
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier.com/locate/apen

Long-term deep geothermal energy reservoir beneath East Africa: Insights 

from seismic tomography

M.D. Wamba 

a,∗ 

iD , Karim Nchare 

b

a Institute of Geological Sciences, University of Bern, Baltzerstrasse 1 + 3, Bern, 3012, Switzerland 

b Department of Economics, Vanderbilt University, Nashville, 37240, TN, USA

H I G H L I G H T S

∙ A seismic tomography model is used to identify a sustainable source of geothermal energy beneath East Africa.

∙ The identified lithospheric heat reservoir extends 4000 km across the East African Rift System.

∙ For exploration purposes, the geolocations of areas with the highest temperature potential are provided.

∙ The economic and financial implications for the development of geothermal energy in East Africa are discussed.
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A B S T R A C T

We identify a long-term geothermal energy source in East Africa that is derived from a seismic tomography model 

that was built using a combination of a new dataset from a seismic network installed in the Indian Ocean and 

data from the International Federation of Digital Seismograph Networks. A heat reservoir extending laterally for 

about 4000 km within the lithosphere beneath East Africa is identified as a long-lived geothermal energy source 

that can last for millions of years. The temperature assessment reveals that the reservoir has excess temperatures 

ranging from ∼100 

◦ C–146 

◦ C relative to the surrounding ambient mantle at a depth of 50 km. The heat flow 

at the base of the Earth’s crust is an indicator of heat transfer to the Earth’s surface. For exploration purposes, 

the geolocation of target points with the highest subsurface temperature potential is provided. The economic 

and financial implications of the identified large heat reservoir for the development of geothermal energy in East 

Africa are discussed.

1. Introduction

Renewable energy sources are crucial for mitigating climate change 

by replacing fossil fuels, reducing greenhouse gas emissions, and pro-

moting a sustainable energy future. Geothermal energy is expected 

to become a significant part of total renewable energy production in 

the coming years. A recent International Energy Agency (IEA) report 

estimates that geothermal energy could meet up to 15 % of global 

electricity demand growth by 2050, given current technology break-

throughs and associated cost reductions [1]. Because geothermal energy 

is derived from the Earth’s interior, where heat is released through con-

tinuous and renewable processes, geothermal power plants can operate 

at maximum capacity throughout the day and year. They provide sus-

tainable, clean, and safe electricity generation, heat/cooling production

and storage. For example, Geothermal energy derived from volcanic 

hotspots has been well developed in Iceland [2] and represents 29 % 

of the total electricity generated in the country. In contrast, geothermal 

development in East Africa has remained limited despite its apparent 

potential. The International Geothermal Association (IGA) has estimated 

that its geothermal energy potential is ∼20,000 megawatts (MWe) [3]. 

Currently, there are few geothermal plants in the region, mainly in 

Kenya and Ethiopia, where the combined geothermal energy capacity 

is only ∼137 MWe. Rapid population growth and urbanization in East 

Africa are significantly increasing the energy demand, both for direct 

consumption (households, transport) and for agricultural and industrial 

use, putting pressure on energy production and resources. Geothermal 

energy could meet all of East Africa’s growing electricity and heat needs 

by 2050, according to policy scenarios discussed in [1]. Therefore, there
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is a need for robust methods to identify economically viable geothermal 

prospects in the region. Understanding the structure of the Earth beneath 

East Africa is crucial for this purpose.

