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Summary

Advances in geophysical methods have allowed Earth scientists to unravel the fine
structure of the deep Earth in more detail. Driven by increasing human consump-
tion and rising demand for energy, mining and petroleum companies have pushed
advances in exploration geophysics to study sedimentary basins in search for ores
and fossil fuels. Growing population and rising standards of living make sustain-
able use of the Earth’s resources vital to keep the planet habitable and peaceful.
In this context, it becomes increasingly important to make more use of renewable
resources.

One such renewable resource is geothermal energy. It consists of heat stored in
the subsurface and can be sustainably exploited from geothermal energy systems.
The two key ingredients of a geothermal energy system are (1) sufficiently high
subsurface temperatures and (2) presence of rocks formations suitable to act as a
geothermal reservoir at reachable depths. Subsurface temperatures are controlled
by the heat flowing from deep inside the Earth to its surface where the lithosphere
is primarily marked by conductive heat transfer. The thermal structure of the litho-
sphere itself depends on its thickness, thermal properties, basal heat flow, and mode
of heat transfer, which are all products of its geodynamic history. The thermal struc-
ture and rheological properties of tectonic plates determine how rocks in the litho-
sphere behave mechanically, whether they break, bend, or flow, affecting geothermal
reservoirs and thus the amount of geothermal resources available.

Assessing the amount of geothermal resources requires knowledge on subsurface
conditions. Direct observations have long been the only source of information on
both the inner and thermal structure of the Earth. Geological field data, combined
with laboratory experiments on rock samples, have been used to estimate temper-
atures and pressures of formation or metamorphic evolution. Geothermal manifes-
tations at the surface such as hot springs, steam, fumaroles, and geysers, make it
easy to determine the temperature and fluid properties of a geothermal reservoir.
These geothermal surface manifestation occur frequently in high heat flow volcanic
regions and are also the oldest geothermal energy systems from which humans have
used heat directly.

For regions lacking geothermal surface manifestations, boreholes are the primary
source of information on subsurface conditions. Drill cores and cuttings can be used
to study geological formations, while temperatures can be measured directly in the
borehole. A complete concept of local and regional geological structures and ther-
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mal field requires multiple boreholes. However, most boreholes are wells that have
been drilled for petroleum exploration and production. The number and drilled
depths of these wells are generally restricted to geological formations in sedimen-
tary basins where petroleum systems have been discovered and exploited, resulting
in a valuable but inhomogeneous distribution of information. Inferring subsurface
conditions outside these regions or at larger depths requires geological and geophys-
ical models.

In this PhD thesis, large-scale geophysical models were combined with more de-
tailed basin-scale models and used to construct physics-based thermo-mechanical
models of the lithosphere. A one-dimensional thermo-mechanical model was used to
study the thermal field and lithosphere strength in regions with sedimentary basins
and crystalline basement. The Central System and adjacent Tajo and Duero basins of
Spain were used as case study. Brittle basement and sedimentary rocks, in particular
if these are underlain by crust with abundant radioactive minerals, are considered a
prime target for geothermal energy systems. They are marked by high geothermal
gradients, caused by radiogenic heat production, and are well suited for geothermal
doublets after hydraulic stimulation. To assess geothermal potential, it is useful to
investigate variability of deep temperatures as an effect of uncertainties in thermal
and rheological properties and tectonic constraints.

To study the thermo-mechanical structure of the European lithosphere, the one-
dimensional model was extended with a three-dimensional stochastic temperature
modelling module and used to update the thermal and rheological model of the
European lithosphere. The European model consists of four layers, including sedi-
ments, upper crust, lower crust and lithospheric mantle. Radiogenic heat production
and temperature- and pressure-dependent bulk thermal conductivity were assigned
on the base of broad-scale lithological variation within the European crust. Subsur-
face temperatures were estimated up to the depth of the lithosphere-asthenosphere
boundary (LAB). The three-dimensional thermal field was calculated with a steady-
state solution, assuming fixed temperatures at the surface and at the base of the
lithosphere. Misfits of the prior thermal model with the temperature observations
are attributed to transient thermal effects or to areas where a significant amount of
non-conductive heat transfer has been occurring. Other misfits are possibly related
to both the generalization required for building a European-scale model and to a pri-
ori assumptions on thermal properties and model boundary conditions. The former
were minimized by applying a Ensemble Smoother with Multiple Data Assimilation
technique (ES-MDA), while the latter were used to study lithosphere thermal prop-
erties, as well as the contribution of non-conductive heat transfer to surface heat
flow. Based on the new thermal results, the European rheological model was refined
and used to estimate the integrated strength of the lithosphere.

An improved understanding of the thermo-mechanical state of the lithosphere can
aid in geothermal resource assessments. An approach is presented to estimate the
resource base for Enhanced Geothermal Systems (EGS) in Europe by economically
constraining geothermal potential estimates, applying a discounted cash-flow model
to different techno-economic scenarios for future EGS in 2020, 2030, and 2050.
Subsurface temperature were used as the main input for this geothermal poten-
tial calculation. Temperatures derived from existing regional temperature models,
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based on data from wells, were directly used. For regions or depths lacking infor-
mation, temperatures in the subsurface were computed to a depth of ten kilometer
using the temperature at the surface and basal heat flow as boundary conditions
for the top and bottom of the model. Based on these temperatures, the technical
potential and Levelized Cost Of Energy (LCOE) were estimated for each grid cell
by combining a volumetric heat-in-place method with a cash-flow model. Cutoff
values were imposed to the calculated LCOE values in each grid cell to obtain the
economic potential of Europe. By applying different well cost scenarios, a more
realistic depth-dependent and economically-constrained technical potential was ob-
tained. The results of a sensitivity analysis show that LCOE are most dependent on
reservoir temperature and permeability.

Results of a global resource assessment are presented for geothermal energy within
deep aquifers for direct heat utilization. Greenhouse heating, spatial heating, and
spatial cooling were considered in this assessment. Subsurface temperatures were
inferred from geophysical data and a volumetric heat-in-place method was applied
to improve current global geothermal resource base estimates for direct heat appli-
cations. The amount of thermal energy stored within aquifers depends on the Earth’s
heat flow, aquifer volume, and thermal properties. The thermal energy available was
assessed by estimating subsurface temperatures up to a depth of three kilometer de-
pending on aquifer thickness. The distribution of geothermal resources is displayed
in a series of maps and the depth of the minimum production temperature is used
as an indicator of performance and technical feasibility. Suitable aquifers underlay
large parts of the Earth’s land surface and store a substantial amount of heat that
could potentially be used for direct heat applications. Even with a conservative re-
covery factor and system life time, the annual recoverable geothermal energy is in
the same order as the world’s final energy consumption. However, a large mismatch
exists between the technical potential and the actual direct use of geothermal en-
ergy. The main causes for the large mismatch are high up-front costs of geothermal
projects, decentralized production of geothermal heat, lack of uniformity among
geothermal projects, geological uncertainties, and geotechnical risks.

In this thesis it is demonstrated that both lithosphere strength models and re-
source assessments can be improved by using input values derived from stochas-
tic models. This allows propagation of uncertainties in geological parameters to
strength calculations or geothermal potential estimates.





Samenvatting

Bevolkingsgroei en de toenemende levensstandaard vereisen een duurzamer ge-
bruik van grondstoffen en energiebronnen, zodat de aarde bewoonbaar kan blijven.
Aardwarmte als energiebron wordt steeds belangrijker als duurzaam alternatief voor
steenkool, aardolie en aardgas.

Aardwarmte is warmte-energie die is opgeslagen in de ondergrond en duurzaam
kan worden gewonnen door middel van geothermische energiesystemen (aardwarm-
tesystemen). De twee belangrijkste componenten van een aardwarmtesysteem zijn
(1) een temperatuur in de ondergrond die voldoende hoog is en (2) de aanwezig-
heid – op bereikbare diepte – van gesteenteformaties die geschikt zijn voor opslag
van aardwarmte. De temperatuur in de ondergrond wordt deels bepaald door de
warmtestroom vanuit het binnenste van de aarde naar het aardoppervlak en deels
door warmteproductie in de lithosfeer. Het warmtetransport in het bovenste vaste
deel van de aarde, de lithosfeer, vindt voornamelijk plaats door geleiding. De ther-
mische structuur van de lithosfeer hangt af van de dikte, de thermische gesteente-
eigenschappen, de manier van warmtetransport en de warmteaanvoer vanuit de
onderliggende mantel. Al deze factoren worden in meer of mindere mate bepaald
dan wel beïnvloed door de geodynamische evolutie van de lithosfeer. De thermi-
sche structuur en reologische eigenschappen van tektonische platen bepalen hoe
gesteente in de lithosfeer zich mechanisch gedraagt; of het zal breken, buigen, of
vloeien. Het mechanisch gedrag van gesteente beïnvloedt op zijn beurt de vorming
en structuur van aardwarmtereservoirs en daarmee ook de totale hoeveelheid be-
schikbare aardwarmtebronnen.

Om in te kunnen schatten hoeveel aardwarmtebronnen beschikbaar zijn, is het
noodzakelijk om over voldoende kennis te beschikken van de ondergrond. Veldob-
servaties en metingen waren lange tijd de enige bron van informatie over de tempe-
ratuur en structuur van het binnenste gedeelte van de aarde. Geologische velddata
en empirische experimenten op gesteentemonsters worden nog steeds gebruikt om
de temperatuur en druk te bepalen waarbij gesteente is gevormd of metamorfose
heeft ondergaan. Zichtbare verschijningsvormen van aardwarmtebronnen aan het
aardoppervlak, zoals warmwaterbronnen, stoom, fumarolen en geisers, maken het
eenvoudig om de temperatuur en eigenschappen van vloeistoffen in het aardwarm-
tereservoir te bepalen. Zichtbare verschijningsvormen komen voornamelijk voor in
vulkanische gebieden met een hoge oppervlaktewarmtestroom en zijn ook de oudste
systemen waarbij aardwarmte direct door de mens wordt gebruikt.
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In gebieden waar deze zichtbare verschijningsvormen ontbreken, vormen boorput-
ten de belangrijkste informatiebron over de ondergrond. Boorkernen en boorgruis
worden gebruikt om geologische formaties te bestuderen. Daarnaast kan in boor-
putten de temperatuur in de ondergrond ter plaatse worden gemeten. Meerdere
boorputten zijn vereist om een compleet beeld te krijgen van de lokale en regionale
geologische structuren en de temperatuurverdeling in de ondergrond. De meeste
boorputten worden geboord voor exploratie en productie van aardolie en aardgas.
Het aantal en de lengte van deze boorputten blijft daardoor vaak beperkt tot geolo-
gische formaties in sedimentaire bekkens waar aardolie of aardgas is aangetroffen.
Hierdoor zijn boorputten vaak ongelijk verdeeld over een regio. Om in gebieden
waar geen of nauwelijks boorputten aanwezig zijn toch een beeld van de structuur
en samenstelling van de ondergrond te verkrijgen, is het noodzakelijk om geologi-
sche en geofysische modellen op te stellen.

In dit proefschrift is daartoe een thermisch en mechanisch model van de lithosfeer
opgesteld, gebaseerd op grootschalige geofysische modellen en meer gedetailleerde
modellen van sedimentaire bekkens. Een eendimensionaal thermisch en mechanisch
model is gebruikt om de temperatuurverdeling en lithosfeersterkte te bestuderen in
gebieden met sedimentaire bekkens en kristallijn grondgebergte. Als voorbeeldstu-
die wordt daarvoor het Centrale Systeem en de aanliggende Taag- en Duero-bekkens
in Spanje gebruikt. Aardwarmtesystemen blijken het meest kansrijk te zijn in ge-
bieden waar de bovenkorst een hoge concentratie radioactieve elementen bevat en
wordt bedekt door bros grondgebergte en sedimentair gesteente. Deze gebieden
worden gekenmerkt door een hoge geothermische gradiënt en zijn op grote diepte
relatief goed geschikt voor de installatie van aardwarmtedoubletten na (hydrauli-
sche) stimulatie.

Om de thermische en mechanische structuur van de Europese lithosfeer te be-
studeren, is het deterministische eendimensionale model uitgebreid met een sto-
chastische driedimensionale temperatuurmodule. Deze module is gebruikt om de
thermische en reologische eigenschappen bij te werken en om de temperatuur in
de ondergrond te bepalen tot de diepte van de lithosfeer-asthenosfeer grens (LAG).
Daarvoor is het Europese model onderverdeeld in vier lagen bestaand uit sedimen-
ten, boven- en onderkorst en de lithosferische mantel. Beginwaarden voor radiogene
warmteproductie en warmtegeleidingscoëfficiënten worden bepaald door de groot-
schalige gesteentevariaties binnen de Europese korst, waarbij rekening is gehouden
met temperatuur- en drukafhankelijkheid van de warmtegeleidingscoëfficiënten. De
thermische eigenschappen zijn gebruikt om de initiële driedimensionale tempera-
tuurverdeling in stabiele toestand te berekenen, met daarbij constante temperatu-
ren als randvoorwaarden aan het aardoppervlak en aan de basis van de lithosfeer.
Verschillen tussen de berekende temperaturen van het initiële model en de observa-
ties kunnen worden toegeschreven aan tijdelijke temperatuurveranderingen of aan
convectief warmtetransport. Overige verschillen worden veroorzaakt door de ver-
eenvoudiging die is vereist voor het opzetten van een model op Europese schaal en
door a priori aannames over thermische eigenschappen en randvoorwaarden van het
model. Verschillen veroorzaakt door modelvereenvoudiging zijn geminimaliseerd
door het toepassen van een optimalisatiealgoritme genaamd Ensemble Smoother
met Multiple Data Assimilatie (ES-MDA). De verschillen veroorzaakt door aannames
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over thermische eigenschappen en randvoorwaarden zijn gebruikt om de thermische
eigenschappen in de lithosfeer en de bijdrage van niet-geleidend warmtetransport
aan de oppervlaktewarmtestroom te bestuderen. Op basis van de resultaten van het
vernieuwde temperatuurmodel is het Europese reologische model verfijnd en is de
geïntegreerde sterkte van de lithosfeer berekend.

Een beter begrip van de thermische en mechanische staat van de lithosfeer is nut-
tig voor de evaluatie van aardwarmte als energiebron. In deze thesis wordt een
nieuwe methode gepresenteerd om de beschikbare hoeveelheid diepe aardwarmte
voor elektriciteitsopwekking (EGS) in te schatten waarbij ook rekening wordt ge-
houden met economische factoren en scenario’s. Door gebruik te maken van een
kasstroommodel voor technische en economische scenario’s in de toekomst, is een
schatting gemaakt van het potentiële vermogen voor EGS in 2020, 2030 en 2050. De
temperatuur in de ondergrond is gebruikt als belangrijkste invoer voor deze schat-
ting. Hiervoor zijn temperaturen van bestaande regionale temperatuurmodellen ge-
bruikt die zijn gebaseerd op boorgatmetingen. Voor gebieden of diepte-intervallen
zonder beschikbare metingen of modellen is de temperatuur berekend tot een diepte
van tien kilometer. Hierbij is gebruik gemaakt van de oppervlaktetemperatuur als
randvoorwaarde aan de bovenzijde van het model en de warmtestroom als rand-
voorwaarde aan de onderzijde. Voor elke rastercel in het temperatuurmodel is be-
paald hoeveel technisch winbare warmte per volume in de ondergrond aanwezig
is en hoeveel het minimaal kost om deze aardwarmte te winnen (Levelized Cost
Of Energy of LCOE). Drempelwaardes worden opgelegd aan de berekende LCOE in
elke rastercel om de economische potentie in Europa vast te stellen. Een meer nauw-
keurige inschatting is verkregen door gebruik te maken van verschillende modellen
voor de boorkosten. De technische potentie wordt daardoor ook diepteafhankelijk
op basis van economische factoren. De resultaten van een parameterstudie laten
zien dat de LCOE sterk afhangen van de temperatuur en permeabiliteit in een aard-
warmtereservoir.

