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ABSTRACT

Through literature review and information processing, the current state of geothermal energy in
Colombia, its limitations, possible future uses, environmental impact and the current legal framework
were described and analyzed. Approximations were made regarding the sustainability of geothermal
energy in the country and its implications. Some of the projects, studies, and research that have
been carried out were considered, including the Nevado del Ruiz volcano, located on the border
between the departments of Caldas and Tolima; the Tufifio-Chiles-Cerro volcanic system, located
on the border between Colombia and Ecuador; the Azufral volcano geothermal area, located in the
department of Narifio; and the Paipa geothermal area, located in the Department of Boyaca.

For each geothermal area, geological, geochemical, geophysical, and hydrothermal alteration aspects
were discussed, analyzing their characteristics and energy generation potential. The Nevado del
Ruiz volcano and its surroundings have several geothermal regions whose reservoir temperatures are
above 235°C and an approximate potential of 206.46 MWe, for the Azufral volcano temperatures are
estimated at 250°C (with a high degree of uncertainty) and a potential of 81.9 MWe, for the Paipa
geothermal area around 230°C and 21.50 MWe, and Tufifio - Chiles - Cerro Negro (Colombian area)
a temperature of over 200°C and a potential of 23.77 MWe.

It is important to note that these estimates are approximate and based on data collected by the
Colombian Geological Survey and studies conducted by various authors over time. Thus, they
have a 90% confidence interval with a fairly considerable range and a margin of error that must
be reduced. For the next few years, a considerable increase in geothermal installed capacity in the
world, and consequently, in the generation and supply of electricity is predicted. Colombia estimates
a preliminary capacity of 1170 MWe, framed within the national energy ideology and subject to
more detailed and rigorous studies for the future to consolidate geothermal projects and reduce
technological and financial uncertainty.

1 Introduction

Geothermal is a word of Greek origin, derived from "geos" meaning earth and "thermos" meaning heat: the heat of
the Earth. It is used interchangeably to designate both the science that studies the internal thermal phenomena of the
planet and the set of industrial processes that attempt to exploit this heat to produce electrical energy and heat useful to
humans.
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Several geothermal systems are being explored in order to generate electricity and there are several geothermal energy
projects worldwide that produce energy on a commercial and sustainable level. Currently, the main producer of
geothermal energy is the United States, with 3700 MWe of installed capacity (Lund and Toth, 2021); however, there are
10 countries worldwide that produce more than 500 MWe, among them is Mexico, with 1005 MWe (Lund and Toth,
2021).

Colombia is located in a privileged geodynamic environment being in the Pacific Ring of Fire, consequently, it has
a great geothermal potential. The beginning of geothermal exploration in Colombia dates back to 1968, when an
evaluation of the prospects for geothermal development for power generation in the Nevado del Ruiz volcanic complex
was carried out by the Ente de Electricidad de Italia, commissioned by the Caldas Hydroelectric Power Plant (CHEC)
(Bona and Coviello, 2016). These investigations were interrupted until they were resumed again in 1983, when CHEC
conducted a pre-feasibility study. Starting in 1997, the Colombian Geological Service (then INGEOMINAS) began to
conduct geothermal research in the country and, likewise, electric companies such as ISAGEN have begun to study,
and even carry out geothermal projects in recent years in the Tufifio - Chiles - Cerro Negro volcanic complexes in
conjunction with Ecuador, in the Nevado del Ruiz volcanic system, in the Azufral and Santa Isabel volcanoes, in the
San Diego Maar and the Maracas Field (Mejia et al., 2014; Salazar et al., 2017). ECOPETROL is also developing
initiatives to carry out low enthalpy geothermal projects.

In Colombia, energy is obtained primarily from fossil fuels and hydroelectric systems (EIA (Energy Information
Administration), 2018). There are also projects using non-conventional energies such as solar and wind, however,
geothermal energy is just taking its first steps in the field of production at larger scales and awaiting further systematic
development based on greater investments and more detailed research. Colombia’s full geothermal potential has been
estimated at 17400 GWh/year and is equivalent to producing about 20% of its estimated electricity demand by 2025
(86762 GWh/year) using geothermal resources (Gawell et al., 1999; Salazar et al., 2017). By 2025, at least 1400
GWh/year is expected to be generated by geothermal energy, being 1.6% of the estimated electricity production by then
(Salazar et al., 2017).

Colombia did not had a specific legislation for geothermal resources until 2022, however, this energy source had
been framed and governed by the existing legislation for non-conventional energy resources, being defined as "natural
combination of water with an endogenous subway heat source resulting in the spontaneous production of hot water or
steam". Since Law 1715 of 2014, which regulates the integration of non-conventional energies in the National Energy
System, two decrees were generated where the parameters and incentives for non-conventional energies are defined
with Decree 2143 of 2015, and the Non-Conventional Energies and Efficient Energy Management Fund (FENOGE)
is regulated with Decree 1543 of 2017. Likewise, there is regulation regarding environmental licenses developed by
the Ministry of Environment and Sustainable Development. On the other hand, the exploration and implementation of
geothermal energy is considered in the National Development Plan 2018 - 2022 and 2022-2026, and the framework to
develop these activities is issued by the Colombian Geological Service (SGC) (Alfaro and Rodriguez, 2020).