The dynamics of the Earth’s interior are driven by mantle convec-

tion, which involves the downwelling of cold material, such as slabs, 

and the upwelling of hot material, such as plumes [4–6]. This process 

ultimately releases heat from the Earth’s system. Moreover, the heat pro-

duced by radioactive elements in igneous rocks, as well as stratigraphic 

thermal conductivity [7], or by magma in areas with active volcanoes, 

plays an essential role in generating geothermal resources. The steady 

geothermal field occurs mainly in the lithosphere, where seismic tomog-

raphy imaging has revealed low-velocity anomalies [5,6,8]. Several of 

these anomalies are associated with mantle upwelling, known as mantle 

plumes, which have a lifespan of several million years [9]. The identi-

fied geothermal sites in East Africa are located within high-temperature 

(>100 

◦ C) hydrothermal systems associated with rift-related volcanic 

and magmatic activity. In this context, the values of the geothermal 

gradient in East Africa vary from <20 

◦ C/km to >200 

◦ C/km. The high-

est values range from 103 

◦ C to 298 

◦ C/km, and coincide with young 

Quaternary volcanics associated with the active stage of East African 

rifting [3]. This elevated geothermal gradient at the Earth’s surface 

may arise from radioactive decay within rocks, mantle convection, man-

tle upwelling (plumes), and magma supplied by volcanic systems—all 

continuous heat sources from the Earth’s interior. However, thermal 

anomalies are unevenly distributed within the Earth’s interior. Hotspots, 

plate tectonic boundaries (such as mid-ocean ridges and subduction 

zones), and continental rifts serve as the primary pathways for Earth’s 

heat release.

Moreover, seismic tomography has revealed two extensive Large 

Low-Shear-Velocity Provinces (LLSVPs) in the Earth’s mantle beneath 

South Africa and the Central Pacific [5,6]. These provinces are anchored 

at the core–mantle boundary, where temperatures reach approximately 

3000 K. Hot material from these LLSVPs travels through the mantle, 

undergoing partial melting at the base of the lithosphere to create 

magma that fuels surface volcanoes. This geothermal heat presents an 

opportunity for electricity generation and direct use. Given the signif-

icance of geothermal energy, a growing body of literature focuses on 

identifying geothermal energy prospects in Africa using diverse method-

ologies, including geophysical, geochemical, and geological approaches. 

For instance, geochemical methods analyze the chemical composition of 

thermal fluids (e.g., hot springs) to determine the temperature and char-

acteristics of the geothermal reservoir. Geological methods investigate 

lithology, volcanic history, structural controls, and hydrologic regimes 

of potential geothermal fields. Both of these methods were employed by 

[10] to estimate geothermal resources in three East African Rift System 

(EARS) countries: Ethiopia, Kenya, and Tanzania. Nevertheless, both 

geochemical and geological methods of geothermal exploration have 

limitations that prevent the proper location of geothermal sources [10]. 

These limitations include reliance on surface and subsurface sampling 

that may not be representative, potential for sample contamination, 

difficulty of interpreting complex fluid mixtures, and limited depth pene-

tration. In the literature relying on geophysical methods, one strand uses 

Geographic Information Systems (GIS) to integrate geological thematic 

layers (rock units and faults), geophysical layers (heat flow derived from 

aeromagnetic data and seismicity), and geothermal layers (hot springs 

and volcanoes) over the African continent and use them to identify zones 

of high geothermal potential (see [11] and references therein). The other 

strand uses magnetic (defractal, spectral) methods and magnetic data to 

estimate surface heat production and thermal conductivity of the African 

bulk crust (see [12] and references therein). These geophysical meth-

ods have notable limitations, including depth resolution and subsurface 

variability. However, an alternative geophysical approach to geother-

mal exploration is travel time tomography [13], which is also limited in 

depth resolution.

To address the gap in depth resolution of geothermal reservoirs re-

vealed by different methods used so far in the literature, this study

aims to use a high-resolution seismic tomography model based on full-

waveform inversion to locate deep potential reservoirs extending from 

the base of the Earth’s crust down to the core–mantle boundary. Detailed 

images of thermal reservoirs are essential to assess long-term geothermal 

projects and could reduce the risk of investing in small-scale reservoirs 

associated with expensive drilling programs [14]. To our knowledge, 

this study is the first to use the full-waveform inversion model to high-

light large-scale hot material extending from the core–mantle boundary 

to the base of the Earth’s crust and to assess large-scale geothermal 

reservoirs (≥4000 km) subjacent to the crust in the East African re-

gion. This approach has several advantages over those currently used 

in the literature [10,12,13]. First, by geolocating potentially larger heat 

reservoirs within the lithosphere beneath East Africa, we provide cru-

cial information for the subsurface exploration phase. This allows for the 

optimal location of geothermal plants and maximizes the likelihood of 

developing sustainable geothermal reservoirs. Second, identifying heat 

reservoirs connected to the core–mantle boundary guarantees a long-

term reservoir that can be supplied for millions of years. This opens the 

door to the development of enhanced geothermal systems (EGS) in East 

Africa, especially in areas where the rock is hot but has no natural perme-

ability or fluids. The rest of the paper is organized as follows. Section 2 

describes the relationship between seismic wave velocity and temper-

ature, as well as the methodology for converting shear wave velocity 

into temperature. Section 3 discusses the results. Section 4 analyzes the 

economic implications for geothermal development in East Africa, while 

Section 5 concludes with institutional and financial recommendations.