Voor het gebruik van aardwarmte uit diepe aquifers voor verwarming en koe-
ling worden resultaten gepresenteerd van een schatting van het wereldwijde vermo-
gen. De toepassing van aardwarmte voor kasverwarming en gebouwverwarming en
-koeling zijn zowel apart als gezamenlijk geëvalueerd voor deze potentieschatting.
Om huidige schattingen van het vermogen voor direct gebruik van aardwarmte in
de wereld te verbeteren, is bepaald hoeveel warmte per aquifervolume in de onder-
grond aanwezig is. Hiervoor wordt de temperatuur in de ondergrond berekend op
basis van geofysische data. De hoeveelheid aardwarmte die is opgeslagen in aqui-
fers hangt af van de warmtestroom aan het aardoppervlak, het aquifervolume en
thermische eigenschappen. De beschikbare aardwarmte wordt geëvalueerd door de
temperatuur in de ondergrond te bepalen tot een diepte van drie kilometer, afhan-
kelijk van de aanwezige aquiferdikte. De verdeling van aardwarmtebronnen wordt
gepresenteerd in een serie kaarten waarbij de diepte van de minimaal benodigde
productietemperatuur wordt gebruikt als kwaliteitsindicatie voor technische haal-
baarheid. Geschikte aquifers bedekken grote delen van de aarde en bevatten samen
een enorme hoeveelheid warmte die mogelijk zou kunnen worden gebruikt voor di-
recte toepassingen van aardwarmte. De jaarlijks winbare aardwarmte is in de zelfde
orde van grootte als het totale jaarlijkse mondiale energieverbruik, zelfs met inacht-
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neming van een zeer conservatieve winningsfactor en korte levensduurverwachting
voor aardwarmtesystemen. Toch is er een grote kloof tussen de technisch winbare
hoeveelheid en het daadwerkelijk gebruik van aardwarmte. De belangrijkste re-
denen hiervoor zijn de hoge kosten voor het opzetten van aardwarmtesystemen,
de gedecentraliseerde productie van aardwarmte, het gebrek aan uniformiteit van
aardwarmteprojecten en allerlei geologische en technische onzekerheden.

Zowel sterktemodellen van de lithosfeer als aardwarmtepotentieschattingen kun-
nen worden verbeterd door invoerwaarden te gebruiken die afkomstig zijn van sto-
chastische modellen. Dit maakt het mogelijk om onzekerheden mee te nemen in
belangrijke geologische parameters voor sterkteberekeningen en aardwarmtepoten-
tieschattingen.
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1.1 Thermal state of the lithosphere
Since its formation 4.5 billion years ago, the Earth has been slowly cooling. Up to a
third of the heat dissipating at the Earth’s surface today, still is primordial heat (Lay
et al., 2008). The main source of heat is coming from the decay of four radioac-
tive isotopes: uranium-238, uranium-235, thorium-232 and potassium-40 (Rybach,
1988). The difference in temperature between the core of a terrestrial planet and
its surface generates a heat flow that cools the planet. The cooling rate of a planet is
controlled by its size, core size, chemical composition, and dominant heat transfer
mechanism. In the Earth’s mantle, heat is mainly transferred by convection, which is
a more efficient heat transport mechanism compared to the lithosphere where heat
is mainly transferred by conduction. The lithosphere is the rigid outermost layer of
the Earth and rests on the weak asthenosphere or upper mantle. With mantle con-
vection, heat is transported by movement of the mantle itself, while the lithosphere
acts as an insulating lid that slows down the cooling of the Earth. The contribution
of radiative heat transfer is negligible in upper parts of the lithosphere, but becomes
larger with increasing temperatures (e.g. Hofmeister, 1999).

1.1.1 Heat flow
The one-dimensional (rate of) heat flow in dominantly conductive lithosphere can
be described by Fourier’s law:

Q = −k∇T (1.1)

where Q is the (rate of) heat flow [J s−1 or W m−2], k is the thermal conductivity
[W m−1 K−1], and ∇T is the temperature gradient [K m−1 or ◦Cm−1]. It describes
that the flow of heat is proportional to the temperature gradient and thermal con-
ductivity. The negative sign indicates that heat will flow from hot to cold. For the

Section 1.2 is largely based on Limberger, J., Boxem, T., Pluymaekers, M., Bruhn, D., Manzella, A.,
Calcagno, P., Beekman, F., Cloetingh, S., van Wees, J.-D., 2018. Geothermal energy in deep aquifers: A
global assessment of the resource base for direct heat utilization. Renew Sust Energ Rev 82, 961–975
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Earth’s lithosphere, the heat equation is commonly simplified to its one-dimensional
form:

Q = −k
∂ T
∂ z

(1.2)

where ∂ T
∂ z is the one-dimensional vertical temperature gradient.

Figure 1.1 shows how the spatial heterogeneity of the global surface heat flow
reflects the Earth’s geodynamic structure. Highest heat flow values are found near
diverging plate boundaries, where hot asthenosphere rises close to the surface and
where newly formed oceanic crust is pushed away from the mid-oceanic ridge to
cool and solidify. Convergent plate boundaries are also characterized by an elevated
heat flow due to volcanic arcs that are formed above subducting plates. Away from
plate boundaries, high heat flows are caused by intraplate volcanism. Low heat
flows are found in old passive margins, where oceanic crust has had time to cool
down significantly, and in thick cratons consisting of old rocks. Table. 1.1 gives an
overview of estimates of the Earth’s average heat flow and total heat dissipation at
the surface [TW] for continental and oceanic crust. Three quarters of the total heat
is dissipated at the surface of oceanic crust, mainly because the surface area covered
by oceanic crust is larger than covered by continental crust, but also because the
heat flow measured on oceanic crust is on average significantly higher.

Figure 1.1: Global surface heat flow with plate boundaries and volcanoes. See Chapter 5 for
detailed description of the compilation of the data.

The temperature difference that generates the heat flow in the lithosphere is also
dependent on the heat produced by radioactive elements in the crust and mantle.
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Table 1.1: Estimates of the Earth’s surface heat flow budget in the last decades. After Mareschal
and Jaupart (2011).

Continental Oceanic Continental Oceanic Global total

[mW m−2] [mW m−2] [TW] [TW] [TW]

Williams and von Herzen (1974) 61 93 9 33 43
Davies (1980b,a) 55 95 11 30 41
Sclater et al. (1980) 57 99 12 30 42
Pollack et al. (1993) 65 101 - - 44
Hofmeister and Criss (2005) - 63 - - 32
Jaupart et al. (2007) 65 94 14 32 46
Davies and Davies (2010) 71 105 15 32 47
Li et al. (2017) - - - - 37

The conductive thermal field within the Earth’s lithosphere is also not static and
changes through time:

∂ T
∂ t
=

k
ρCp
∇2T +

A
ρCp

(1.3)

where ∂ T
∂ t [K s−1] is the change in temperature with time, ρ is the density [kgm−3],

Cp [J K−1] is the specific heat capacity of a material at constant pressure (∆p =
0), and A is the radiogenic heat production [µW m−3]. Note that k and ρ are not
constant and depend on temperature and pressure conditions.

1.1.2 Thermal Conductivity and radiogenic heat production
Since heat is mainly transferred by conduction in the lithosphere, thermal conductiv-
ity of lithosphere rocks is the most important constraint for heat flow. Mean thermal
conductivity values, given for different rock types in Fig. 1.2, show the temperature
dependence of thermal conductivity. At low temperatures, there is a large spread
in values that becomes smaller with increasing temperatures. Dependence of the
thermal conductivity on temperature is caused by the decrease of the lattice thermal
conductivity with temperature. In rocks with different minerals, variable amounts
of thermal expansion can occur, leading to contact resistances between the miner-
als which lowers the bulk thermal conductivity (e.g Clauser and Huenges, 1995).
The radiative contribution of radiation to the thermal conductivity increases with
the third power of the temperature and counteracts the effect of thermal expansion
(e.g. Hofmeister, 1999). In general, thermal conductivity decreases with tempera-
ture but for temperature higher than 1000-1200 ◦C, the effect of radiation balances
or even reverses this downward trend.

For porous rocks it is important to take into account the thermal conductivity of
the pore spaces. Pores can be filled with gasses, fluids, or precipitated minerals,
which can have a strong effect on the bulk thermal conductivity of the material
(Fig. 1.3a). At larger depths, thermal conductivity of the pore space becomes less
important because the porosity is reduced by mechanical compaction (Fig. 1.3a).
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and rock matrix on the thermal conductivity for shale and sandstone. (b) Porosity-depth
curves for shale and sandstone.



Section 1.2 – Geothermal energy | 7

The amount of heat produced by a rock depends on the quantity and type of ra-
dioactive elements present in its minerals:

A= ρ(9.67CU + 2.56CTh + 2.89CK2O
)× 10−5 (1.4)

where C is the concentration in parts per million, except for K2O which is in weight
percent. The concentration of radioactive isotopes depends on the rock type and age
of the rock. Table 1.2 shows the typical heat production for continental crust with
different crustal ages compared to the average oceanic crust. The decay process of
radioactive elements in the crust leads to a reduction of crustal heat production with
age. Furthermore, average continental heat production is higher than the average
heat production in oceanic crust. Fractional processes (crystallization and melting)
lead to an increase in concentration of heat producing elements with rocks that are
more felsic (e.g. Jaupart et al., 2016; Hasterok and Webb, 2017).

Table 1.2: Radiogenic heat production of continental crust
with different ages compared to average oceanic crust. Data
used from Jaupart et al. (2007, 2016).

Rock type Radiogenic heat production
(µWm−3)

Archean crust 0.56-0.73
Proterozoic crust 0.73-0.90
Phanerozoic crust 0.95-1.21
total continental crust 0.79-0.99
average oceanic crust 0.5

1.2 Geothermal energy
Heat stored in the subsurface is called geothermal energy. It is a renewable energy
source that can be sustainably exploited. Humans have had a long history of using
geothermal energy for heating, cooking, and bathing (Cataldi et al., 1999; Fridleifs-
son, 2001). In 1904, in the Lardarello area in Tuscany, Italy, the beginning of a new
geothermal era was marked by the first successful attempt to power a light bulb
with electricity converted from geothermal heat (e.g. Fridleifsson, 2001; DiPippo,
2015). Today, electricity forms an essential part of modern life, but it is often over-
looked that heat accounts for more than half of the world’s final energy consumption
(Eisentraut and Brown, 2014). Three quarters of this heat demand is currently pro-
duced from fossil fuels (Eisentraut and Brown, 2014), causing a significant negative
impact on climate and environment (IPCC, 2015).

1.2.1 Geothermal systems
Part of the heat that flows from the Earth’s internals to its surface is stored in aquifers
and can be used directly for heating and cooling. When subsurface temperatures are
sufficiently high, heat can also be used to generate electricity. Geothermal aquifers
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and other types of geothermal reservoirs require high permeability to sustain flow
rates that allow efficient transport of warm water from the aquifer to the surface.
Sufficient permeability can occur naturally or it can be enhanced by stimulating the
reservoir. Breede et al. (2013); Olasolo et al. (2016) and Lu (2017) provide com-
prehensive reviews of existing enhanced geothermal systems, including reservoir
stimulation techniques that have been applied worldwide.

Typical geothermal systems for direct heat consist of two or more wells: hot water
is produced by production wells, while injection wells are used to re-inject the water
after heat has been extracted. Re-injection is applied to preserve aquifer pressure,
allowing sustainable production and preventing environmental contamination at the
surface from geothermal fluids (Kaya et al., 2011; Diaz et al., 2016). For high en-
thalpy power production, it is common to have multiple production wells with no or
few re-injection wells (Kaya et al., 2011; Diaz et al., 2016). In low-enthalpy systems,
the cold water front created at the end of the re-injection well slowly migrates to
the area of the production well, eventually leading to thermal break-through. This
severely reduces the efficiency of the geothermal system and marks the end of its life-
time (e.g. Gringarten, 1997). For doublet lifetime, it is important to consider well
spacing (Willems et al., 2017a) and the anisotropy of aquifer permeability (Willems
et al., 2017b). The well-layout of most systems is designed to produce energy effi-
ciently for a period of at least 30 years. Geothermal systems have been producing
from the Dogger limestone aquifers in the Paris basin in France since the 1970’s,
which proves that lifetimes of 30 years or more are feasible (Lopez et al., 2010).
Axelsson (2010) lists other examples of sustained geothermal production, including
a low-enthalpy system in Iceland that has been operational since the 1930’s.

Lifetimes of geothermal systems can be extended up to 100 years by drilling new
production and injection wells (Ungemach et al., 2005; Le Brun et al., 2011) or by
optimizing production to a more sustainable rate (e.g. Rybach, 2007). Compared to
fossil fuel-based energy systems, geothermal energy systems are considered renew-
able since the time it takes to replenish 95% of the extracted heat is in the same
order as the lifetime of the system (Rybach, 2003). Apart from technical and eco-
nomical indicators, sustainability of geothermal energy can be assessed in a broader
way, taking into account impact on environment and society (Shortall et al., 2015).
Life cycle assessments show that geothermal energy plants have a significantly lower
environmental foot-print than fossil fuel-based plants (Frick et al., 2010; Bayer et al.,
2013; Menberg et al., 2016) and that they are competitive with other forms of re-
newable energy (Li et al., 2015).

Geothermal energy systems are commonly classified based on the temperature of
the resource (Table 1.3). In Fig. 1.4, the range of electric power is plotted against
required resource temperatures. An overview of the different power plant technolo-
gies is given by Clauser (2006) and Huenges (2010). Efficient geothermal electricity
production requires a sufficient temperature difference between the produced wa-
ter and ambient temperature at the ground surface. The lowest temperature ever
used for geothermal electricity production is 57 ◦C for a geothermal system in Alaska
(Erkan et al., 2008). In most cases, temperatures of more than 100 ◦C are required
(DiPippo, 2007). The upper limit of temperatures that are used for conventional
geothermal systems are around 350 ◦C (DiPippo, 2015). Efforts are made to study
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the feasibility of geothermal resources with supercritical conditions and to test the
concept in the field (Reinsch et al., 2017). The enthalpy of supercritical fluids is
potentially up to ten times larger than dry steam (Reinsch et al., 2017). To date,
one well has been drilled into a reservoir with supercritical conditions in the Reyk-
janes geothermal field in Iceland and another well is currently being drilled in the
Lardarello geothermal field in Italy. However, no electricity has been produced from
supercritical reservoirs yet.
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Figure 1.4: Temperature and power ranges for different geothermal power plants: Kalina
cycle plants, Organic Rankine Cycle plants (ORC), flash steam plants and dry steam plants.
Striped area gives an indication of the temperature range and possible power outputs. Modi-
fied after Clauser (2006).

Similar to other deep subsurface activities that change temperature and pressure
conditions in and around a reservoir, there is a small risk that geothermal activi-
ties cause mechanical failure of rocks and faults that could lead to seismicity (Zang
et al., 2014). To maintain public support for geothermal energy projects, it is vital
to prevent and minimize induced seismicity. Safe drilling, stimulation, and plant op-
eration require sufficient understanding of subsurface structures and stress regime
(Heidbach et al., 2016). Gaucher et al. (2015) review approaches to forecast in-
duced seismicity, especially relevant for geothermal projects where faults are the
main target for permeability or where reservoir stimulation is used to increase per-
meability.
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Table 1.3: Geothermal resource classification based on temperature.

Energy content Temperature
range [◦C]

Energy carrier Application

supercritical >375 supercritical wa-
ter

power production

high enthalpy 160 - 375 dry steam power production
medium enthalpy 100 - 160 wet steam industrial heating

and power pro-
duction

low enthalpy <100 warm water direct heating

1.2.2 Geothermal potential, production and installed capacity

In 2016, the installed geothermal capacity for direct heat was 20.6 GW (equivalent
electric power) (Lund and Boyd, 2016; REN21, 2017), while the installed geother-
mal capacity for electricity generation was 13.5 GW (van Sark et al., 2015; Bertani,
2016; REN21, 2017). To date, the contribution of geothermal energy systems to the
total energy mix has been limited. In Fig. 1.5, it is shown that in 2015 only 0.15%
or 0.565 EJ yr−1 of the world final energy consumption of 363.5 EJ yr−1 was derived
from geothermal energy (Bertani, 2016; Lund and Boyd, 2016; REN21, 2017). Ap-
proximately 50% (0.286 EJ yr−1 excluding ground source heat pumps) is used for
direct heat applications (Lund and Boyd, 2016; REN21, 2017). Currently, direct
use of geothermal heat accounts for less than 1% (of the lower limit) of the global
geothermal resource base for direct heat, estimated by Stefansson (2005) to be 32
EJ yr−1.
By 2050, the International Energy Agency (IEA) (2011) estimates geothermal pro-
duction to be 5.8 EJ yr−1 for heat (3.9% of projected world final energy consumption
for heat) and 1400 TW hyr−1 for electricity (3.5% of projected world electricity pro-
duction). In total, this production could avoid emission of almost 900 Mt yr−1 of
CO2 (Fridleifsson et al., 2008; International Energy Agency (IEA), 2011). Goldstein
et al. (2011) project a 27-fold increase of current geothermal heat production to 7.8
EJ yr−1 in 2050.

One of the main causes for the large mismatch between potential estimates and
developed geothermal resources has to be sought in high up-front costs for drilling
wells and associated financial risks related to geological uncertainties (e.g. van Wees
et al., 2012; Beckers et al., 2014). During the exploration phase of a geothermal
project, significant investments are required to de-risk prospects and to investigate
their technical and economic feasibility. Drilling costs of a geothermal exploration
well can easily comprise 15% of the total capital costs (CAPEX) (International En-
ergy Agency (IEA), 2011; Gehringer and Loksha, 2012).