Geothermal potential of Colombia can also be assessed by studying factors such as the geothermal gradient, which
provides insights about potential conductive geothermal systems such as dry-rock systems. The most current geothermal
gradient map for Colombia covers roughly half of the country’s territory (Alfaro et al., 2009), for the rest no systematic
determinations of the geothermal gradient are available. Some studies have tried to address this issue. Bachu et al. (1995)
focused on the Llanos Basin, finding that geothermal gradients decrease with depth and westward. In northwestern
Colombia, Quintero et al. (2019) estimated geothermal gradients using grid systems and aeromagnetic data. Matiz-Ledn
(2023) emphasized the importance of statistical methods and spatial prediction for estimating geothermal gradients in
the Llanos Basin, especially in areas lacking in-situ data; and Mejia-Fragoso et al., (2024) implemented a data-driven
approach to predict the geothermal gradient across the country using a Machine Learning approach.

It is important to highlight that geothermal energy is considered friendly because it has a lower environmental impact
compared to conventional energy sources; it has a lower emission of greenhouse gases (gases that accumulate in the
atmosphere and increase its temperature) and solids suspended in the air, and does not require the occupation of large
extensions of land for its development. All this makes geothermal energy a clean energy. Unlike most renewable
energies, geothermal energy does not depend on climatic variations, as do wind, solar and hydroelectric sources. Its use
is local, meaning that the resource is used in the region where it is located.

2 Geothermal Energy in Colombia

The interest in renewable and sustainable energies has been increasing worldwide, due to the growing concern about the
dependence on fossil fuels and their environmental impacts. Colombia, like other countries, has been no stranger to
this; the country’s regulatory policies have been aimed at promoting investment projects in non-conventional renewable
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energy sources (FNCER) through the creation of economic and tax incentives in order to diversify the energy matrix
(Ruiz et al., 2021).

Several geothermal systems are being explored in order to generate electricity and there are already several geothermal
energy projects worldwide that produce energy at a commercial and sustainable level. Currently, the main producer of
geothermal energy is the United States, with 3700 MWe of installed capacity (Lund and Toth, 2021); however, there are
10 countries worldwide that produce more than 500 MWe, among them is Mexico, with 1005 MWe (Lund and Toth,
2021).

The beginning of geothermal exploration in Colombia dates back to 1968, when an evaluation of the prospects for
geothermal development for power generation in the Nevado del Ruiz volcanic complex was carried out by the Ente de
Electricidad de Italia, commissioned by the Caldas Hydroelectric Power Plant (Bona and Coviello, 2016); studies that
were interrupted until they were resumed again in 1983, when CHEC conducted a pre-feasibility study. Starting in 1997,
the Colombian Geological Service (then INGEOMINAS) began to conduct geothermal research in the country and,
likewise, electric utilities such as ISAGEN have begun to study, and even carry out geothermal projects in recent years
in the Tufifio - Chiles - Cerro Negro volcanic complexes in conjunction with Ecuador, the Nevado del Ruiz volcanic
system, the Azufral and Santa Isabel volcanoes, the San Diego Maar and the Maracas Field (Salazar et al., 2017; Mejia
etal., 2014).

From the reconnaissance study of the geothermal resources of the Republic of Colombia conducted by OLADE in 1982,
it was established that the entire Colombian volcanic mountain range (Cordillera Central) hosts a pronounced regional
thermal anomaly. In 2009 INGEOMINAS and the National Hydrocarbon Agency (ANH) presented a preliminary map
of geothermal gradients (Figure[Ta) where positive anomalies were identified mainly in areas located in sedimentary
basins. In the extension of the evaluated territory (about 50%), they identified four positive anomalies in the geothermal
gradient (>40°C/km), which are located in the sedimentary basins of Llanos Orientales, Cordillera Oriental, Caguan -
Putumayo and Catatumbo. The maximum geothermal gradient in these basins is of the order of 60 - 65 °C/km. The
maximum gradient observed in the Colombian territory (140°C/Km) corresponds to that of the geothermal well drilled
in Nevado del Ruiz (SGC and ANH, 2009). Continuing with this project Alfaro and Rodriguez-Rodriguez (2020) show
convective geothermal resources with superficial hydrothermal manifestations, related to volcanoes and faults (Figure
[IB). Most of the geothermal systems related to volcanoes are located in the Cordillera Central and in the south of the
Cordillera Occidental, regions with geothermal potential in Colombia.

The SGC has also proposed potential geothermal areas and possible heat sources (Alfaro et al., 2020). By 2021,
along with the economic reactivation of Colombia, the interest in the implementation of renewable energies increased
considerably and, along with this, the creation of new projects in which geothermal is involved. The power generation
potential of hydrothermal geothermal resources was first estimated for Colombia by Gawell et al. (1999) to be between
700 and 1370 MWe, with the technology available at that time. The same report estimates that there would be an
increase, in generation capacity, to 1340 - 2210 MWe, with improved technology due to the development of advances
in drilling and techniques to increase permeability. Based on this estimate, Colombia was considered as one of the
countries where 20% of the energy demand could be covered from geothermal sources (Alfaro et al., 2020).