2. Methods

Temperature plays an important role in the dynamics of the litho-

sphere and mantle. However, it is difficult to measure at lithospheric 

and mantle depths. Although geothermobarometry can be used to con-

struct the geothermal profile for the lithosphere and shallow mantle, it 

is effective only in regions where sufficient data are available for well-

constrained temperature and pressure estimates [15–18]. Seismic waves 

are sensitive to various parameters, such as anelasticity, partial melt, 

pressure, and temperature [19]. For a given pressure level 𝑃 , the seismic 

velocity 𝑉 𝑑 

is defined as:

𝑉 𝑑 (𝑃 , 𝑇 , 𝜔) = 𝑉 𝑑 

(𝑃 , 𝑇 , ∞) × 

[ 

1 −
𝑄−1

𝑑 (𝑃 , 𝑇 , 𝜔)
2 tan(𝜋𝜆∕2)

] 

, (1)

with 𝑑 ∈ {𝛼, 𝛽}. 𝛼 and 𝛽 represent the P-wave and S-wave velocity, re-

spectively. 𝑇 is the temperature, 𝜔 the frequency, and 𝑉 𝑑 

(𝑃 , 𝑇 , ∞) is the 

high-frequency velocity of the seismic wave that can be assessed using 

the compositions of xenoliths and the single crystal elastic parameters 

from ultrasonic measurements. 𝑄 𝑑 

(𝑃 , 𝑇 , 𝜔) is the attenuation as defined 

in [18]. 𝜆 is a dimensionless parameter that is assumed to be small for 

seismic waves (0 < 𝜆 < 1). For a given temperature gradient, we can 

evaluate the heat flux, which is defined by [20]:

𝑄 = 𝑘 

𝜕𝑇 

𝜕𝑧 

. (2)

𝑊 here 𝑘 is the thermal conductivity and 𝑧 is the direction in which the 

temperature varies. Heat is brought into the lithosphere by a plume that 

rises from the asthenosphere or deep mantle at the speed of ∼10 cm/yr 

[21]. The seismic resolution of mantle plumes has improved significantly 

in recent decades due to an increase in seismological data from both 

continental and oceanic regions, which has enabled the development 

of higher resolution tomographic models. The RHUM-RUM experiment, 

which deployed Ocean Bottom Seismometers in the Indian Ocean in 

2012, has been instrumental in improving the resolution of seismic shear 

wave structures from East Africa to the western part of the ocean in 

recent regional tomographic models [8,22–24].

We infer the temperature of the lithosphere and asthenosphere be-

neath East Africa, around the hotspot and surrounding areas (Fig. 1),
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Fig. 1. Geological map of East-Africa around the Afar. The global map shows the position of the target region on the globe. The target region is shown on the left, 

the triangle shows the Afar Lake in Eastern Africa.

by converting seismic shear velocity perturbations, 𝛿 ln 𝑉 𝑠 

, into tem-

perature, from a recent regional tomographic model, SEMINDO-WM3 

[8]. This model was constructed using a well-constrained upper mantle 

model [24]. We define a scaling factor 𝑓 that allows us to correct the 

velocity perturbation in the seismic tomographic model:

𝑓 = 𝛿 ln 𝑉 𝑆𝑖𝑛𝑝𝑢𝑡 

∕𝛿 ln 𝑉 𝑆𝑜𝑢𝑡𝑝𝑢𝑡. (3)

𝑓 is set to approximately one from the resolution test (Fig. 7) per-

formed in SEMINDO-WM3 [8]. The low shear velocity anomaly (i.e., 

𝛿 ln 𝑉 𝑠 

< 0) is associated with hot upwelling material. In contrast, the 

high-velocity anomaly (i.e., 𝛿 ln 𝑉 𝑠 

> 0) corresponds to downwelling cold 

material. From the 2D cross-section along the East Africa hotspot, we 

set the positive shear velocity perturbation (i.e., 𝛿 ln 𝑉 𝑠 

> 0) to zero to 

represent only the low-velocity anomaly and assess the temperature of 

the hot field. This approach allows optimal evaluation of the Earth’s 

temperature derived from seismic shear wave velocity anomalies.