Geological uncertainties and financial risks make it difficult for project devel-
opers to raise capital and to obtain insurance contracts (Eisentraut and Brown,
2014). Decentralized production of geothermal heat and the lack of uniformity
among geothermal projects complicate governmental support policies to remove fi-
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Figure 1.5: The contribution from different renewable and non-renewable energy sources in
2015. Only 0.15% of the primary energy consumed was derived from geothermal energy.
From REN21 (2017).

nancial barriers (e.g. tax incentives and feed-in-tariffs for renewable energy or guar-
antee schemes for geothermal projects (Netherlands Enterprise Agency (RVO.nl)
commissioned by the ministery of Economic Affairs, 2016)) and non-financial bar-
riers (e.g. adjusting regulation and legislation) (Thorsteinsson and Tester, 2010;
Sanchez-Alfaro et al., 2015).

1.2.3 Geothermal resource assessments
Soaring prices of fossil fuels, caused by the oil-crises of 1973 and 1979, stimulated
research to quantify the potential of alternative energy sources including geother-
mal energy. The United States Geological Survey (USGS) revised existing resource
classification schemes for geothermal energy (Fig. 1.6) and developed a volumet-
ric heat-in-place method (Muffler and Caltaldi, 1978; Williams, 2007), which has
been used to estimate geothermal resources for global and regional and assessments
(e.g. Stefansson, 2005; Blackwell et al., 2007; Kramers et al., 2012; Limberger et al.,
2014). For this method, the area or region below the Earth’s surface is divided into
separate volumes. For each volume, the thermal energy in place or heat in place
(HIP) is estimated based on measured or modelled subsurface temperatures.

Estimating the heat in place is straightforward, but it is more difficult to delimit
the share that is technically producible. To direct this issue, it is common to ap-
ply an average value for the recovery factor to obtain the technical potential (e.g.
Beardsmore et al., 2010). However, little data are available on actual recovery fac-
tors, making it hard to assess whether a chosen recovery factor is realistic and appro-
priate for resource assessments of individual basins or entire regions (Grant, 2014).
More realistic recovery factors are used when data on location-specific aquifer per-
meability and temperature are available. For areas without any prior information
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or for global-scale assessments, a low recovery factor of ∼1% is more appropriate
(Williams, 2007; Grant, 2014). A conservative recovery factor may lead to signifi-
cant local underestimations, especially for well-explored and developed geothermal
areas (Williams, 2007; Grant, 2014). These are likely compensated by overestima-
tion of the geothermal potential in parts of the world that have not yet been explored
for geo-resources.

One of the main challenges for all resource assessments is uncertainty quantifica-
tion, especially when dealing with geological data. Volumetric resource assessments
are therefore often combined with stochastic methods (e.g. van Wees et al., 2012;
Daniilidis et al., 2017). Multiple model runs yield a probability distribution of the
potential, by allowing variation in parameters. It is crucial not to be overly re-
strictive with the ranges of allowed parameter variation and to include non-likely
scenarios, since not all parameters will follow a Gaussian distribution (Grant, 2014;
Gargs and Combs, 2015). Uncertainty quantification for a global geothermal re-
source assessment is challenging because it requires assumptions on suitable ranges
for parameters that can show a strong spatial variation and that depend on unknown
local geological conditions.

1.3 Scope and outline of the thesis
In geothermal exploration, there is a need for multiscale-multiphysics models inte-
grating geophysics, geology and geochemistry to predict temperature, permeability,
stress, and the seismogenic response prior to drilling (c.f. Cloetingh et al., 2010). To-
gether with available data, these models are used to delineate prospective areas for
geothermal development and support the estimation of geothermal potential (e.g.
Blackwell et al., 2007; van Wees et al., 2012). However, to develop a successful
geothermal project it is even more vital to decrease the pre-drilling risks associated
with uncertainties in the subsurface.

The first prerequisite for an economic geothermal system is a reservoir temper-
ature that meets the demand of applications such as electricity generation, direct
heat utilization or a combination of both. Secondly, a sufficient flow rate is required
throughout the economic lifetime of the system and preferentially even longer. This
implies that reservoir permeability should be sufficient to either directly support the
required flow rate or that reservoir conditions allow for enhancement to attain the
required flow rate (Breede et al., 2013).

Economic implications of uncertainties in temperature and flow rate can be deter-
mined by comparing base-case scenarios with with favorable or less favorable sce-
narios (e.g. Tester, 2006; Daniilidis et al., 2016). Stochastic methods such as Monte
Carlo Sampling give more insight in the sensitivities and yield less-biased scenarios
with associated probabilities (e.g. Muffler L (ed), 1978; Muffler and Caltaldi, 1978;
Grant, 2014).

Stochastic methods are not solely restricted to the economic assessment of a
geothermal system and have proven to be also useful in the earliest stages of the
exploration phase: for modelling subsurface temperatures and associated thermal
properties (e.g. Jokinen and Kukkonen, 1999, 2000; Vogt et al., 2013); for perme-
ability assessments (Pluymaekers et al., 2012); or to test a range of geological mod-
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els by joint inversion of multiple geophysical observables such as gravity, magnet-
ics, magnetotellurics, temperature, petrological, and seismological data (e.g. Afonso
et al., 2013a,b; McCalman et al., 2014; Beardsmore et al., 2016).

The objective of my thesis is twofold: improve understanding of the thermal
and mechanical structure of the lithosphere, including its properties and mode of
heat transfer, and to study its implications on geothermal resources. I examine the
thermo-mechanical state of the lithosphere using numerical models and conduct
volumetric heat-in-place resource assessments. The first part of my thesis covers the
description of thermo-mechanical modelling studies, while the second part treats
resource assessments.

In this thesis, large-scale geophysical models were combined with more detailed
basin-scale models and used to construct physics-based thermo-mechanical models
of the lithosphere. A one-dimensional thermo-mechanical model was used in Chap-
ter 2 to study the thermal field and lithosphere strength in regions with sedimentary
basins and crystalline basement. The Central System and adjacent Tajo and Duero
basins in Spain were used as case study. Brittle basement and sedimentary rocks, in
particular if these are underlain by a crust with abundant radioactive minerals, are
considered a prime target for geothermal energy systems. They are marked by high
geothermal gradients, caused by radiogenic heat production, and are well suited for
geothermal doublets after hydraulic stimulation. To assess geothermal potential, it
helps to investigate variability of deep temperatures as an effect of uncertainties in
thermal and rheological properties and tectonic constraints.

In Chapter 3, an extension of the the thermo-mechanical model with a three-
dimensional stochastic temperature modelling module is presented and used to up-
date the thermal and rheological model of the European lithosphere.The European
model consists of four layers, including sediments, upper crust, lower crust and
lithospheric mantle. Radiogenic heat production and temperature- and pressure-
dependent bulk thermal conductivity were assigned on the base of broad-scale litho-
logical variation within the European crust. Thermal properties were corrected with
a one-dimensional steady-state temperature approximation, assuming only vertical
heat flow. Using these corrected thermal properties, the three-dimensional thermal
field was calculated with a conjugate-gradient method, assuming fixed temperatures
at the surface and at the base of the lithosphere. An Ensemble Smoother Multiple
with Data Assimilation (ES-MDA) method was used to assimilate temperature ob-
servations, updating thermal properties and the thermal field. To cope with the lack
of public borehole temperature data in large parts of Europe, the European ther-
mal model was calibrated with available regional thermal models. Based on the
new thermal model, the European rheological model was refined and used to and
estimate the integrated strength of the lithosphere.

In Chapter 4, it is shown how an improved understanding of the thermo-mechani-
cal state of the lithosphere can aid in geothermal resource assessments. The resource
base for EGS (enhanced geothermal systems) in Europe was estimated by econom-
ically constraining geothermal potential estimates, applying a discounted cash-flow
model to different techno-economic scenarios for future EGS in 2020, 2030, and
2050. Subsurface temperature was used as the main input for the the geother-
mal potential calculation. Temperatures from existing regional temperature models,
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based on data from wells, were directly used. For regions or depths lacking infor-
mation, temperatures in the subsurface were computed to a depth of ten kilometer
using the temperature at the surface and basal heat flow as boundary conditions for
the top and bottom of the model. The technical potential and minimum levelized
cost of energy (LCOE) were calculated for each grid cell of the temperature model.
Cutoff values were imposed to the calculated LCOE values in each grid cell to obtain
the economic potential of Europe. By applying different well cost models, a more
realistic depth-dependent and economically-constrained technical potential was ob-
tained. The results of a sensitivity analysis show that LCOE are most dependent on
reservoir temperature and permeability.

Results of a global resource assessment are presented in Chapter 5 for geothermal
energy within deep aquifers for direct heat utilization. Greenhouse heating, spatial
heating, and spatial cooling were considered in this assessment. Subsurface temper-
atures were inferred from geophysical data and a volumetric heat-in-place method
was applied to improve current global geothermal resource base estimates for direct
heat applications. The amount of thermal energy stored within aquifers depends on
the Earth’s heat flow, aquifer volume, and thermal properties. The thermal energy
available was assessed by estimating subsurface temperatures up to a depth of three
kilometer depending on aquifer thickness. The distribution of geothermal resources
is presented in a series of maps, with the depth of the minimum production temper-
ature used as an indicator of performance and technical feasibility. Suitable aquifers
underlay large parts of the Earth’s land surface and store a substantial amount of
heat that could potentially be used for direct heat applications. Even with a con-
servative recovery factor and system life time, the annual recoverable geothermal
energy is in the same order as the world final energy consumption. It is shown that
a large mismatch exists between the technical potential and the actual direct use
of geothermal energy. The main causes for the large mismatch are high up-front
costs of geothermal projects, decentralized production of geothermal heat, lack of
uniformity among geothermal projects, geological uncertainties, and geotechnical
risks.

Chapter 6 summarizes the main modelling results, implications on geothermal
resources, and future research perspectives.





CHAPTER 2

A public domain model for 1D
temperature and rheology

construction in
basement-sedimentary

geothermal exploration: an
application to the Spanish

Central System and adjacent
basins



18 | Chapter 2 – Temperature and rheology in Spain

Contents
2.1 Introduction . . . . . . . . . . . . . . . . . . 18
2.2 Method. . . . . . . . . . . . . . . . . . . . 19

2.2.1 Thermal conductivity . . . . . . . . . . . . . 19
2.2.2 Radiogenic heat generation and partition model . . . . 22
2.2.3 Rheology construction . . . . . . . . . . . . . 23

2.3 Application to the Central System in Iberia . . . . . . . 25
2.3.1 Thermal results . . . . . . . . . . . . . . . 25
2.3.2 Implications on rheology . . . . . . . . . . . . 29

2.4 Conclusions . . . . . . . . . . . . . . . . . . 29

2.1 Introduction
Economics limit development of enhanced geothermal systems (EGS) to areas with
elevated geothermal gradients. Sufficient high temperatures (150 ◦C, preferably in
excess of 200◦C) are required at depths of less than 5 km, partly due to increasing
drilling costs (e.g. Limberger et al., 2014), but mainly due to decreasing chances
at large depths to induce fractures with hydraulic stimulation, allowing sufficient
and sustainable water flow rates. An example of such a favorable setting is an
area where highly radiogenic crust is insulated by overlying brittle basement and
sedimentary rocks (e.g. Cloetingh et al., 2010), well suited for geothermal doublets
after hydraulic stimulation (e.g. Wassing et al., 2014).

In basement-sedimentary environments, explored for EGS prospectivity, the target
depth is generally beyond the reach of existing oil and gas wells (e.g Bonté et al.,
2012). Thermo-mechanical characterization of such a setting typically lacks cali-
bration data at relevant depth. The characterization depends on tectonic forward
models, with boundary conditions such as surface or basement heat flow (e.g van
Wees et al., 2009; Cloetingh et al., 2010), and thermal and rheological properties
typically based on simplistic stratified models with constant properties per layer (e.g
van Wees and Beekman, 2000; Cloetingh et al., 2010). In the last years, basin mod-
elling studies have made significant advances improving parametrization of thermal
properties (e.g Hantschel and Kauerauf, 2009). For the lithosphere, recent studies
highlight the importance of variability of thermal and rheological properties as a
function of lithotype, temperature and pressure (e.g. Tesauro et al., 2009).

In order to facilitate geothermal exploration, I developed a freely available spread-
sheet tool with tectonically-constrained thermal and rheological predictions based
on up-to-date parametrization. In this chapter, I highlight its features in view of

This chapter is largely based on Limberger, J., Bonté, D., de Vicente, G., Beekman, F., Cloetingh,
S., van Wees, J.-D., 2017a. A public domain model for 1D temperature and rheology construction in
basement-sedimentary geothermal exploration: an application to the Spanish Central System and adja-
cent basins. Acta Geod Geophys 52, 269–282
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advancing and simplifying the construction of thermal and rheological strength pro-
files and to assess sensitivity of results to different interpretation scenarios. The tool
is demonstrated on a case study for the Spanish Central System and the adjacent
Tajo and Duero basins. Here, I investigate scenarios for radiogenic heat produc-
tion in basement rocks, with or without sedimentary cover, potentially suited for the
development of enhanced geothermal systems.

2.2 Method
For the construction of 1D temperature and rheology, a steady-state conductive ther-
mal model was adopted and solved for temperature boundary conditions at the sur-
face and a lithospheric thickness, denoted as Lithosphere-Asthenosphere Boundary
(LAB), at which the temperature corresponds to 1300 ◦C. For the calculation of tem-
perature, the depth range of the lithosphere was subdivided in depth intervals in
order of 100 m. The temperature in each interval is calculated by assuming a con-
stant heat flow Q at the top of the interval z = z0, with constant thermal conductivity
k and radiogenic heat production A:

T (z) = Tz0
+

Q
k
(z − z0)−

A
2k
· (z − z0)

2 (2.1)

Based on a default geotherm and hydrostatic pressure, temperature- and pressure-
dependent thermal properties were estimated for all intervals (see Table 2.1 and
sections below), and subsequently used to estimate surface heat flow to match the
LAB depth (c.f. van Wees et al., 2009). Before the temperature was computed, the
heat flow was extrapolated downwards to obtain the heat flow as a function of
depth, Q(z) [W m−2] at the top of all intervals, by subtracting the integral of the
radiogenic heat production between the surface and depth z,

∫ z

0 A(ζ)dζ [W m−2],
from the surface heat flow:

Q(z) =Q0 −
∫ z

0

A(ζ)dζ (2.2)

Since the updated properties were not entirely consistent with the default geother-
mal gradient and associated thermal properties, several iterations were required to
ensure that the surface heat flow honored the lower boundary condition and was in
agreement with the LAB temperature at a specified depth.

2.2.1 Thermal conductivity
In many cases, properties of sediments and crustal basement have not been mea-
sured, or have been measured at pressures and temperatures not representative for
the in situ conditions of the rock. In this chapter, I outline various approaches to con-
strain thermal and mechanical properties of rocks, including thermal conductivity,
radiogenic heat production, porosity and permeability, and rheological parameters.
Throughout the whole model the thermal conductivity was corrected for temper-
ature and pressure conditions (Fig. 2.1), resulting in a collection of 1D thermal
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Table 2.1: Overview of radiogenic heat production values and thermal conductivities used per
layer.

Layer Radiogenic heat production
[µW m−3]

Thermal conductivity
[W m−1 K−1]

sediments Different bulk values
depending on lithotype
(Hantschel and Kauerauf,
2009) and compaction

Bulk values per litho-
type, dependent on com-
paction, and T-dependent
(Sekiguchi, 1984)

upper crust Variable: as percentage of
the calculated surface heat
flow and equally distributed
over the entire thickness of
the upper crust (Eq. 2.9;
Pollack et al. (1977))

Pressure- and temperature-
dependent (Eq. 2.6; Chap-
man (1986))

lower crust 0.8(Tejero and Ruiz, 2002) Pressure- and temperature-
dependent (Eq. 2.7; Chap-
man (1986))

lithospheric mantle 0.02 (Hasterok and Chap-
man, 2011)

Lattice thermal conductiv-
ity (Xu et al., 2004) and ra-
diative thermal conductiv-
ity (Schatz and Simmons,
1972) (Eq. 2.8)

conductivity profiles:

k(z) =











kSED(z) : z ≥ 0 ∨ z < ztopUC
kUC(z) : z ≥ ztopUC ∨ z < ztopLC
kLC(z) : z ≥ ztopLC ∨ z < ztopLM
kLM (z) : z ≥ ztopLM ∨ z < zLAB

(2.3)

where kSED(z), kUC(z), kLC(z) and kLM (z) are thermal conductivities [W m−1 K−1] as
a function of depth z [m] for the sediments, upper crust, lower crust and lithospheric
mantle, respectively. ztopUC , ztopLC , ztopLM and zLAB are the depths [m] of the top of
the upper crust, lower crust lithospheric mantle and the lithosphere-asthenosphere
boundary, respectively. For the different lithotypes in the sedimentary layer, the
relationship defined by Sekiguchi (1984) was used for the thermal correction of the
matrix thermal conductivity km:

km(z) = 358+ (1.0227 · k20
i − 1.882) · (

1
T
− 0.00068) + 1.84 (2.4)

where k20
i is the matrix thermal conductivity [W m−1 K−1] at room temperature (20

◦C) and T is the temperature [K]. The temperature-dependent matrix thermal con-
ductivity for each lithological component and the temperature-dependent thermal
conductivity of the pore fluid were calculated separately. Matrix conductivities of
shale and carbonates were also corrected for the change in anisotropy with increas-
ing compaction (c.f. Hantschel and Kauerauf, 2009).
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Figure 2.1: Temperature and porosity dependency of bulk thermal conductivity for a typical
shale (SH red) and sandstone (SS orange) sequence of 6 kmthick, underlain by crystalline
basement. The thermal conductivity of the sediments (center) consists of a mixture between
the thermal conductivity of the pore fluid (blue) and rock matrix (striped/dotted). The ratio
between pore fluid and matrix is determined by the porosity of the rock (left) which generally
decreases with depth due to overburden compaction. Thermal conductivity of the pore fluid
(blue) and rock matrix are also dependent on the geothermal gradient (right), leading to
increasing thermal conductivities with increasing temperature (center).