3 Geological Setting of Colombia

Colombia is located in the northwestern corner of the South American continent, and has a geological evolution dating
back 1780 million years. This geological evolution had a great dynamism due to its location at the limit of the Nazca,
South American and Caribbean plates, which has favored faulting, seismic nests and the development of the Andean
orogeny (which is still in force today). Colombia has 12 tectonostratigraphic terrains with their own geological and
evolutionary particularities, and a great variety of geological formations that include very old gneisses and schists (Mitd
migmatitic complex), transgressive and regressive sedimentary sequences, igneous complexes and quaternary deposits
(Lobo, 1987).

Colombia is located on the Pacific Ring of Fire, which encompasses a series of privileged regions for the generation
of geothermal sources, which is why it has a great geothermal potential that can be explored and exploited, since it is
located in a geodynamic environment of convergent plate edge that contributed to the formation of 13 active volcanoes
with geothermal potential (Clavijo et al., 2008; Marzolf, 2014) as shown in Figure 2]

Most of Colombia’s volcanism is evolutionarily related to the uplift of the Central Cordillera. The Upper Pliocene
Andean Orogeny developed 4.5 to 3 million years ago, accompanied by extensive andesitic volcanism on the summits
of the Central Cordillera, on the alignments of the Palestina fault and others, in the south of the Western Cordillera
and in Panama. In addition, throughout the Sind fold belt, from the Gulf of Uraba to Galerazamba, synsedimentary
volcanism and magmatism developed with numerous volcanoes and mud diapirs (Lobo, 1987).
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Figure 1: (a) Geothermal potential map of Colombia, temperature in °C at depths of 3 km. Taken and modified from
Vargas et al., 2009, (b) Convective systems related to volcanoes, hotr springs and faults. Temperatures of the discharging
hot springs are indicated. Taken from Alfaro and Rodriguez, 2020.

There is still sedimentary volcanism on the edge of the Caribbean coast and on the platform, as periodically reminded
by the mud volcanoes of Los Cérdobas, Arboletes, Galerazamba and many others. Andean tectonic activity is still in
force, as the earthquakes and tremors that occur frequently in the territory testify.

In this study, 4 main geothermal areas located in various regions of the country are presented in order to analyze and
establish their potential. The selected areas are the Nevado del Ruiz Volcano, the Azufral Volcano, the Paipa geothermal
area and the Tufifio - Chiles - Cerro system (Figure 3).

4 Nevado del Ruiz Volcano

The area of the Nevado del Ruiz Volcano (VNR) is the most studied in Colombia. It is an active stratovolcano located
in Los Nevados National Park, in the department of Caldas, in the middle of the Central Cordillera. It is one of
the northernmost active stratovolcanoes of the Colombian Central Cordillera (4°53°43 "N, 75°19°21" W) and rises
at 5,321 masl. In this area, the only exploratory geothermal well drilled reached a depth of 1468m crossing seven
lithological units and a zone with hydrothermal alteration associated with the circulation of high temperature fluids.
The geothermal fluid flow pattern is structurally controlled by the Nereidas, Rio Claro, Santa Rosa, Saman4 Sur faults
and the discontinuity of the pre-volcanic basement, favoring surface manifestations of chloride, sulfide and bicarbonate
waters (Aguilera et al., 2019).

In the western sector of Nevado del Ruiz there are thermal springs with high temperature chlorinated waters, this
includes the thermal areas of Las Nereidas, Botero-Londofio, El Recodo and Chorro Negro; it was identified already
in the 1960s as a very promising area for geothermal exploration and to date remains the best known and studied
geothermal area in Colombia (Bona and Coviello, 2016).

There is currently a project in the environmental assessment and preparation phase for the drilling of five exploratory
wells in the area of the western flank of Nevado del Ruiz. These wells are planned to reach depths between 1,700 and
2,700 m to find a reservoir with a temperature of approximately 200 °C.
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Figure 2: Structural diagram of the region to be studied for this TFI, marked with red from NE to SW: Paipa geothermal
area, Nevado del Ruiz Volcano, Azufral Volcano and Tufifio - Chiles - Cerro system (Taken and modified from Aguilera
et al., 2019).
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Figure 3: (a) Diagram of the locations of the regions studied, (b) Photos of the studied areas whose location is shown in
Figure 10a. Taken and modified from Google Images.

4.1 Geological Setting

The study area is part of the northernmost active volcanic chain of the Colombian Cordillera Central, where the tectonic
environment is the result of the convergence of the South American, Caribbean and Nazca plates and the Coiba and
Panama microplates. This interaction is responsible for the different structural styles present in the region and the
convergence between the Nazca and South American plates for the generation of volcanism along the Cordillera (Mejia
et al., 2014). Subduction and its related igneous phenomena have been continuous in the northern Andes practically
from the Jurassic to the present, with especially intense magmatic and volcanic events in the early and late Cretaceous,
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