3. Results

The analysis of recent seismic data has identified heterogeneities 

in the Earth’s structure in the Indian Ocean, around La Réunion, 

Madagascar, and East Africa. Although most attention has been focused 

on the La Réunion hotspot, we have investigated the tomographic model 

along the East Africa Rift, revealing a continuous seismic low-velocity 

anomaly originating at the core–mantle boundary (CMB, at 2800 km 

depth) and driven by thermal instabilities in the region (Fig. 2). The 

width of the anomaly is ∼1000 km, it is broad in the lower man-

tle since it originates from the South Africa Large Low-shear-Velocity 

Province (LLSVP). Temperature, pressure, and seismic velocity increase 

with depth. Low-velocity zones (e.g., mantle plumes) are interpreted as 

hot material in which seismic waves travel slower than average, while 

fast-velocity zones (e.g., cratons, subducted slabs) are interpreted as cold 

material in which seismic waves travel faster than average. We iden-

tify low-velocity zones as a sustainable geothermal source beneath East 

Africa. This makes the region one of the largest geothermal potentials in

Fig. 2. A broad mantle plume rising from the core–mantle boundary toward the upper-mantle beneath East Africa, the position shear velocity anomalies (i.e., 

dln 𝑉 𝑆 

> 0) were set to zero for this cross-section. The black dashed lines represent the 410 km, 610 km discontinuities, and 1000 km depth. The ±1 % and ±2 % shown 

on the color bar indicate that the perturbation in the lower mantle is ±1 %, while it is ±2 % in the upper mantle. The insert map on the left shows the region where 

the cross-section was performed. Points A, B, and C surrounded by dotted circles on the insert map, indicate a stronger underlying low-velocity anomaly.
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Fig. 3. (Top) Lithos-Asthenospheric low shear wave velocity anomaly reservoir beneath East-Africa. (Bottom) 1D shear wave velocity profile of low-velocity anomaly 

extracted along the cross-section and averaged at each depth. The profile only exhibits negative values (i.e., dln 𝑉 𝑠 

< 0) since the extraction is performed only along 

the low-velocity anomaly. The positive values of the seismic shear wave velocity perturbation are set to zero. The geographical points on the cross-section are shown 

in the Table 1.

Table 1 

Geographical points shown on the cross-section (from left to right in Fig. 3B) 

correspond to their representation in the inset map (from south to north) in 

Fig. 3A. These target points are the geographical localization of regions with 

potentially larger heat reservoirs within the lithosphere beneath East Africa. The 

points P3, P4, and P5 (on the right of the cross-section) are likely more reliable 

since they lie directly on the low-velocity structure as shown in Fig. 3.

Target Points Latitude Longitude

P1 −4.0593 36.0733

P2 0.4135 36.6445

P3 4.8862 37.2162

P4 9.3584 37.7957

P5 13.8297 38.3903

the world. Having established the origin of the heat source deep within 

the Earth, we will focus our investigation on the asthenosphere, where it 

is more likely to impact the temperature gradient at the Earth’s surface.

The concept of mantle potential temperature is critical in evaluat-

ing the temperature difference, Δ𝑇 𝑝 

, between the ambient mantle and 

the hotter body (i.e., the plume head). It represents the hypothetical 

temperature at which the mantle would arrive at the Earth’s surface if 

it endured compression without melting on its way to the surface. The 

ambient temperature (potential) of the Earth’s mantle is 𝑇 𝑝 = 1380 

◦ C 

[25,26], which corresponds to the reference adiabat at the surface of 

∼13,770 

◦ C (1650 K). The recent regional tomographic model [8] is po-

tentially more accurate in assessing recent temperature as it provides 

a current snapshot of the Earth’s mantle beneath the target region. We 

set all positive values of the seismic shear wave velocity perturbation 

to zero along the cross section to more accurately assess the potential 

temperature anomaly beneath East Africa (Fig. 3). Only the low shear 

velocity anomaly is converted into the temperature. The composition of

the mantle is assumed to be based on the depleted MORB mantle (DMM) 

[27] as shown in Fig. 4. 