Fixed densities were assumed for all layers to calculate the vertical effective stress.
Pure water and hydrostatic conditions were assumed for the pore fluid. The effective
vertical stress σ′v [MPa] was obtained by subtracting the hydrostatic pressure from
the lithostatic stress. Then the function of σ′v with depth z [m] was used for the
calculation of the compaction curves.

For each lithotype, the surface porosity defined by Hantschel and Kauerauf (2009)
was adopted as depositional porosity. These surface porosities were then combined
with the corresponding compaction coefficients to calculate the porosity at each
depth.

The harmonic mean was taken from the different matrix thermal conductivities
to obtain the bulk rock matrix conductivity kbulkmatrix [W m−1 K−1] (Eq. 2.5). The
harmonic mean was chosen over the geometric mean because it is better suited
for horizontal layered systems such as the infill of sedimentary basins, which were
encompassed in a single sedimentary layer in this study. Finally, the bulk thermal
conductivity of the sedimentary layer ksed [W m−1 K−1] was obtained by using the
geometric mean of the bulk rock matrix thermal conductivity and the pore fluid kw
[W m−1 K−1]:

kSED(z) = k1−φ
bulkmatrix · k

φ
w

=

�

n
1

km1
+ [...] + 1

kmn

�1−φ

· kφw
(2.5)

where φ is the porosity [0 - 1] and n is the number of lithological components for
the matrix thermal conductivity.



22 | Chapter 2 – Temperature and rheology in Spain

For the deeper layers, the effective vertical stress was assumed to be equal to the
lithostatic pressure, to correct for the pressure dependency of the thermal conduc-
tivity (Eqs. 2.6, 2.7 and 2.8).

For the upper and lower crust, temperature- and pressure-dependent relation from
Chapman (1986) was assumed:

kUC(z) = k0
iUC ·

�

1+ c ·σ′v
1+ b · T

�

(2.6)

kLC(z) = k0
i LC ·

�

1+ c ·σ′v
1+ b · T

�

(2.7)

where k0
i is the thermal conductivity [W m−1 K−1] at a temperature of 0 ◦C and at

atmospheric pressure, b [K−1] and c [Pa−1] are constants, σ′v is the effective vertical
stress and T is the temperature [◦C]. With increasing temperature, the contribu-
tion of the radiative component of the thermal conductivity increases compared to
the lattice component (e.g. Hofmeister, 1999). This effect is especially relevant for
the lithosphere mantle that consists mainly of olivine. The equation from Schatz
and Simmons (1972) was used for the temperature-dependent radiative contribu-
tion krad(T ) and equation from Xu et al. (2004) was used for the temperature- and
pressure-dependent lattice thermal conductivity k25

lat(T,σ′v):

kLM (z) = k25
lat(T,σ′v) + krad(T )

=

√

√ 298
T + 273

· (1+ 0.0032 ·σ′v) + 0.368 · 10−9 · (T + 273)3
(2.8)

where k25
lat is the thermal conductivity [W m−1 K−1] of olivine at a temperature of

25 ◦C and at atmospheric pressure, T is the temperature [K] and σ′v is the effective
lithostatic stress [GPa].

2.2.2 Radiogenic heat generation and partition model
Fixed values for the radiogenic heat generation A(z) [µW m3] were used throughout
the lithosphere:

A(z) =











ASED(z) = Abulk : z ≥ 0 ∨ z < ztopUC
AUC(z) = Al i thot ype : z ≥ ztopUC ∨ z < ztopLC
ALC(z) = Al i thot ype : z ≥ ztopLC ∨ z < ztopLM
ALM (z) = 0.02 : z ≥ ztopLM ∨ z < zLAB

(2.9)

where ASED, AUC , ALC and ALM are the values of radiogenic heat generation [µW m−3]
used for sediments, upper crust, lower crust and lithospheric mantle, respectively.
For the sedimentary layer, fixed values for the radiogenic heat generation Abulk were
used depending on the lithotype. For most continental lithosphere, the ratio between
the surface heat flow Q0 [W m−2] and the radiogenic heat generation in the upper
crust AUC abides the partition model of Pollack et al. (1977) (Eq. 2.9), where r is
a ratio [0 - 1] and DUC is the thickness of the upper crust [m]. The ratio r in the
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Figure 2.2: Radiogenic heat production (left) and bulk thermal conductivity (center) for a
shale- (red) and sandstone-dominated (orange) sediment infill of 6 km thickness. Correspond-
ing effect on geothermal gradients (right), for a lithosphere with a LAB at 110 km depth.

partition model usually lies between 0.26 - 0.4 (e.g. Pollack et al., 1977; Hasterok
and Chapman, 2011) for continental crust.

Figure 2.2 shows an example of a thermal model with a lithosphere thickness of
110 km, and a Moho depth at 36 km. A 6-km sequence of sediments is underlain by
a radiogenic upper crust of 15 km, marked by r = 0.4, and a lower crust of 15 km.
The model parametrization and corresponding temperatures demonstrate a strong
sensitivity to the lithological composition of sediment infill.

In summary, the thermal properties are strongly dependent on lithotype and are
marked by a significant variation as a function of porosity, pressure, and tempera-
ture.

2.2.3 Rheology construction
Deformation distribution is determined by the interplay of intraplate forces and the
rheological structure of the lithosphere (e.g. Ziegler et al., 1995, 1998). Therefore,
rheological parametrization is an important issue to be considered in models for
stress prediction in general, and in geothermal exploration contexts where reservoir
permeability is often controlled by faults and fractures (e.g. Cloetingh et al., 2010).

For rheology, it is assumed that Earth’s lithosphere can behave either brittle,
or ductile, depending on which deformation mechanism requires least differential
stress, given the tectonic setting (extension, strike-slip, or compression).

The differential stress required for ductile deformation depends on composition,
temperature, presence or absence of fluids, and sustained strain rates. These are
constrained by power-law and Dorn-law creep formula, determined from laboratory
experiments (e.g. Carter and Tsenn, 1987; Kirby and Kronenberg, 1987; Tesauro
et al., 2010). Typically, the differential stress is valid for a specific strain rate and
decreases exponentially with increasing temperature and depth.
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The differential stress required for brittle deformation is largely independent on
temperature and composition of the rock, but increases from zero linearly with depth
(Byerlee, 1978). Consequently, rocks easily break and slide at shallow depth, while
at larger depth and at increasing temperature, ductile deformation becomes the
dominant deformation mechanism.
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Figure 2.3: Geothermal gradients (left) and strength profiles (right), for the same shale- (red)
and sandstone-dominated (orange) example (Figure 2.2). A dry quartzite is adopted for the
upper crust, mafic granulite for the lower crust, and dry olivine for the mantle. Negative
values indicate a compressional stress regime, while positive values indicate extension.

Theoretical rheological models (e.g. Panza et al., 1980; Kusznir and Park, 1987;
Stephenson and Cloetingh, 1991; van Wees and Beekman, 2000; Cloetingh and van
Wees, 2005) indicate that thermally stabilized continental lithosphere consists of
mechanically strong upper crust, separated by weak lower crust from the strong
upper part of the lithospheric mantle, which in turn overlies the weak lower litho-
spheric mantle. The strength of continental crust depends largely on its composition,
thermal regime and presence of fluids, and also on the availability of pre-existing
crustal discontinuities. Rheological types in my model can be chosen from the litho-
types defined by Tesauro et al. (2009).

Figure 2.3 shows an example of rheological strength profiles for two extreme cases
(pure sandstone and pure shale) of sediment infill (c.f. Figure 2.2). It demonstrates
the strong dependency of the mechanical structure on temperature, which in turn is
controlled by thermal properties of sediments.
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2.3 Application to the Central System in Iberia
The modelling approach is demonstrated for the Central System (CS) in Iberia and
two adjacent basins: the Duero Basin (DB) to the north and the Tajo Basin (TB)
to the south. The Central System mountain range is located in the center of Spain
(Fig 2.4). The Iberian Peninsula is a tectonically active region, generally marked by
a strike-slip regime with NW-SE compression (De Vicente et al., 2011). In partic-
ular, neotectonic studies and seismicity patterns show that the WSW-ENE trending
Central System is marked by a perpendicular NNW-SSE maximum horizontal stress
(Fig. 2.4). Induced shear fractures are likely to partly follow natural weak zones,
trending in directions that can favor movements with a dominant strike-slip and/or
reverse component, depending on their orientation (De Vicente et al., 2008, 2011).
It may also be possible that portions of existing strike-slip (and to a lesser extent
thrust faults) provide natural conduits for hot water, when drilled.

Heat flow measurements in most of Iberia are scarce (Fig. 2.5). They suggest
average values in the order of 60-70 mW m−2 in Western Iberia, and higher values
to the east, including the Catalan Coastal Ranges. Despite relatively low heat flows
over most of Iberia, spatial variability related to crustal heterogeneity–i.e. granitic
heat production or natural heat convection–can be very high. Lithosphere models
calibrated by estimates on lithospheric thickness and thermal properties of the litho-
sphere layers, including crust and sediments (e.g. Tejero and Ruiz, 2002; Cloetingh
et al., 2005), allow quantitative assessments of temperature variability in relation
to variations in thermal properties, useful for exploration and development of en-
hanced geothermal systems (Cloetingh et al., 2010).

2.3.1 Thermal results
I applied a 1D thermal and rheological model on Iberia for the Central System and
the adjacent Neogene basins, the Duero Basin to the north and Tagus Basin to the
south (Fig. 2.6). The crustal geometry, lithosphere thickness and sediment infill are
based on earlier studies including Tejero and Ruiz (2002); De Vicente et al. (2007)
and Torne et al. (2015). Model parameters are listed in Table 2.1 and model sce-
narios in Table 2.2. In the default model, I assumed that the upper crust of the
Central System is marked by higher heat production than the basement underlying
the Duero and Tagus basins, due to the presence of local granitic bodies, extend-
ing over the whole crust (e.g. De Vicente et al., 2007). Consequently, the basement
temperatures in the CS are significantly elevated compared to the adjacent basins.
In addition, the model shows that thermal properties of sediments can greatly influ-
ence the regional heat flow of a basin: thermal blanketing by sediments with lower
conductivity than the underlying basement enhances geothermal gradients in the
Duero and Tagus basins.

Thermal blanketing of highly radiogenic granitic bodies by low-conductive sedi-
ments could lead to the largest enhancement of geothermal gradients, which is very
likely in the western Tagus Basin (De Vicente et al., 2007). While I assume steady-
state conditions for the models, erosion of 1-2 km in the last 5 Myr (De Vicente et al.,
2008) is likely to have induced a ca. 10% increase in rock temperatures, as a result
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CS CS

Figure 2.4: (a) Active (far-field) tectonic stresses around the Iberia Microplate from moment
tensor focal mechanisms: extension (blue), strike-slip (white), and compression (red) (after
De Vicente et al. (2008)). (b) Relationship between seismicity and main Cenozoic faults of
western Iberia. (c) Subsiding (-) and uplifting (+) zones in the Iberia foreland related to
active stresses. The Central system (CS) is related to the central WSW-ENE fault system.
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Figure 2.5: Heat flow measurements in Iberia (Fernàndez et al., 1998). Central System (CS),
Tajo Basin (TB) and Duero Basin (DB). Red line indicates the location of the cross section in
Fig. 2.6.
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Table 2.2: Thermal properties of the lithosphere thermal and rheological model.

Layer Sedimentary
lithotype

Thickness
[km]

Radiogenic
heat pro-
duction
[µW m−3]

Rheology

All
Lithosphere 110 0.02 Olivine (dry)

Central System
Sediments - 0 - -
Upper Crust 17 1.7/3.6 Quartzite

(dry)
Lower Crust 17 0.8 Mafic gran-

ulite
Duero Basin

Sediments Typical sand-
stone (SS)

1 0.7 Brittle

Upper Crust 14.5 0.9 Quartzite
(dry)

Lower Crust 14.5 0.8 Diabase (dry)
Tajus Basin

Sediments Typical
sandstone
(SS)/clay-
rich sand-
stone (SSCR)

2 0.7/1.1 Brittle

Upper Crust 15 1.1/3.6 Quartzite
(dry)

Lower Crust 15 0.8 Diabase (dry)
Properties in bold are varied for the different models
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Duero Basin 
1D model 

Central System 
1D model 

Tago Basin 
1D model 

Figure 2.6: North-South cross section of the Western Central System and adjacent Duero
and Tajo (Tagus) basins. See modelling results in Fig. 2.7 (Modified after De Vicente et al.
(2007)). For the location of the 1D profiles see Fig. 2.5.

of heat advection, relative to steady-state values (e.g. Cloetingh et al., 2010).

2.3.2 Implications on rheology
Rheological reconstructions indicate that the lithosphere is relatively weak in the
area of the Central System compared to its margins, due to elevated temperatures
and a relative thick crust (Tejero and Ruiz (2002); Fig. 2.8). Many findings are
in accordance with a weak shear resistance in the area of the Central System. The
flexural rigidity of the Central System and adjacent basins is in the order of few
kilometers, as is shown by van Wees et al. (1996). Analogue and numerical models
strongly suggest a weak zone in the area of the Central System, resulting in short
wave-length deformation super-imposed on long wave-length buckling for the west-
ern part of Iberia (Fernández-Lozano et al., 2012). The inferred concentration of
brittle deformation within upper portions of the crust in this area, appears to be
consistent with data from structural mapping, showing active thrusting and strike-
slip deformation (De Vicente et al., 2007, 2008). The active faults and fractures in
basement rocks are likely to provide natural conduits for flow and may cause ele-
vated temperatures, in excess of the steady-state geotherm due to natural convection
(e.g. Lipsey et al., 2016).

2.4 Conclusions
Thermal and rheological models, constrained by tectonic concepts and geophysi-
cal constraints help to assess the geothermal prospectivity of basement-sedimentary
areas. They enable deep thermo-mechanical characterization, as a function of un-
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Figure 2.7: Modelled geothermal gradients for the Central System (CS black), the Duero Basin
(DB yellow), and the Tajo Basin (TB red), representative for the locations in the cross section
given in Fig. 2.6. Thermal properties of sediments, upper crust, lower crust, and lithospheric
mantle are given in Table 2.2. The Central System is modelled with normal (CS black striped)
and high (CS black) values for radioactive heat production in the upper crust. For the Duero
Basin, a typical sandstone lithology (SS) was chosen (DB yellow), while the Tajo Basin is
tested for both a typical sandstone lithology (SS) with normal radiogenic heat production in
the upper crust (TB red striped) and a clay-rich sandstone (SSCR) in combination with high
radioactive heat production in the upper crust (TB red).
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Figure 2.8: Modelled rheology for the Duero Basin (left), Central System (center), and Tajo
Basin (right), following the geothermal gradients from Fig. 2.7 and the parameters given
in Table 2.2. Negative values indicate a compressional stress regime, while positive values
indicate extension.

certainties in thermal and rheological properties and tectonic constraints on the
deep lithosphere structure. To assist geothermal exploration, I developed an easy-
to-use spreadsheet allowing calculations of 1D steady-state geotherms and rheo-
logical strength profiles. The public domain tool is available from the http://www.
thermogis.nl and incorporates lithotype, pressure- and temperature-dependent ther-
mal and rheological properties. The tool has been demonstrated on the Central Sys-
tem in Spain, which is a potential target for EGS development. Results of the model
show that the thermal gradient in the top 5 km is strongly influenced by the thermal
properties of sediments, and underlying radiogenic crust, suggesting elevated ther-
mal gradients in the Central System. These results, together with detailed maps of
existing thrust/strike-slip faults and constraints on crustal stress fields, can be used
to target natural conduit zones of hot fluids. Despite relatively low heat flows over
most of Iberia, spatial variability related to crustal heterogeneity – i.e. granitic heat
production or natural heat convection – can be very high. This makes Iberia a region
of interest for EGS.

http://www.thermogis.nl
http://www.thermogis.nl
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3.1 Introduction
This chapter shows how I implemented a stochastic work flow to model tempera-
tures and associated thermal properties on a European-scale up to the depth of the
lithosphere. The work flow consists of three modules: the first module applies a
multi-1D method to populate the model with a priori thermal properties; the second
module uses these properties to calculate the a priori 3D thermal field; and the final
module consists of a sequential stochastic modelling tool that returns the a posteri-
ori thermal field and corresponding a posteriori thermal properties. The model was
calibrated using a compilation of temperature models based on temperature mea-
surements (Limberger et al., 2014). To obtain a best fit with the available data,
I used an Ensemble Smoother with Multiple Data Assimilation (ES-MDA) method
from Emerick and Reynolds (2013). For each data assimilation sequence, multiple
iterations were performed using an inflated covariance matrix of the observation er-
rors. Each iteration returned an ensemble, based on a predefined number of model
runs, where one or more variables were varied (Monte Carlo Sampling) following
the prior probability distributions and variograms of the model parameters.

