3); and 20%, 20 million euros per year total 
investment (𝑆4).

By selecting the actions to be subsidized following the ranking ob-

tained by applying the developed methodology, the number of buildings 
that can be intervened in each scenario during a period of 10 years has 
been obtained (Table 2). It is observed that in the scenarios with the 
lowest budget to invest (scenarios 𝑆4, 𝑆3), installations that represent 
greater energy savings and CO2 emissions are prioritized, although they 
are more expensive unit investments, while the unit investment value 
decreases as the number of projects that can be carried out increases. The 
annual implementation of projects by scenario is represented in Fig. 9. 
The first buildings in the ranking involve considerable savings in CO2
emissions and primary energy and a moderate cost, so taking into ac-

count the investment limit set for each scenario, the projects that can be 
executed during the first year achieve an important environmental im-

provement. The variations observed in the graphs during the following 
years are due to the fact that the implementation of the following build-

ings in the ranking requires a greater investment; hence, the number of 
projects to be executed annually decreases, reducing the total savings. 
At the end of the period, the buildings in the ranking have a lower in-

vestment cost, thus more projects can be implemented increasing the 
total savings. The objective of the methodology for building selection is 
more clearly observed in the graphs of CO2 avoided emissions and pri-

mary energy savings by building. In all scenarios, except in some years 
in 𝑆4 due to its low budget, it is observed how the implementation of 
the buildings that represent the most savings is prioritized.

5. Conclusions

The coupled system combining geothermal heat pumps (GSHP) and 
photovoltaic (PV) panels demonstrates both efficiency and viability for 
energy generation and greenhouse gas (GHG) emissions reduction in 
urban buildings. This system can meet the heating demand of buildings 
and generate the necessary electricity to operate the GSHPs, depending 
on the available surface area for PV installation. The economic impact of 
the system varies significantly according to the building characteristics 
and the surface area available for PV installation, with a wide range 
of costs from €24,000 to €38,060,000. The cost per square meter (34 -
1,772) also shows variability, reflecting the need for specific adaptations 
in each case. The analyzed buildings can reduce their GHG emissions in 
a range of 131 to 57 k metric tons of CO2eq annually, with an average 
of 4 k metric tons of CO2eq per building per year. Adopting renewable 
energy strategies, such as rooftop solar panel installations, can provide 
substantial environmental benefits, helping mitigate climate change and 
improving urban sustainability.

The developed tool for spatial planning of renewable coupled sys-

tems is useful for the efficient and sustainable planning of heating 
infrastructure in urban areas, considering the specific characteristics 
of each zone. To highlight that the presented tool is not a GHE or 
a PV design tool, to implement the installations in the buildings se-

lected by the tool it will be necessary to carry out a detailed design. 
The methodology used, which includes geospatial analysis and multi-

criteria evaluation, allows for a detailed and adaptable assessment of 
different urban contexts. One of the main challenges is the assessment 
of interior building spaces, such as backyards, which the driller is un-
able to access, a fact that was not rigorously considered enough in this 
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Table 2

Energy refurbishment and investment scenarios.

𝑆1 𝑆2 𝑆3 𝑆4

Annual Investment (M€) 51 41 30 20

Nº Projects (10 years) 599 339 160 70

Average investment per project (M€) 0.9 1.3 2.1 3.4

Total avoided emissions (MtCO2/year) 5.0 3.7 2.6 1.6

Average avoided emissions (ktCO2/year) 8.3 11.0 16.1 23.3

Total primary energy savings (GWh/year) 278.9 207.2 136.6 81.1

Average primary energy savings (MWh/year) 465.5 611.3 843.1 1158.8

Fig. 9. Total avoided emission (𝑎) . Average avoided emissions (𝑏) . Total primary energy savings (𝑐) . Average primary energy saving (𝑑) .
study. Another challenge is the variability in costs and the availability of 
space for PV installation, which can affect the system’s economic viabil-

ity in certain buildings. Additionally, the inclination and orientation of 
roofs play a critical role in the economic returns of PV installations. 
For instance, roofs oriented towards the north often yield lower so-

lar energy, thus providing reduced economic benefits. This factor can 
significantly influence the decision-making process for property own-

ers and the overall feasibility of PV systems. Therefore, incorporating 
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detailed spatial assessments of roof characteristics and orientation into 
future studies is essential to ensure a comprehensive evaluation of the 
potential for PV installations Integrating these technologies requires sig-

nificant initial investment and careful planning to maximize economic 
and environmental benefits. Future research should consider the evo-

lution of market prices for electricity and renewable technologies to 
improve the accuracy of economic assessments. It is also recommended 
to explore the integration of other renewable energy sources and emerg-

ing technologies that can complement and enhance the performance of 

coupled systems. Optimal locations show buildings where implement-
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ing a ground-source heat pump driven by photovoltaic panels involves 
greater savings in primary energy and CO2 emissions, helping priori-

tize sustainable investments. The developed methodology focuses on the 
coupled of heating systems but can be extended to cooling systems in fu-

ture works. The database used to obtain the energy demand has limited 
this application, although the consideration of the heat island effect as 
a criterion introduces the selection of the most problematic locations to 
replace air condenser equipment with a geothermal closed loop in cool-

ing mode. Energy demand in heating and cooling estimation using, for 
example, the EN-ISO 52016 standard constitutes a complete work in it-
self ([80]) therefore, it has been preferred to use databases of energy 
performance certificates, knowing their limitations, leaving this part for 
future methodology improvements. This study directly contributes to 
the Sustainable Development Goals (SDGs) 7 (affordable and clean en-

ergy), 11 (sustainable cities and communities), and 13 (climate action), 
providing a solid foundation for the development of public policies that 
promote the adoption of renewable technologies in urban environments.
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