The plume rises from the core–mantle boundary, ponds in the litho-

sphere, and forms the lithosphere’s heat reservoir (Fig. 2). As the plume 

ascends toward the surface, it loses heat (Fig. 5), and the potential tem-

perature difference between the head of the plume and the ambient 

mantle, Δ𝑇 𝑝 

, decreases. It is estimated to be ∼125 

◦ C in the lithosphere 

and ∼200 

◦ C in the asthenosphere, we use dln 𝑉 𝑠 

= −3 % for the evalua-

tion of Δ𝑇 𝑝 

(Fig. 5). This result classifies the East-African plume as hot, 

with an excess asthenospheric temperature greater than 155 

◦ C—a value 

recently reported by [21] when categorizing hot (Δ𝑇 𝑝 

≥ 155 

◦ C) and cold 

(Δ𝑇 𝑝 

≤ 36 

◦ C) plumes. The heat flux evaluation (Fig. 6) emphasizes heat 

transport toward the Earth’s surface. We will now discuss the economic 

implications of exploiting these untapped geothermal resources.

4. Economic implications

In the previous sections, we presented a sustainable geothermal 

energy source beneath East Africa derived from a recent regional 

tomographic model [8]. The geothermal energy potential of this re-

gion has been documented extensively in the existing literature with 

the International Geothermal Association (IGA) and the International 

Renewable Energy Agency (IRENA) [29] estimating it to exceed 20 gi-

gawatts of power. Olusola et al. [30] argue that the available geothermal 

energy potential in the East African Rift System (EARS) can sufficiently 

meet the energy demand for the year 2030 and that the addition of 

a pumped storage energy system is required to meet the energy de-

mand by 2040 and to achieve the Sustainable Development Goal of 

net zero energy. However, geothermal resources remain a largely un-

tapped potential as shown in Fig. 8. Most electricity generation in East 

African countries comes from hydropower and fossil fuels, with the ex-

ception of Kenya, for which geothermal accounts for 47 % of electricity
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Fig. 4. Shear wave velocity perturbation (in percentage) as a function of tem-

perature (in Kelvin) at different depths. The relationship between shear wave 

velocity anomaly and potential temperature is determined using the DMM [27].

generation. The other country with installed geothermal capacity is 

Ethiopia (7.3 MW), which is negligible as 97 % of the country’s electricity 

comes from hydropower. Amid hydropower tensions on the Nile, climate 

risks (droughts, floods), and geopolitical tensions affecting the produc-

tion and distribution of fossil fuels, there is a need for rapid expansion

Fig. 5. Conversion of seismic low-shear-velocity perturbation derived from seismic tomography model, SEMINDO-WM3 [8], into 1D temperature profile as function 

of depth. Each profile corresponds to a particular seismic low-velocity perturbation. Zero perturbation (i.e., dln 𝑉 𝑠 

= 0) corresponds to referent temperature, 1650 K

(in blue on the graph). Each color corresponds to a particular shear wave velocity perturbation.

Fig. 6. Sketch illustrating the mantle’s contribution to the lithosphere’s heat 

reservoir and how the heat is radiated toward the Earth’s surface. The radiated 

heat can be used for geothermal energy development. The generalized lower 

crustal rocks’ thermal conductivity is ∼2.6 W⋅m 

−1 K 

−1 [28]. The heat flux, Q is 

estimated to be ∼40 mW/m 

2 beneath East-Africa.

of clean energy in East Africa, and geothermal energy can be the answer 

to this challenge. In fact, Idroes et al. [31] show that geothermal en-

ergy has a positive long-term impact on sustainable economic growth 

and greenhouse gas reduction by applying time series econometrics to a 

panel of developing and developed countries from 2000 to 2019.
Recent estimates of the capacity factor (CF), which measures how 

much electricity a plant produces relative to how much it can produce 

at peak capacity, show that geothermal plants can achieve an average 

CF of more than 80 %, which is higher than the CF of other renewable 

sources (hydro, solar, wind) except nuclear [32]. Therefore, geother-

mal plants can enhance energy security and grid stability to ensure 

reduced risk in electricity supply. Moreover, between 2021 and 2022, 

the global average levelized cost of electricity (LCOE) of newly commis-

sioned geothermal projects fell by 22 % to USD$ 0.056 kWh according to 

IRENA [33]. In the context of these reduced costs, we discuss the eco-

nomic and financial barriers that have prevented geothermal expansion 

in East Africa and some potential solutions. One of the main barriers 

to geothermal development is the high early-stage financial risk asso-

ciated with years of geothermal energy exploration and drilling. The 

slow pace of geothermal energy development in EARS is attributed to 

the high initial capital required to drill wells, which can cost more than
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Fig. 7. Resolution test performed in tomographic model SEMINDO-WM3 [8]. The cross-section is the same as that in Fig. 2. We chose four input synthetic thermal 

plumes (left) along the shear wave low-velocity structure shown in Fig. 2, with a width of ∼600 km and applied the resolution matrix to retrieve the output (right).