This chapter is largely based on Limberger, J., van Wees, J.-D., Tesauro, M., Smit, J., Bonté, D.,
Békési, E., Pluymaekers, M., Struijk, M., Vrijlandt, M., Beekman, F., Cloetingh, S., 2017b. Refining the
thermo-mechanical structure of the European lithosphere by inversion of subsurface temperature data.
Global Planet Change, submitted
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(a)

(b)

Figure 3.1: (a) Depth to the base of the sediments after Tesauro et al. (2008). (b) Sediment
lithotypes after Hartmann and Moosdorf (2012) (see Table 3.2).
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For the European model, ES-MDA was used to sequentially vary the lower thermal
boundary condition, radiogenic heat production in the upper crust, and (bulk) ther-
mal conductivity within the upper 15 km of the model. Temperature observations
used for this calibration do not solely reflect steady-state conductive heat transfer.
In many regions within Europe, transient effects and non-conductive heat flow af-
fect these observations. I discuss observed temperature variations within the upper
crust (including sedimentary basins) and give an overview on the effect of differ-
ences in lithosphere structure, thermal properties, convective fluid flow and tectonic
processes. Lastly, I present an updated strength model for Europe based on this new
thermal model.

3.2 Model geometry and a priori properties

3.2.1 Deep crustal structure and composition
For Europe, there are various data sources for the deep crustal structure and com-
position. The EuCrust-07 model from Tesauro et al. (2008, 2009) was adopted as a
layered structure of the lithosphere (Figs. 3.1a, 3.2a, 3.3a, and 3.4a), with different
domains within the upper an lower crust (Figs. 3.2b, 3.3b). The model volume
extends over mainland Europe and ranges up to 100 km depth. The model volume
was discretized in horizontal direction at a 20 km resolution. To reduce the number
of cells enabling data assimilation for such a large model and a large set of obser-
vations (Section 3.3.4), two vertical resolutions were used: 0.25 km was adopted
for the top 5 km of the model and 0.5 km for the deeper parts. A lithological-
interpretation-approach was used to assign properties to the layers (Table 3.1).

Based on these layers and domains, a lithological composition or lithofacies was
defined (Tables 3.2-3.4), from which the relevant properties were derived for that
particular lithology, based on databases and catalogs (Hantschel and Kauerauf, 2009;
Bär et al., 2016). The topography from the ETOPO1 1 Arc-Minute Global Relief
Model of Amante and Eakins (2009) was used to define the top of the model.

3.2.2 Lithological variability in sediments
For the sediments, the variability in lithology and effect of burial anomalies is signif-
icant. A detailed structure and compositional input for sedimentary basins is of key
importance for thermo-mechanical models of deep portions of basins and crust (e.g.
Ziegler et al., 1995, 1998; van Wees and Beekman, 2000).

There exists no unifying dataset in Europe of the deeper structure of basins, while
at regional scale such models are generally available. A single layer was used for
the sediments based on the sediment thickness from Tesauro et al. (2008). On the
other hand, surface geology is mapped in detail and globally available (e.g. por-
tal.onegeology.org). The Global Lithology Map (GLiM) from Hartmann and Moos-
dorf (2012) was therefore used to spatially differentiate sedimentary lithotypes (Fig.
3.1b), from which specific lithology mixtures were assumed for each lithotype, de-
scribed in Table 3.2.

http://portal.onegeology.org/OnegeologyGlobal/
http://portal.onegeology.org/OnegeologyGlobal/
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(a)

(b)

Figure 3.2: (a) Depth to the base of the upper crust after Tesauro et al. (2008). (b) Upper
crust lithotypes after Tesauro et al. (2009) (see Table 3.4).
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(a)

(b)

Figure 3.3: (a) Depth to the base of the lower crust after Tesauro et al. (2008). (b) Lower
crust lithotypes after Tesauro et al. (2009) (see Table 3.4).
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(a)

(b)

Figure 3.4: (a) Thermal lithosphere thickness (LAB) after Tesauro et al. (2009). (b) Thermal
lithosphere thickness adjusted for the Pannonian Basin and western Anatolia (see text).
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Table 3.1: A priori (bulk) thermal conductivity and radiogenic heat generation per layer.
Ranges of k and A indicate the range of the uncorrected base value.

layer k [W m−1 K−1] range A [µW m−3] range
sediments Variable:

matrix values
per litho-
type (mixed
lithologies
from Table
3.2) de-
pendent on
compaction
and temper-
ature (Eq.
3.2)

1.2-2.2 Variable:
matrix values
per litho-
type (mixed
lithologies
from Table
3.2) and
bulk values
dependent on
compaction

0.4-2.7

upper crust Variable:
pressure- and
temperature-
dependent
(Eq. 3.4)

1.7-2.9 Constant:
depending
on lithotype
(Table 3.4)

0-3.33

lower crust Variable:
Pressure- and
temperature-
dependent
(Eq. 3.5)

∼2.6 Constant:
depending
on lithotype
(Table 3.4)

0-0.85

lithospheric
mantle

Variable:
Pressure- and
temperature-
dependent
(Eq. 3.6)

2.7-3.5 Constant:
depending
on lithotype
(Table 3.4)

0.02
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3.2.3 Thermal properties
For the a priori thermal properties, a similar approach was followed as described in
Limberger et al. (2017a), but the 1D method was only used to populate each grid
cell of the model before calculating the 3D thermal field.

Thermal conductivity
Throughout the whole model, thermal conductivity was corrected for temperature
and pressure conditions, resulting in a collection of 1D thermal conductivity profiles:

k(z) =











kSED(z) : z ≥ 0 ∨ z < ztopUC
kUC(z) : z ≥ ztopUC ∨ z < ztopLC
kLC(z) : z ≥ ztopLC ∨ z < ztopLM
kLM (z) : z ≥ ztopLM ∨ z < zLAB

(3.1)

where kSED(z), kUC(z), kLC(z) and kLM (z) are thermal conductivities [W m−1 K−1] as
a function of depth z [m] for the sediments, upper crust, lower crust and lithospheric
mantle, respectively. ztopUC , ztopLC , ztopLM and zLAB are the depths [m] of the top of
the upper crust, lower crust, lithospheric mantle and the lithosphere-asthenosphere
boundary, respectively. For the different lithotypes in the sedimentary layer, a matrix
thermal conductivity km was used, corrected for the in situ temperature following
Sekiguchi (1984):

km(z) = 358+ (1.0227 · k20
i − 1.882) · (

1
T
− 0.00068) + 1.84 (3.2)

where k20
i is the matrix thermal conductivity [W m−1 K−1] at room temperature (20

◦C) and T is the temperature [K]. The temperature-dependent matrix thermal con-
ductivity for each lithological component and the temperature-dependent thermal
conductivity of the pore fluid were calculated separately. Matrix conductivities of
shale and carbonates were also corrected for the change in anisotropy with increas-
ing compaction (Hantschel and Kauerauf, 2009). Fixed densities were assumed for
all layers except the sediment layer. For the sediment layer, the bulk density depends
on the amount of mechanical compaction and was based on the weighted average
of the matrix density for mixed lithologies (Table 3.3).

For the pore fluid, pure water was assumed and hydrostatic conditions were
adopted. The effective vertical stress σ′v [MPa] was obtained by subtracting the
hydrostatic pressure from the lithostatic stress. For the lithostatic stress σl i tho, the
vertical stress was chosen as the maximum principle stress. σl i tho was calculated by
multiplying the gravitational acceleration g with the integral of the density ρ over a
given depth interval z: σl i tho = σo + g

∫ z

0 ρ(z)dz.
Then the function of σ′v with depth z [m] was used to calculate compaction curves

using Schneiders relationship, which is an extended version of Athy’s Effective Stress
law for compaction (Athy, 1930; Schneider et al., 1996). For each lithotype, the de-
positional porosity defined by Hantschel and Kauerauf (2009), was adopted as sur-
face porosity. These surface porosities were then combined with the corresponding
compaction coefficients to calculate the porosity at each depth level.

The harmonic mean was taken from the different matrix thermal conductivities
to obtain the bulk rock matrix conductivity kbulkmatrix [W m−1 K−1] (Eq. 3.3). The
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harmonic mean was chosen over the geometric mean because it is better suited
for horizontal layered systems such as the infill of sedimentary basins, which were
encompassed in a single sedimentary layer in this study. Finally, sediment bulk
thermal conductivities ksed [W m−1 K−1] were obtained using the geometric mean of
the bulk rock matrix thermal conductivity and the pore fluid kw [W m−1 K−1]:

kSED(z) = k1−φ
bulkm · k

φ
w

=

�

n
1

km1
+ [...] + 1

kmn

�1−φ

· kφw
(3.3)

where φ is the porosity [0 - 1] and n is the number of lithological components for
the matrix thermal conductivity. To correct for the pressure dependency of ther-
mal conductivity (Eqs. 3.4-3.6) in the deeper layers, the effective vertical stress
and lithostatic pressure were assumed to be equal. For the upper and lower crust,
temperature and pressure corrections from Chapman (1986) were used:

kUC(z) = k0
iUC ·

�

1+ c ·σ′v
1+ b · T

�

(3.4)

kLC(z) = k0
i LC ·

�

1+ c ·σ′v
1+ b · T

�

(3.5)

where k0
i is the thermal conductivity [W m−1 K−1] at a temperature of 0 ◦C and at

atmospheric pressure, b [K−1] and c [Pa−1] are constants, σ′v is the effective vertical
stress and T is the temperature [◦C]. With increasing temperature, the contribution
of the radiative component of the thermal conductivity increases compared to the
lattice component (e.g. Hofmeister, 1999). This effect is especially relevant for the
lithosphere mantle that consists mainly of olivine. For the temperature-dependent
radiative contribution krad(T ) and the temperature- and pressure-dependent lattice
thermal conductivity k25

lat(T,σ′v), the equations from Schatz and Simmons (1972)
and Xu et al. (2004) were used:

kLM (z) = k25
lat(T,σ′v) + krad(T )

=

√

√ 298
T + 273

· (1+ 0.0032 ·σ′v) + 0.368 · 10−9 · (T + 273)3
(3.6)

where k25
lat is the thermal conductivity [W m−1 K−1] of olivine at a temperature of

25 ◦C and at atmospheric pressure, T is the temperature [K] and σ′v is the effective
lithostatic stress [GPa].

Radiogenic heat generation

Fixed values for the radiogenic heat generation A(z) [µW m−3] were used throughout
the lithosphere:

A(z) =











ASED(z) = Abulk : z ≥ 0 ∨ z < ztopUC
AUC(z) = Al i thot ype : z ≥ ztopUC ∨ z < ztopLC
ALC(z) = Al i thot ype : z ≥ ztopLC ∨ z < ztopLM
ALM (z) = 0.02 : z ≥ ztopLM ∨ z < zLAB

(3.7)
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Table 3.2: Sedimentary lithotypes based on Fig. 3.1b with assumptions on lithology mixtures.

# lithotype1 lithology mixtures2

1 unconsolidated 25% conglomerate typical; 25% sandstone
typical; 25% siltstone organic rich typical; 25%
shale typical

2 unconsolidated (coarse) 34% sandstone typical; 33% conglomerate
typical; 33% shale typical

3 unconsolidated (fine) 34% sandstone typical; 33% siltstone organic
rich typical; 33% shale typical

4 siliciclastic 50% siltstone organic rich typical; 30% sand-
stone typical; 20% shale typical

5 siliciclastic (coarse) 50% sandstone typical; 30% siltstone organic
rich typical; 20% shale typical

6 siliciclastic (fine) 75% shale typical; 25% siltstone organic rich
typical

7 pyroclastics 75% felsic tuff; 25% basaltic tuff
8 mixed sediments 50% (4) siliciclastic; 50% (11) carbonates
9 mixed sediments (coarse) 50% (5) siliciclastic (coarse); 50% (11) car-

bonates
10 mixed sediments (fine) 50% (6) siliciclastic (fine); 50% (11) carbon-

ates
11 carbonates 25% ooid limestone; 25% dolomite typical;

25% chalk typical; 25% marl
12 evaporites 25% anhydrite; 25% chert; 25% gypsum; 25%

halite
13 other (e.g. offshore) constant

1 (c.f. Hartmann and Moosdorf, 2012)
2 (c.f. Hantschel and Kauerauf, 2009)
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Table 3.3: Thermal conductivity and radiogenic heat production base values and densities for
the mixtures presented in Table 3.2 based on lithologies from Hantschel and Kauerauf (2009).

# k (W m−1 K−1) A (µW m−3) ρ (kgm−3)
1 2.3 & 3.95 & 2.01 & 1.25 0.85 & 0.7 & 0.96 & 2.03 2700 & 2720 &

2710 & 2700
2 3.95 & 2.3 & 1.25 0.7 & 0.85 & 2.03 2720 & 2700 &

2700
3 3.95 & 2.01 & 1.25 0.7 & 0.96 & 2.03 2720 & 2710 &

2700
4 2.01 & 3.95 & 1.25 0.96 & 0.7 & 2.03 2710 & 2720 &

2700
5 3.95 & 2.01 & 1.25 0.7 & 0.96 & 2.03 2720 & 2710 &

2700
6 1.25 & 2.01 2.03 & 0.96 2700 & 2710
7 2.6 & 1.9 1.56 & 0.43 2650 & 2900
8 mixed: # 4 & # 11
9 mixed: # 5 & # 11

10 mixed: # 6 & # 11
11 3 & 4.2 & 2.9 & 2 0.35 & 0.29 & 0.6 & 1.11 2740 & 2790 &

2680 & 2700
12 6.3 & 4.8 & 1.5 & 6.5 0.09 & 0.38 & 0.05 & 0.01 2970 & 2650 &

2320 & 2200
13 constant: 2 constant: 1.1 constant: 2700
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Table 3.4: Crustal lithotypes with corresponding values used for density and a priori radio-
genic heat generation.

# lithotype (rheology)1 lithology2 A (µW m−3) ρ (kgm−3)
sediments

1-13 Table 3.2 (wet quartzite) Table 3.2 Table 3.2 Table 3.3
upper crust

1 felsic granulite (dry
granite)

granite 1 Ga 1 2650

2 granite-granulite (dry
granite)

granodiorite 1.2 2720

3 granite-gneiss (dry
quartzite)

granite 500 Ma 1.5 2650

4 molten granite (dry
quartzite)

granite 150 Ma 3.32 2650

5 oceanic crust (dry dia-
base)

basalt 0 2870

6 anomalous high veloc-
ity upper crust (dry
quartzite)

granite 1 Ga 1 2650

7 transition to oceanic
crust (dry diabase)

basalt 0 2870

8 basalts (dry diabase) basalt 0 2870
lower crust

1 mafic garnet granulite
(mafic granulite)

amphibolite 0.36 2960

2 mafic granulite (mafic
granulite)

amphibolite 0.36 2960

3 oceanic crust (dry dia-
base)

basalt 0 2870

4 diorite (wet diorite) diorite 0.36 2900
5 amphibolites (dry dia-

base)
amphibolite 0.36 2960

6 transition to oceanic
crust (dry diabase)

basalt 0 2870

7 molten granite (wet dior-
ite)

granite 150 Ma 0.85 2650

8 basalts (dry diabase) basalt 0 2870
9 ultramafic crust (mafic

granulite)
ultramafics 0 3310

lithospheric mantle
1 peridotite (dry olivine) peridotite 0.02 3200

1 (c.f. Tesauro et al., 2009)
2 (c.f. Hantschel and Kauerauf, 2009)
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where ASED, AUC , ALC and ALM are the values of radiogenic heat generation [µW m−3]
for the sediments, upper crust, lower crust and lithospheric mantle, respectively. For
the sedimentary layer, fixed values for the radiogenic heat generation Abulk were
used depending on the lithotype (Table 3.3). Bulk values of the radiogenic heat
generation increase with depth for siliciclastic lithotypes, as porosity decreases ex-
ponentially with depth due to mechanical compaction leading to a larger amount
of rock matrix relative to the pore volume. For most continental lithosphere, the
relationship between the surface heat flow Q0 [W m−2] and the radiogenic heat gen-
eration in the upper crust AUC follows the partition model of Pollack et al. (1977),
where r is a ratio [0 - 1] and DUC is the thickness of the upper crust [m]. The ratio
r in the partition model usually lies between 0.26 - 0.4 (e.g. Pollack et al., 1977;
Hasterok and Chapman, 2011) for continental crust (see Eq. 4.1 in Section 4.2).