Fig. 8. Energy Mix in East African Rift Countries. DRC stands for the Democratic Republic of Congo. Other renewables include solar, wind, and biofuels.

US $5 million for a single test well [34], with no guarantee of success. 

Our deep seismic imaging approach offers a practical solution to this 

concern since we can geolocate positions with long-term high-heat reser-

voirs beneath the Earth’s crust (Fig. 3), thus increasing the likelihood 

of successful explorations. This can be combined with the latest devel-

opments in geothermal power plant technology to further reduce the 

financial risk and optimize the economic benefits.

There are four main types of geothermal power plant technolo-

gies depending on the type and the temperature of the fluid used: dry 

steam, flash steam, binary cycle or organic Rankine cycle (ORC) and en-

hanced geothermal systems (EGS) [35]. EGS uses geothermal resources 

from deeper reservoirs where there is no hydrothermal fluid in the 

underlying rock structure so that none of the other technologies can 

be implemented. As shown in Table 2, flash steam and binary cycle 

plants are the two technologies in use for installed geothermal capac-

ity in East Africa. Another major advantage of geothermal energy over 

other renewable sources is its multiple applications including electricity

generation and direct use such as space heating/cooling, domestic hot 

water, greenhouse heating, agricultural drying, aquaculture, industrial 

processes (fermentation, pasteurization), and recovery of chemicals (hy-

drogen, carbon dioxide, minerals) [36]. The direct use of geothermal 

energy has several socioeconomic and environmental benefits, including 

employment, poverty reduction, food security, reduction of greenhouse 

gas emissions, and reduction of deforestation. To date, Kenya is the only 

country in the region with direct use of geothermal energy, mainly in the 

agricultural, aquaculture and tourism sectors. To accelerate the direct 

use of geothermal energy in the region, the African Union’s Geothermal 

Risk Mitigation Facility (GRMF) launched the GRMF HEAT program in 

2022. It provides grants to support public and private sector projects for 

the direct use of geothermal energy and has so far funded five projects 

in Kenya (2), Rwanda (1) and Tanzania (2) [37].

Wellhead plants, which are smaller, modular power plants that gen-

erate electricity using steam from a single well, are an important part of 

the installed geothermal capacity in both Ethiopia and Kenya. Wellhead
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Table 2 

Installed geothermal capacity in East African rift countries.

Country Capacity installed Technology Location Number of active wells Maximum well depth

Ethiopia 7.3 MW Binary cycle Aluto-Langano 4 2500 m

Kenya 35 MW Binary cycle Menengai 27 3000 m

Kenya 2.44 MW Single flash Eburru 6 2500 m

Kenya 720 MW Binary/Single flash Olkaria 59 3000 m

Kenya 3.2 MW Binary/Back pressure Oserian 3 2500 m

plants could be the solution to the massive exploitation of geother-

mal resources in the EARS countries, as they have been successfully 

implemented in both Ethiopia and Kenya and offer several economic, 

financial, and technical advantages. First, they allow developers to 

achieve a return on investment sooner than in conventional develop-

ment schemes and eliminate the need for a large steam collection system, 

reducing costs and pressure drops in the piping system. Second, they can 

serve as an initial phase in the construction of larger geothermal projects, 

and they improve reliability because a problem at one wellhead facility 

does not affect the entire geothermal field. This proposal is consistent 

with the literature comparing the economics of a wellhead geothermal 

plant to a conventional plant, which finds that wellhead plants have 

higher net power production and are more profitable as measured by 

net present value (NPV) [38]. There are also recent developments in 

traditional geothermal plant technologies that further reduce installa-

tion and operating costs. The techno-economic analyses of these new 

technologies whether for electricity use, direct heat use, a cascade of 

uses, or for a combination of geothermal and solar, all show that high 

capital costs can be overcome and that geothermal plants are now more 

energy-efficient and economically profitable both in the short and the 

long term [39–45].