Surface heat flow measurements are often conducted at depths <1 km inside
wells, where paleoclimatic perturbations or groundwater flow can have a strong
effect on the heat flow measurement (Beardsmore and Cull, 2001). Recent erosion
can lead to overestimation, while sedimentation can lead to underestimation (e.g.
van Wees et al., 2009). Values for the radiogenic heat generation were therefore as-
sumed to be fixed, based on the crustal lithotype (see Figs. 3.2b, 3.3b and Table 3.4).
Radiogenic elements are more abundant in felsic rocks due to the lithophile behavior
of radiogenic elements with (partial) melting of the mantle and crust (Lachenbruch,
1970). For the upper and lower crust, higher heat production values were therefore
assumed for continental lithotypes, in contrast with the low values for the tran-
sitional (continental-to-oceanic crust) and oceanic crust lithotypes (c.f. Vilà et al.,
2010; Jaupart et al., 2016; Hasterok and Webb, 2017). The heat production within
lithospheric mantle was assumed to be homogenous (Table 3.4).

Thermal properties as a function of temperature and pressure, and associated
surface heat flow
Thermal conductivity is temperature dependent and requires correction. To this
end, the temperature was initially estimated using a multi-1D steady-state approach
to solve the heat equation (van Wees et al., 2009). A simple surface heat flow
estimation is used for each 1D column based on layer thicknesses, base values of the
thermal properties for all layers, and upper and lower thermal boundary conditions:

Q0 ≈
�

TLAB − T0 +

1
2
·
�

ĀSED ·
∆z2

SED

k̄SED

+ ĀUC ·
∆z2

LC

k̄UC

+ ĀLC ·
∆z2

LC

k̄LC

+ ĀLM ·
∆z2

LM

k̄LM

�

+

ĀSED ·∆zSED ·
∆zUC

k̄UC

+
�

ĀSED ·∆zSED + ĀUC ·∆zUC

�

·
∆zLC

k̄LC

+

�

ĀSED ·∆zSED + ĀUC ·∆zUC + ĀLC ·∆zLC

�

·
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k̄LM

� �

�

∆zSED

k̄SED

+
∆zUC

k̄UC

+
∆zLC

k̄LC

+
∆zLM

k̄LM

�

(3.8)
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where Q0 [W m−2] is the surface heat flow, TLAB the temperature [◦C] at the litho-
sphere-asthenosphere boundary (LAB), and T0 the temperature [◦C] at the surface.
∆z is the thickness [m] of each layer and k̄ and Ā are the averaged thermal conduc-
tivity [W m−1 K−1] and radiogenic heat production [µW m−3] values for each layer.

Each vertical column was divided in thinner layers which were 250 m thick up to
5 km depth and 500 m for the rest of the column. The initial temperature was used
to correct the thermal conductivity and together with the calculated surface heat
flow Q(0) and radiogenic heat production A(z), the temperature at each thin layer
was calculated:

T (z) = T0 +

∫ z

0

Q(ζ)
k(ζ)

dζ (3.9)

where the heat flow was extrapolated downwards to obtain the heat flow as a func-
tion of depth, Q(z) [W m−2], by subtracting the integral of the radiogenic heat pro-
duction from the surface heat flow between the surface and depth z:

Q(z) =Q0 −
∫ z

0

A(ζ)dζ (3.10)

Since the calculated thermal conductivity was not entirely consistent with the initial
surface heat flow and the lower boundary condition, a Newton-Raphson algorithm
was used to ensure that after each iteration step, the surface heat flow was updated
to honor the lower boundary condition. The geotherms were then recalculated using
the updated heat flow, followed by the correction of the thermal conductivity. This
process was repeated for each 1D column until convergence (temperature at the LAB
= 1200 ◦C ± 0.1 ◦C) was reached. On my workstation, the entire procedure took
less than 5 minutes in total for the ∼7 million cells of the model.

3.2.4 Boundary conditions and reference temperature data
Upper boundary condition: surface temperature
For the upper boundary condition, fixed temperatures were assumed at the surface
from the WorldClim-Global Climate Database (Hijmans et al., 2005). This data set
contains mean temperatures from 24542 locations that represent the 1950 - 2000
time period.

Lower boundary condition: Lithosphere-asthenosphere boundary
The lithosphere-asthenosphere boundary (LAB) is the transition between the litho-
sphere and asthenosphere. There are multiple definitions of the LAB that do not
necessarily coincide (Artemieva, 2013), but the thermal LAB can be used in thermal
models as a lower boundary condition (Dirichlet). The thermal LAB is defined as
the transition between a predominantly conductive lithosphere and a predominantly
convective asthenosphere. Because it is a transition rather than a sharp boundary,
there is significant uncertainty in the temperature (1200 - 1330 ◦C) or in the depth
of the LAB (Jaupart et al., 2007). For the depth of the LAB in this study, the model
from Tesauro et al. (2009) was used, where the LAB is defined as the depth of the
1200 ◦C isotherm (Fig. 3.4a). Tesauro et al. (2009) obtained the LAB by inversion
of the tomography model of Europe from Koulakov et al. (2009). The filter used
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to smooth the velocity fields in Tesauro et al. (2009) is not able to preserve small-
scale LAB variations for narrow tectonic structures such as the Pannonian Basin and
western Anatolia. In this study, the thermal lithosphere thickness from Tesauro et al.
(2009) (Fig. 3.4b) was therefore manually adjusted for the Pannonian Basin (c.f.
Tari et al., 1999; Tašárová et al., 2009; Horváth et al., 2015; Lenkey et al., 2014)
and western Anatolia (c.f. Angus et al., 2006; Kind et al., 2015).

Subsurface temperature data

Since 1970, several geothermal (resource) assessments of Europe have been con-
ducted and their results have been published in a number of atlases commissioned
by the European Union. These atlases include heat flow maps, locations of temper-
ature measurements, and interpolated subsurface temperature maps of (parts of)
Europe (Haenel, 1979; Haenel and Staroste, 1988). The most recent atlas commis-
sioned by the EU was published in 2002 by Hurter and Haenel (2002) and is based
on temperature data from Hurtig et al. (1992) but also includes new temperature
data. The temperature maps are based on Bottom Hole Temperature (BHT) and
Drill Stem Test (DST) measurements. Although all the geographical coordinates of
the wells are included and in some cases a measured heat flow is given, important
information such as measurement depth, thermal conductivity or actual measured
temperatures are lacking. All the geothermal atlases use ground level (GL) as datum
for the depths. The depth notation used in this chapter is also relative to GL unless
specified differently.

Lacking the original temperature grids from these European geothermal atlases,
several temperature maps have been digitized, in close cooperation with the EU
funded project GEOELEC (Dumas et al., 2013). From several geological surveys or-
ganizations, temperature models were received including France, Germany, Ireland,
the United Kingdom and the Netherlands. Apart from the UK, which only provided
a map of the temperature at 1 km depth, these temperature models are relatively
well constrained up to a depth of 2 km (Limberger et al., 2014). All of these models
are in essence based on BHT data, but model approaches differ (Limberger et al.,
2014). The digitized maps from the geothermal atlases and temperature maps from
geological surveys have been compiled into a temperature dataset Fig. 3.5, of which
large parts are used for the data assimilation routine, described in Section 3.3.

3.3 Forward model and data assimilation

3.3.1 Data assimilation procedure
Both the lower temperature boundary condition (LAB: Section 3.2.4.2 and Fig. 3.4b)
and thermal properties of the layered structure (Tables 3.1-3.4) can be updated
within reasonable bounds in a data-assimilation procedure, adopting measured tem-
peratures as target observations. Outliers in the data allow highlighting of non-
conductive thermal effects which may be related to heat advection, fluid flow and/or
tectonic deformation. In a way, thermal conductivity and radiogenic heat genera-
tion can be used to approximate both conductive and non-conductive heat transfer.
In deterministic forward models of the cooling plate model for oceanic crust, an
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equivalent thermal conductivity has been used earlier to approximate the combined
thermal effect conduction and convection (e.g. Morgan et al., 1987; Morgan and
Chen, 1993; Schmelling and Marquart, 2014). For stochastic thermal models, espe-
cially for sedimentary basins and crystalline basement this is relatively new (Békési
et al., 2017). Although Jokinen (2000) briefly mentions that his inversion method
could - with caution - be used for Phanerozoic stabilized continental crust, he does
not mention the potential use of an equivalent thermal conductivity for dynamic
non-steady state regions. Nonetheless, measured temperatures should be critically
evaluated and a weighting can be included reflecting the accuracy of the type of
measurement (c.f. Rühaak et al., 2017).

prior
T bottom

prior
A UC

prior
TC 0-15km

obs Tprior T obs
posterior

T

misfit

updated
T bottom

updated
A UC

updated
TC 0-15km

ES
-M
DA

1

2 4

3

Figure 3.6: Work flow of the data assimilation approach method used to update the temper-
ature model and thermal properties. Uncertainties were assigned to main input parameters
(1) including the temperature at the lower boundary condition, radiogenic heat production
(A), and thermal conductivity (k). In order to minimize the misfit between modelled and
observed temperatures (2), the main parameters were varied using the Ensemble Smoother
with Data Assimilation technique (3), resulting in an improved fit with temperature observa-
tions available (4). The model can be improved by varying all parameters all at once, but in
this case the parameters were varied sequentially (see Table 3.5).

The data assimilation procedure is schematically outlined in Fig. 3.6, and will be fur-
ther explained in the following sections. The procedure starts with a prior physics-
based forward model of predicted temperatures based on assumptions on boundary
conditions, thermal properties, parametrized by distributions, marked by underly-
ing uncertainties. The predicted temperatures show a misfit with the observations,
which in turn are also marked by uncertainty. Through a Ensemble Smoother Mul-
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tiple Data Assimilation (ES-MDA) method (Emerick and Reynolds, 2013), the prior
parameters of my model were updated to better fit with the data. In my work
flow, the data assimilation approach method was used to update the temperature
model and thermal properties. Uncertainties were assigned to the observations and
to the main parameters: the temperature of the lower boundary condition, radio-
genic heat production, and thermal conductivity. In order to minimize the misfit be-
tween modelled and observed temperatures, the main parameters were varied using
the ES-MDA technique, resulting in an improved fit with temperature observations
available.

Table 3.5: Description of the three sequences used for the ES-MDA: for the first sequence
the lower boundary condition was varied; in the the second sequence the upper crustal (UC)
radiogenic heat production; in the third sequence the (bulk) thermal conductivity of the top
15 km. For each data assimilation sequence, the number of data assimilation iterations Na

and the number ensemble members Ne (model runs for each iteration) are specified.

parameter variation
(shift/scale)

range/
scale factor

distribution variogram
range

depth/
layer/
depth
range

1: lower boundary condition: Na = 5 and Ne = 1000
T shift 400 ◦C Triangular constant 100 km

2: radiogenic heat production: Na = 5 and Ne = 300
A scale 0.1–3.0 Triangular 15 cells UC

3: (bulk) thermal conductivity: Na = 5 and Ne = 300
k scale 0.50–1.50 Uniform 5 cells 0–1 km
k scale 0.55–1.45 Uniform 5 cells 1–2 km
k scale 0.60–1.40 Uniform 5 cells 2–3 km
k scale 0.65–1.35 Uniform 5 cells 3–4 km
k scale 0.70–1.30 Uniform 5 cells 4–5 km
k scale 0.75–1.25 Uniform 5 cells 5–15 km

ES-MDA is an extension for non-linear problems of the Ensemble Kalman filter
(EnKF) developed by Evensen (1994). For each data assimilation sequence, mul-
tiple iterations are performed using an inflated covariance matrix of the observation
errors. Each iteration returns an ensemble that is based on a predefined number
of model runs where one or more variables are varied (Monte Carlo Sampling) fol-
lowing the prior probability distributions and variograms of the model parameters.
The updated model parametrization and associated temperature model is called the
posterior model.

3.3.2 Forward model
The forward thermal model solves the heat equation for steady state conditions
(left-hand side is zero) in an Eulerian model representation, where the model dis-
cretization is fixed:

ρct ·
∂ T
∂ t
=∇ · (kt∇T ) + A (3.11)
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where T is temperature [K or ◦C], t is time [s], ρ is density [kgm−3], ct is specific
heat capacity [J kg−1 K−1], kt is thermal conductivity [W m−1 K−1], A is radiogenic

heat production [W m−3], ∇ is the nabla operator: (
∂

∂ x
,
∂

∂ y
,
∂

∂ z
) and · is the dot

product (e.g. van Wees et al., 2009). Eq. 3.11 was solved in 3D by a finite-difference
approximation. The model volume extends over mainland Europe and ranges up to
100 km depth. The volume was discretized in horizontal direction at a 20 km reso-
lution. To keep the number of cells at a manageable number for data assimilation,
considering the model extent and the number of observations (Section 3.3.4), two
vertical resolutions were used: 0.25 km was adopted for the top 5 km of the model
and 0.5 km for the deeper parts. The discretization of the problem results in a large
set of linear equations. These were solved by the Preconditioned Conjugate Gradient
method (PCG), often used to solve the pressure equation for groundwater related
problems (Guo and Langevin, 2002). The PCG-method is an indirect method to
solve linear equations iteratively and is efficient for large problems.

In my model, the surface temperature and the temperature at the LAB (1200
◦C) were imposed as a Dirichlet boundary conditions for the top and bottom of the
model, whereas the sides of the model were marked by a zero heat flux (Neumann)
boundary condition. The finite-volume cells were marked by spatially variable ther-
mal conductivity and radiogenic heat production as outlined in Section 3.2.

3.3.3 Model uncertainty
To describe prior uncertainty in the model parametrization, thermal properties and
prior boundary conditions were scaled to different distributions or shifted according
to specified values (Table 3.5). Scaling distributions were applied to specific layers
in the models including sediments, upper and lower crust, and lithospheric man-
tle. These distributions were marked by a spatial correlation, determined through
a variogram. For each data assimilation sequence, different variogram ranges were
chosen based on their expected variability. These variogram ranges determined the
area of influence of each perturbation. The temperature variation at the bottom of
the model was assumed to be relatively smooth compared to the expected variation
of thermal conductivity in the top 5 km.

For the first data assimilation sequence, the temperature of the lower boundary
condition of the model was varied. Temperature uncertainty was represented by a
triangular distribution and standard deviation (and truncation) of 400 ◦C. To allow
for a smooth result the variogram range was set to constant.

The second data assimilation sequence varied the radiogenic heat production in
the upper crust. The uncertainty of radiogenic heat production was represented by
a triangular distribution with a scaling factor from 0.1 to 3 times the original prior
value. The variogram range was set to 15 cells (300 km radius).

For the final data assimilation sequence, the bulk thermal conductivity was varied
in the top 15 km of the model (Table 3.5). The uncertainty was represented by
a uniform distribution with a depth-dependent scaling factor ranging from 0.5 to
1.5 times the prior value at the surface, to 0.75 to 1.25 times the prior value at
15 km depth. Bulk thermal conductivities at the surface were assumed to have the
largest variation, as uncertainties of the original depositional porosity determine the
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mixing ratio between conductive rock matrix and poorly conductive pore fluids (Eq.
3.3). At larger depth, the porosity is more or less constant and differences between
bulk thermal conductivities become less pronounced. To allow smaller-scale spatial
variation, the variogram range was set to 5 cells (100 km).

3.3.4 Data uncertainty
To obtain observations for the calibration, temperature maps compiled by Limberger
et al. (2014) (Fig. 3.5) were sampled at regular distances for depth intervals of 1
km up to a depth of 6 km. The sampling resulted in 35533 data points in total for
all depth levels, each point representing a 20 by 20 km grid cell. Data uncertainty
was represented by a Gaussian distribution, with a depth-dependent standard devi-
ation that corresponds to the amount of boreholes inside each grid cell of the tem-
perature maps (Table 3.6). Borehole locations were obtained from the geothermal
atlas (Hurter and Haenel, 2002) and from the international heat flow commission
database (Pollack et al., 1993; Hasterok, in prep.).

Table 3.6: Overview of the number of sampled 20 by 20 km grid cells from the temperature
data compilation from Limberger et al. (2014) (Fig. 3.5) and corresponding errors per depth
level.

depth (km) number of cells
error [± ◦C]

0 wells 1–5 wells per cell > 5 wells per cell
1 17035 7 5 3
2 24970 9 7 5
3 2301 11 9 7
4 2023 13 11 9
5 1581 15 13 11
6 108 17 15 13

3.3.5 Ensemble smoother with multiple data assimilation
The goal of this inversion was to obtain information about the thermal state of
the my model from the set of observations. For each data assimilation sequence,
multiple iterations Na were performed using an inflated covariance matrix Cd of
the observation errors. Each iteration returned an ensemble that was based on a
predefined number of ensemble members runs Ne where one or more variables were
varied with Monte Carlo Sampling, following the prior probability distributions and
variograms of the model parameters (Table 3.5).

Definition and dimensions
m n× 1 model vector

dobs m× 1 data vector
ε m×m data error vector

Cm m×m model covariance
Cd n× n data covariance
G m× n linearized measurement operator matrix



54 | Chapter 3 – Thermo-mechanical model of Europe

G(m) m× 1 non-linear measurement operator (predicted value)

where n is the number of degrees of freedom in the model parameters, and m the
number of observations. For most geophysical problems, n is much larger than m.
With only 35533 data points available and a total number of ∼7 million cells in this
model, the inverse problem is ill-posed (underdetermined) and model solutions are
non-unique. An optimization routine was used for this model to minimize the cost
function of the form:

J(ma) = (G(ma)− dobs )
T C−1

d (G(m
a)− dobs ) + (m

a −m)T C−1
m (m

a −m) (3.12)

where ma denotes the posterior (assimilated) model vector, based on prior model
vector m. Each model perturbation leads to variation away from the initial state of
the model in order to fit the observations. The costs of each variation away from the
initial state is dependent on the prior distribution of the parameters, and is balanced
against the model misfits.

Ensemble smoother
In the ensemble smoother, the equation for the multiple data assimilation to mini-
mize Eq. 3.12 can be written as (e.g. Emerick and Reynolds, 2013):

ma
j =m j + bCmd(bCdd +Cd)

−1(d j − bd j) (3.13)

For j = 1,2, [...], Ne with Ne denoting the number of ensemble member. Each ensem-
ble member consists of a stochastically sampled model parameter realization, and
associated model forecast. So Ne model runs are required for the number of ensem-
ble members Na. bd j = G(m j) denotes forecasted values by the thermal model at the
observation points. d j = dobs +ε j , where ε j =

p

Cd z j , and z j ≈ N(0, INd). So z j are n
uncorrelated samples of the normal distribution. The

p

Cd can be found from eigen-
values and eigenvalue analysis. Alternatively, ε j can be determined from adopting
standard sequential Gaussian simulation methodologies adopting covariance matrix
Cd . The model parameter perturbations in the ensemble are determined in a similar
way. So m j = m + ε j , where ε j =

p

Cmz j . bCmd and bCdd are determined from the
ensemble runs:

bCmd =
1

Ne − 1
M ′D′T (3.14)

bCdd =
1

Ne − 1
D′D′T (3.15)

which are covariance matrix estimates, with M = {m0, m1, [...], mNe
}, D = {G(m0),

G(m1), [...], G(mNe
)}, and primes denote column vectors consisting of anomalies

with respect to the mean value of that particular column.
The ensemble smoother of Eq. 3.13 provides a direct solution if a linear rela-

tionship exists between model parameters and forecast. If that is not the case, such
as for radiogenic heat production and thermal conductivity, the ensemble smoother
requires multiple iterations.



Section 3.4 – Prior and posterior model | 55

Emerick and Reynolds (2013) introduce a procedure to improve data matches ob-
tained with an Ensemble Smoother (ES) for non-linear problems based on assimi-
lating the same data multiple times with an inflated covariance matrix of the mea-
surement errors (Cd). This procedure – denoted as ES-MDA – can be interpreted as
an iterative ES, where the number of iterations Na has to be chosen a priori. The
ES-MDA method can be summarized as follows:

1. Define the number of iterations of the data assimilation Na and the multiplica-
tion coefficients of the data covariance matrix αi for i = 1,2, [...], Na;

2. Initialize the ensemble model parameters m j , using sequential Gaussian sim-
ulation based on model prior estimate m and parameter covariance matrix
Cm;

3. For i = 1 to Na:
(a) Perturb the ensemble of observations, replacing Cd with αiCd → ε j =p

αi
p

Cd z j
(b) Update the ensemble m j using Eq. 13 with the scaled αiCd .

For my model, a sequential data assimilation approach was used where the mean
results of the final ensemble of the first data assimilation sequence was used as
input for the following sequence. Compared to a data assimilation approach where
all model parameters are varied simultaneously, the sequential approach has more
degrees of freedom for the parameter variation which results in a better fit with the
observations.

3.4 Prior and posterior model
The results of the forward thermal model and subsequent data assimilation yielded
two new thermal models of Europe, but only the posterior model incorporated tem-
perature data derived from wells. In the following sections I discuss the prior and
posterior model results including: temperature, temperature misfits, thermal prop-
erties, and (integrated) lithosphere strength. For the posterior model, mean results
are used of the final ensemble of the data assimilation sequence where the thermal
conductivity was varied. The main results of the thermal modeling are presented in
the form of modelled temperature and misfit maps (Figs. 3.7-3.13), misfit graphs
Fig. 3.14, and 1D vertical profiles and cross sections (Figs. 3.15-3.20). Additional
maps of the prior and posterior thermal properties can be found in the appendix in
Section 3.8. For selected locations, the main results of the model are visualized in
vertical 1D profiles, where prior and posterior temperatures and thermal properties
are plotted (Fig. 3.15 and Fig. 3.20) as well as the misfit evolution throughout the
data assimilation sequences (Fig. 3.16).

To gain insight on the cause of temperature misfits, I present misfit maps from 1
to 5 km depth (Figs. 3.7-3.11) and misfit profiles for selected locations (Fig. 3.16).
Negative misfits were assigned if the model underestimated the temperature com-
pared to the observations, and positive misfits if the model overestimated the tem-
perature. Areas that are expected to be significantly affected by non-conductive heat
transfer (such as regions with active tectonics or volcanism) show large temperature
misfits. It is important to note that the data assimilation routine incorporates part or
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all of these non-conductive heat transfer effects by changing the model parameters
within the predefined distribution range (Table 3.5). Inevitably, assumptions on a
priori thermal properties are partly causing these misfits, as well as the simplification
and generalization of the model into a four-layered system. The compiled tempera-
ture data set (Section 3.2.4.3 and Fig. 3.5) that was inverted, includes interpolation
of well data to cover regions with few or no wells available (Limberger et al., 2014).
I take this into account by assigning errors based on the depth and the number of
wells present in each grid cell (Section 3.3.4 and Table 3.6).

To analyze the fit of the prior model and the effectiveness of the data assimilation,
I show the distributions of temperature ranked by the modeled temperatures at each
observation point for the prior model (Fig. 3.14a), and the final data assimilation
sequence where the thermal conductivity was varied (Fig. 3.14b). Comparing the
prior and posterior model shows an improved fit after applying my sequential ES-
MDA work flow: most observation points plot much closer to the P50 results of
the posterior model. However, the variation within the data points remains larger
than the bandwidth of the variation of the computed ensembles, indicating that my
ES-MDA approach was not entirely capable of producing the required variation that
would lead to a further reduction of the misfits. An in increase in the bandwidth of
the ensembles could be achieved by allowing even more variation within the model
parameters or by imposing a very shallow heat flow boundary condition.

3.4.1 Thermal structure
A comparison between modelled prior and posterior temperatures at 2 km depth
(Figs. 3.8a and 3.8b), where most observations are available, shows a significant
different distribution. Both models share the same large-scale thermal features, such
as the clear NW-SE striking Trans-European Suture Zone that separates the young
and dynamic Phanerozoic Europe in the SW from the old and cratonic Precambrian
Europe in the NE (e.g. Balling, 1995; Pharaoh, 1999; Smit et al., 2016). Inside
the Phanerozoic domain, the posterior model is characterized by higher tempera-
tures, apart for the Eastern Alps and Dinarides. At 2-5 km depth (Figs. 3.8-3.11),
important geothermal regions such as the European Cenozoic Rift System (ECRIS)
(FR/DE), Pannonian Basin (HU), Tuscany (Lardarello) (IT), Paris Basin (FR) and
western Anatolia (TR) show as clear thermal anomalies in the posterior model.

As expected, the strongest negative misfits at 1 km and 2 km of the prior model
are found in these geothermal regions and can be attributed to extensional tectonics
for the ECRIS (Dèzes et al., 2004) and Pannonian Basin (Horváth et al., 2015) and a
combination with volcanic activity in Tuscany (Bellani et al., 2004). High radiogenic
heat production in rocks from crystalline basement and thermal blanketing of low
conductive shale-rich sediments is thought to be the cause of the Paris basin thermal
anomaly (Bonté et al., 2010). The Central European Basin System is also marked
by elevated temperatures, mainly caused by the thick layer of siliciclastic sediments
with a low thermal conductivity (e.g. van Wees et al., 2000; Bonté et al., 2012;
Scheck-Wenderoth et al., 2014).

The largest positive misfits of the prior model are located around the Adriatic
Sea, in the northern part of Sicily, in southern Ireland, and in parts of the East-
ern European Craton (EEC). The Dinarides and large parts of Italy care covered by
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thick carbonate sediments where large-scale fluid flow in these rocks, associated
with karstification, could be the cause of these relatively low observed temperatures
(Fernàndez et al., 1990; Ravnik et al., 1995; Kooi, 2016).

In the German part of the Molasse basin east of Munich, a negative thermal
anomaly can be observed in both the prior and posterior (Fig. 3.8b). The prior
model shows a strong positive misfit. This can partially be explained by the deep-
ening of the LAB towards the Alps and the presence of the granitic Tauern Window
Body, imposing a strong thermal conductivity contrast with the juxtaposed sedi-
ments (Przybycin et al., 2015). However, as shown by Przybycin et al. (2017), the
observed negative thermal anomaly can only fully be reproduced by taking into ac-
count effects of basin-wide groundwater flow. In the posterior model the misfit was
largely reduced.

The strong positive misfit in the prior model in the southern part of Ireland could
be caused by an underestimation of the initial radiogenic heat production (Noller
et al., 2015). The low prior thermal conductivity values assigned to the East Euro-
pean Platform sediments within the EEC cause an overestimation of temperatures.
These meta-sediments are up to 650 Myr old and have experienced several phases of
deformation including extension, inversion and compression (Nikishin et al., 1996),
leading to metamorphism and an associated increase of bulk thermal conductivity.

While posterior misfits at 1 to 5 km depth are much smaller and are within range
of the errors for the observations (RMS < 1), the lack of temperature data at larger
depths makes it difficult to asses the accuracy in the deeper parts of my model.

The deep thermal structure (Figs. 3.12, 3.13, 3.17-3.19) shows a more erratic
pattern for 10 and 25 km depth slices extracted from the posterior model. At these
depths, changes in temperature of the posterior model are mostly constrained to tec-
tonically and/or volcanically active zones such as Upper Rhine Graben, Pannonian
Basin, Tuscany and western Anatolia. By contrast, temperatures in the EEC are lower
in the posterior model. At larger depths (50 and 100 km) the wavelength of the vari-
ability increases, partly due to more homogenous thermal conductivities and heat
generation values chosen for the model. At 50 km depth, temperatures associated
with the thermal LAB (1200 - 1300 ◦C) are already showing below western Anato-
lia, the Pannonian Basin and northwest of the United Kingdom. The shallow LAB
northwest of the United Kingdom marks the onset of the Atlantic ridge (Artemieva
and Thybo, 2008).

3.4.2 Prior and posterior thermal properties
The prior total radiogenic heat generation in the upper crust (Fig. A.1a) is mostly
controlled by the thickness of the upper crust while the volumetric heating rate is
controlled by lithology. For most onshore regions, the prior values vary between 1
and 2 µW m−3. For oceanic crust or basaltic lithotypes (Figs. 3.2b and 3.3b) values
are lower, as listed in Table 3.4.

The results of the ES-MDA do not change the large scale pattern of the upper
crustal radiogenic heat generation distribution of the posterior model (Fig. A.1b),
but an increase can be observed in areas with a strong prior misfit. Lithosphere thin-
ning in the European Cenozoic Rift System (Dèzes et al., 2004) and in the Pannonian
Basin (Horváth et al., 2015) results in a shallower LAB, also reflected in the obser-
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(a)

(b)

Figure 3.14: Distributions of temperature ranked by the modeled temperatures at each ob-
servation point for the prior model (a) and the final data assimilation sequence where the
thermal conductivity is varied. In both graphs, black dots are the observations points. In (a),
the thick red curve is a line through the modeled values. In (b), the thick red curve is a line
through the P50 values of the modeled temperatures, the gray lines are the P10 and P90 val-
ues of the modeled temperatures, and the thick blue lines are the modeled temperatures for
all the 300 ensemble members of the final ensemble. If the observations are near the model
line there is a good fit. Comparing (a) and (b), clearly shows how the model fit improves
after applying my sequential ES-MDA work flow.
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vations as high temperatures. Within the constraints of the model parametrization,
my method minimized misfits with these high observed temperatures by increasing
the posterior radiogenic heat generation to 3 - 5 µW m−3 in the upper crust (HU in
Figs. 3.15 and Figs. 3.20), whereas these high observed temperatures are more
likely caused by transient effects of lithosphere thinning in the Pannonian basin.

Back-arc extension and subsequent crustal thinning by delamination (Bartol and
Govers, 2014), Eocene to Miocene magmatic intrusions (Altunkaynak et al., 2012),
and transport of hot fluids through fault zones (Bilim et al., 2016) could explain the
high inferred posterior radiogenic heat generation in the upper crust of Turkey (TR
in Figs. 3.15 and Figs. 3.20). Below the Massif Central, crustal thinning caused by
a possible mantle plume (e.g. Sobolev et al., 1997) could explain the high inferred
posterior heat generation which simulates the shallow transient effect of increased
heat flow. Even tough Tuscany (IT in Figs. 3.15 and Figs. 3.20) already had a prede-
fined heat generation of more than 3 µW m−3 (Table 3.4), it still required values up to
9 µW m−3 to simulate transient effects of heat flow related to lithosphere extension,
mantle up-doming, and magma intrusions, as well as fault-controlled convection
in sedimentary layers and crystalline basement (Cameli et al., 1993; Bellani et al.,
2004; Della Vedova et al., 2008).

Prior in situ thermal conductivity at 2 km depth (Fig. A.3 in the Appendix) follows
the lithotypes inferred from the surface geology (Fig. 3.1b). It is characterized by
high values > 2.75 W m−1 K−1 where the crystalline basement is outcropping at/or
close to the surface (Armorican shield, Anatolia, Baltic Shield, East European Plat-
form). Values<2 W m−1 K−1 were assigned to deep basins containing unconsolidated
sediments, such as the Southern Permian basin or Central European Basin System,
Pannonian Basin, Po Basin and Transylvanian Basin (Fig. 3.1b). Apart from showing
a more noisy pattern, the regional trends of the prior thermal conductivity distri-
bution are still visible in the posterior model. Significant increases of the thermal
conductivity in the posterior model were inferred in regions within cratonic areas
such as EEC and Fennoscandia, but also in parts of the United Kingdom (most no-
tably in Scotland), Greece, Bulgaria, Turkey, France (most notably the Massif Central
area), and in the Alps (Tauern Window). Sediment age and effects of uplift and ero-
sion of deeply buried sediments were not incorporated in the prior model, likely
causing the required increase in posterior thermal conductivity to minimize misfits
with observed low temperatures.

Lower values of posterior thermal conductivity are found in the Norwegian-Danish
basins, the Pannonian Basin, along the coast of western Anatolia, and in large part
of the Balkans. In the Norwegian-Danish basins, in particular the Glükstadt Graben,
lower posterior thermal conductivity values were required to fit higher observed
temperatures associated with heat chimney effects of deeper lying highly conductive
salt structures (Balling et al., 2013; Fuchs and Balling, 2016). The Pannonian Basin
and the coast of western Anatolia required a combination of a stronger thermal blan-
keting effect with an already strongly increased upper crustal heat production, to
fully compensate for the underestimated prior temperatures due to non-conductive
and transient effects (HU and TR in Figs. 3.15 and Figs. 3.20).
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3.5 Rheology and integrated strength
The rheological structure of the lithosphere and stress regime together determine
the distribution of deformation (e.g. Ziegler et al., 1995, 1998). For geothermal
exploration, assessments of reservoir and seal integrity, fault permeability, and in-
duced seismicity risks are very important and stress model predictions used for these
assessments require rheological parametrization (e.g Cloetingh et al., 2010).