Finally, the tomographic model assessment reveals a large-scale 

deeper source of underground clean thermal energy beneath the EARS 

region. Therefore, EARS countries can take advantage of recent techno-

logical advances in deep geothermal research and enhanced geothermal 

systems (EGS) to develop their long-term geothermal energy sectors. In 

China, for example, the potential of deep geothermal resources has been 

documented with proposed applications including geothermal power 

generation combined with cooling/heating and carbon dioxide seques-

tration, industrial and agricultural use, and multi-mineral resources 

extraction [46]. Due to the technical challenges and associated explo-

ration costs, there has been a debate in recent years about whether EGS 

is economically viable due to the lack of economic assessment studies. 

Recently, the economic viability of EGS has been demonstrated through 

techno-economic analysis in a growing body of literature. Roland et al. 

[47] argue that current advances in drilling technology will make EGS 

costs competitive with U.S. electricity market prices by 2027 with a 

plant capital cost of US $4, 500 kWh and an LCOE of US$80 MWh. The 

technical and economic viability of horizontal well EGS is discussed by 

[48–51] and their techno-economic evaluation indeed concludes that 

it is viable given the appropriate choice of heat extraction technology. 

[52] proposes a new type of vertical well EGS that can provide cheap 

electricity (with low LCOE) while significantly reducing greenhouse gas 

emissions. Collaboration between EARS governments and industrialized 

countries with more advanced geothermal sectors can accelerate the 

implementation of these technologies in the region through capacity 

building of public institutions and the sharing of geothermal knowledge 

and skills.

5. Conclusions & recommendations

This study identifies a large-scale thermal anomaly (plume-like) 

beneath the crust in East Africa. The anomaly extends over approxi-

mately 4000 km and is sourced by hot material from the deep mantle.

Such a large-scale thermal anomaly-like plume is likely to generate in-

tense magmatism associated with heat and topographic uplift, ultimately 

leading to rifting, as observed today [53,54]. The excess temperatures 

range from ∼100 

◦ C to 146 

◦ C at ∼50 km depth, evaluated using the 

DMM [27], and potential temperature corresponding to the shear wave 

low-velocity anomaly (𝛿 ln 𝑉 𝑠 

) ranges from −3 % to −4 % (Fig. 5). 

The heat flux at the bottom of the crust is ∼40 mW/m 

2 (Fig. 6). It 

can contribute significantly to thermal processes, especially when com-

bined with other factors such as mantle convection or magma intrusion. 

Although this study did not fully investigate the thermal anomalies 

within the crust beneath East Africa due to the resolution limitations 

of the tomographic model, we provide targeted geographical points 

(Table 1), located above mantle plume-like hot material, where sub-

surface imaging can be performed for future explorations of geothermal 

reservoirs.

Given these facts, we recommend that geothermal technology re-

search be associated with pilot tests (wellhead plants) and that large-

scale economic exploitation of deep geothermal resources be coordi-

nated and planned in cooperation with all EARS countries. The financing 

of the geothermal expansion plan in the EARS region is now discussed. 

As highlighted in [29], the installed geothermal capacity in the region 

has been mainly financed by the public sector directly or indirectly 

through public–private partnership (PPP) initiatives. The EARS region 

needs alternative financing options in the context of economic slowdown 

and limited public financial resources. At COP29, an agreement was 

reached to triple climate finance for developing countries, committing 

to provide $300 billion per year by 2035, to reach a total of $1.3 tril-

lion per year in climate finance from public and private sources. EARS 

countries can create a regional geothermal development plan to access 

these funds. An alternative source of financing is China’s Belt and Road 

Initiative (BRI). Through the BRI, China has invested over $700 billion 

in infrastructure projects (ports, railways, roads, and power plants) in 

Africa between 2013 and 2023, with East Africa being the main recipi-

ent of these investments. One example of the green finance component 

of the BRI in the region is the Karuma hydropower plant in Uganda. In 

the geothermal sector, the BRI committed $244.8 million in foreign in-

vestment loans to construct the 244 MW Sorik Marapi geothermal power 

plant in Indonesia [55]. The green financing framework and governance 

structure of the Sorik Marapi project are excellent templates for EARS 

countries to follow in their geothermal development journey. To achieve 

this, they will need to invest in developing local expertise in geothermal 

science, engineering, and infrastructure project management, since low 

governance capacity has been identified as a key factor hindering the de-

velopment of renewable energy in East African countries participating 

in the BRI [56].
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