My modelled posterior temperatures were used to construct yield strength en-
velopes (YSE) to predict the variation of maximal rock strength with depth (Goetze
and Evans, 1979). It was assumed that the Earth’s lithosphere can deform either
brittle, or ductile, depending on which deformation mechanism requires least dif-
ferential stress, given the tectonic setting (extension, strike-slip, or compression).
To construct strength profiles (Fig. 3.21), brittle and ductile strengths were calcu-
lated at each depth of the total rock column of the model. The final strength was
determined by choosing the minimum of these two values. For the YSE, this results
in straight lines for brittle zones and curved lines for ductile zones. Brittle-ductile
transitions are zones that occur at depths where brittle and ductile strengths are in
equilibrium.

Brittle deformation is largely independent of rock temperature and composition.
The required differential stress for rock failure, increases linearly with depth (Byer-
lee, 1978). At shallow depths and low temperatures, rocks deform brittle by faulting
and fracturing and follow Byerlee’s law:

σ1 −σ3 = f ρgz(1−λ) (3.16)

where σ1−σ3 is the differential stress, f the friction coefficient, ρ the density, g the
gravitational acceleration, λ the pore fluid factor, and z the depth (see Table 3.7).
At larger depths and increasing temperatures, rocks deform dominantly ductile.

For ductile deformation, the required differential stress depends on composition,
temperature, presence or absence of fluids, and sustained strain rates (Brace and
Kohlstedt, 1980). Ductile deformation is described by power-law and Dorn creep
equations determined from laboratory experiments (e.g. Carter and Tsenn (1987);
Kirby and Kronenberg (1987); Demouchy et al. (2013)). The differential stress is
typically valid for specific strain rates and decreases exponentially with increasing
temperature and depth.

Thermally stabilized continental lithosphere consists of a mechanically strong up-
per crust, separated by a weak lower crust from the strong upper part of the litho-
spheric mantle, which in turn overlies the weak lower lithospheric mantle (e.g.
Kusznir and Park, 1987; Stephenson and Cloetingh, 1991; van Wees and Beekman,
2000; Cloetingh and van Wees, 2005). By contrast, oceanic lithosphere has a more
homogeneous composition and is characterized by a much simpler rheological struc-
ture (Watts et al., 1980), where thermally stabilized oceanic lithosphere is consider-
ably stronger than all types of continental lithosphere (e.g. Burov, 2011). Atlantic-
type continental margins are representative of marking the transition from oceanic
to continental lithosphere, and are sites of thinned continental lithosphere, extended
and heated during continental breakup (Ruppel, 1995). This leads to substantial lat-
eral variations in mechanical strength of the lithosphere, controlled by complex vari-
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ations in crustal thickness, composition of lithospheric layers, and thermal regime
(Burov and Diament, 1995). The bulk strength of continental lithosphere depends
largely on its composition, thermal regime, presence of fluids, and also on availabil-
ity of pre-existing crustal discontinuities (Cloetingh and Burov, 1995).

For all layers in my European model, the following power law rheology was used
to describe ductile strength:

σ1 −σ3 =

�

ε

AP

�

1
n
· ex p

�

EP

nR(T + 273)

�

(3.17)

where σ1 −σ3 is the differential stress and T is in ◦C. See Table 3.7 for the explana-
tion of symbols and values that are used. For all the layers in the model, lithotypes
with associated rheological parameters were defined. Rocks in most sedimentary
basins deform brittle, but in deep and hot basins (e.g. the Pannonian basin) tem-
peratures and pressures can be sufficiently high to allow for ductile deformation.
For those special cases, rheological properties from a wet quartzite were assumed
(Carter and Tsenn, 1987). For the mantle, rheological properties from a dry olivine
rheology were chosen, following the power law rheology from equation 3.17 for
temperatures below 846.3 ◦C. For temperatures above 846.3 ◦C, the exponential
flow law from Demouchy et al. (2013) was used:

σ1 −σ3 = σD
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(3.18)

Both the modeled prior and posterior temperatures were used as base for construc-
tion of yield strength envelopes (Fig. 3.21) that give an indication of the variation
of maximal rock strength with depth. A uniform strain rate of 10−15 s−1 (c.f. Carter
and Tsenn, 1987) was assumed for all stress regimes. A friction coefficient of 3
was used for compressional settings, while a friction coefficient of 0.75 was used for
extensional conditions (Fernàndez and Ranalli, 1997).

The integrated strength (σL) was obtained by vertical integration of the strength
profile:

σL =

∫ z

0

(σ1 −σ3) dz (3.19)

By applying the previously described method on the posterior thermal model (with
corresponding rheological properties in Table 3.7, it was possible to calculate the
strength (or yield stress) throughout the lithosphere. Strength integration over the
entire model thickness resulted in the integrated strength (Eq. 3.19).

Since ductile strength is strongly temperature dependent (Eqs. 3.17 and 3.18),
integrated strengths (Fig. 3.22) are characterized by similar patterns as the thermal
models (Figs. 3.7-3.13). Values vary between 0.04 - 4 · 1013 Pa m and 0.02 - 2 · 1013

Pa m for compressional and extensional regimes, respectively.
Because the crustal model and lithotypes from Tesauro et al. (2009) were used,

large scale patterns of integrated strength remain unchanged. The same dichotomy
between the Precambrian EEC northeast of the TESZ and the Phanerozoic part of
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(a)

(b)

Figure 3.22: (a) Map of the integrated strength under compression calculated with the poste-
rior temperature model using Eq. 3.19. (b) Map of the integrated strength under extension.
Country code locations correspond to the strength profiles in Fig. 3.21.
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(a)

(b)

Figure 3.23: (a) Map of significant earthquakes (MW>3) (Giardini et al., 2013; Grünthal
et al., 2013; Grünthal and Wahlström, 2012; Stucchi et al., 2013). (b) Map of seismogenic
faults (blue lines) (Basili et al., 2013; Giardini et al., 2013), plate boundaries (red lines), and
active (red triangle) and inactive (orange triangle) Holocene volcanoes (Global Volcanism
Program, 2013).
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Europe is clearly visible (Fig. 3.22). Southwest of the TESZ, integrated strengths
range from 0.04 - 1.5 · 1013 Pam for compression, while northwest of the TESZ
compressional strengths can reach up to 4 · 1013 Pam.

For both compression and extension, higher posterior temperatures resulted in
a weaker crust, especially in areas that are tectonically and/or volcanically active,
such as the ECRIS (FR/DE Fig. 3.21), Tuscany (IT Fig. 3.21), the Pannonian basin
(HU Fig. 3.21) and western Anatolia (TR Fig. 3.21). The Pannonian basin is a
hot extensional basin (Horváth et al., 2015; Békési et al., 2017), resulting in low
integrated strengths of less than 0.5 · 1013 Pa m. Low strengths were also inferred
for the eastern part of the Aegean and western Anatolia that are experiencing mainly
extension (McClusky et al., 2000).

Compared to the prior model, larger parts of Europe have a low strength in the
posterior model, which has implications for predicting the distribution of deforma-
tion and earthquake hypocenter depth (Fig. 23a). Most of the earthquake hypocen-
ters are present in the shallow brittle domain of the upper crust. Near the Aegean
and Tyrrhenian subduction zone arcs and in other parts of the western Mediter-
ranean, a bimodal depth distribution is observed. Convergent plate boundaries
induce many earthquakes at shallow depths which are driven by plate motion in-
duced stick-slip. Deep earthquakes (> 100 km) are associated with cold subducting
slabs that can retain brittle behavior at larger depths due to delayed heating (up
to 70 km), dehydration reactions (up to 300 km), and decomposition of olivine to
spinel (up to 700 km) (Green, 1994). Fig. 3.23b shows a strong overlap between
plate boundaries and seismogenic faults with earthquake distribution, fault location,
and regions showing strong contrasts in integrated strength. Most seismicity occurs
southwest of the TESZ because it is geologically much younger than the cratons
northeast of the TESZ and hence more tectonically active (e.g. subduction-collision,
extensional collapse). The resulting variation in thermal and stress regime together
with active tectonics is likely to lead to more earthquakes.

3.6 Implications for geothermal resources
At depths <5 km relevant for geothermal systems, large parts of Europe form a
significant resource base for electricity generation and direct heating. Temperatures
required for direct heating are 40-150 ◦C (Lund, 2010) and can already be found
at 1 km depth (Fig. 7) in the Upper Rhine Graben (FR/DE Fig. 3.15), Tuscany (IT
Fig. 3.15), the Pannonian Basin (HU Fig. 3.15), and western Anatolia (TR Fig.
3.15). At 5 km, temperatures in almost all of Europe are predicted to be at suitable
values, apart from large regions within the EEP. In practice, economical electricity
production requires temperatures of at least 100 ◦C (Breede et al., 2013), depending
on technology used and on ambient temperatures (Limberger et al., 2014), and is
therefore restricted to regions with high geothermal gradients (>30 ◦C km−1). Apart
from geothermal regions with strongly elevated gradients due to recent extension
and/or volcanic activity (Fig. 3.23b: TR, HU, IT, and FR/DE), only regions with a
highly radiogenic upper crust covered by thick and low conductive sediments yield
gradients sufficient for electricity production at moderate depths (<5 km). These
regions are: the Central European Basin System including the West-Netherlands
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basin (NL Fig. 3.15), the Molasse Basin in Germany (DE Fig. 3.15), and French
basins including Paris Basin (FR Fig. 3.15).

In layers with sufficient primary permeability or secondary fault- and fracture-
induced permeability, density-driven convection cells can cause elevated geothermal
gradients in the overlying rocks. Examples of such systems can be found in carbonate
platforms in the Netherlands (van Oversteeg et al., 2014; Lipsey et al., 2016), and in
the sediments and basement of the Roer Valley Graben (Luijendijk et al., 2011) and
Upper Rhine Graben (Guillou-Frottier et al., 2013; Freymark et al., 2017). Large
thermal anomalies that cannot be explained by conduction alone, could – with cau-
tion – be used in first order assessments of reservoir and fault permeability.

3.7 Conclusion
This study provides an outline of physics-based reference models and underlying
properties, compositional reference models, boundary conditions and observational
data constraints at EU scale for thermal and mechanical characterization. Evidently,
this approach at EU scale, is – in principle – not different from simulating active
processes at regional scale to site scale. Local model refinement is generally targeted
at improving robustness by including more detail in modelled heat transfer processes
as well as better constraints in model properties and boundary conditions.

To bridge the gap between large-scale geophysical models and more detailed
basin-scale models, I constructed a 3D thermal model of the European lithosphere
with differentiated thermal properties for the specific domains within each crustal
layer. To improve model robustness, the lower boundary condition, radiogenic heat
production, and thermal conductivity were stochastically varied using an ES-MDA
technique to obtain a good fit with available temperature data. Lacking a European
centralized and public database of temperature measurements, my model was cali-
brated with 35533 temperature points extracted from regional temperature models.
The calibrated model predicts that northeast of the TESZ geothermal gradients up
to 10 km depth are mainly below 20 ◦C km−1, while southwest of the TESZ gradients
range from 20 ◦C km−1 near the Adriatic coast to more than 50 ◦Ckm−1 in volcani-
cally active regions.

A large number of misfits of the prior thermal model with the temperature obser-
vations can be attributed to transient thermal effect or to areas where a significant
amounts of non-conductive heat transfer is occurring such as regions with active
tectonics or magmatism. Other misfits are likely related to both the generalization
required for building a European-scale model and to a priori assumptions on ther-
mal properties and model boundary conditions. The former can be used to study
the contribution of non-conductive heat transfer to surface heat flow, while the lat-
ter can be used to study lithosphere thermal properties. Both misfits were minimized
by applying the ES-MDA technique. However, a posteriori values of thermal prop-
erties cannot simply be used as input for other models. Especially in large parts
of the European continent affected by transient thermal effects or large-scale non-
conductive heat transfer, a posteriori thermal properties were significantly changed
to fit the modelled temperatures to the observations within a steady-state heat trans-
fer approach. Therefore, a posteriori values of thermal properties need to be treated
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with care as they may mimic transient or non-conductive effects not included in the
model, rather than true property values. On the other hand, extreme corrections in
the posterior properties clearly signal the existence of non-conductive and transient
processes in the Earth’s crust. The identification of non-conductive effects could
considerably assist in assessment of the robustness of the model for extrapolation of
observed shallow thermal gradients to deeper depth levels. The latter is subject to
large uncertainty in case of non-conductive effects.

As I impose conduction as the only way to transfer heat through the model, it is
difficult to make precise claims on the contribution of other heat transfer mecha-
nism to the surface heat flow. I show that with this method it is possible to obtain a
good overall fit with the data points. However, the variation within the data points
remains larger than the bandwidth of the variation of the computed ensembles, in-
dicating that the ES-MDA approach is not entirely capable of producing the required
variation.

At regional scale, conduction controls the thermal field of large parts in Europe. In
particular in regions such as Fennoscandia and the Eastern European Craton where
the lithosphere is old and stable and in thermal steady-state. In many regions south-
west of the Trans-European Suture Zone, conduction alone is not sufficient to ex-
plain the observed temperatures because the conductive thermal field is disturbed
by active tectonic processes and volcanism. Buoyancy-driven thermal convection
and advective groundwater flow can also significantly affect geothermal gradients
when sufficient permeability is present.

The thermal state of the lithosphere, rheology, and stress regime control the in-
tegrated strength of the lithosphere and determine the style of deformation. Based
on this refined high resolution 3D thermal model, I have updated strength estimates
for Europe, in particular affecting the shallow part of the lithosphere.
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3.8 Appendix

(a)

(b)

Figure A.1: (a) Map of the radiogenic heat generation in the upper crust of the prior model
conform Table 3.4. (b) Map of the radiogenic heat generation in the upper crust of the
posterior model. Country code locations correspond to profiles in Figs. 3.15 and 3.20.
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(a)

(b)

Figure A.2: (a) Map of the (bulk) thermal conductivity at the surface of the prior model
conform the surface lithology in Fig. 3.1a and Tables 3.1-3.4. (b) Map of the surface (bulk)
thermal conductivity of the posterior model.



84 | Chapter 3 – Thermo-mechanical model of Europe

(a)

(b)

Figure A.3: (a) Map of the (bulk) thermal conductivity at 1 km depth of the prior model
conform the surface lithology in Fig. 3.1a and Tables 3.1-3.4. (b) Map of the (bulk) thermal
conductivity at 1 km depth of the posterior model.
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(a)

(b)

Figure A.4: (a) Map of the (bulk) thermal conductivity at 2 km depth of the prior model
conform the surface lithology in Fig. 3.1a and Tables 3.1-3.4. (b) Map of the (bulk) thermal
conductivity at 2 km depth of the posterior model.
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(a)

(b)

Figure A.5: (a) Map of the (bulk) thermal conductivity at 3 km depth of the prior model
conform the surface lithology in Fig. 3.1a and Tables 3.1-3.4. (b) Map of the (bulk) thermal
conductivity at 3 km depth of the posterior model.
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(a)

(b)

Figure A.6: (a) Map of the (bulk) thermal conductivity at 4 km depth of the prior model
conform the surface lithology in Fig. 3.1a and Tables 3.1-3.4. (b) Map of the (bulk) thermal
conductivity at 4 km depth of the posterior model.
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(a)

(b)

Figure A.7: (a) Map of the (bulk) thermal conductivity at 5 km depth of the prior model
conform the surface lithology in Fig. 3.1a and Tables 3.1-3.4. (b) Map of the (bulk) thermal
conductivity at 5 km depth of the posterior model.
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4.1 Introduction
Enhanced or engineered geothermal systems (EGS) have increased the number of lo-
cations that could be suitable for geothermal power production. In the past, geother-
mal power production was limited to shallow high-enthalpy reservoirs (>180◦C) in
volcanic areas, whereas current EGS technologies facilitate exploitation of medium-
enthalpy reservoirs (80◦C to 180◦C) situated at greater depth in sedimentary basins
or in the crystalline basement.

Breakthroughs in binary power plant technology (e.g. organic Rankine cycle and
Kalina plants) have enabled the use of medium enthalpy heat sources by using a
binary working fluid to power the turbines (Astolfi et al., 2014a,b; Coskun et al.,
2014). Innovations from the oil and gas industry such as directional drilling and
techniques to enhance the reservoir properties, including hydraulic stimulation, pro-
vide a way to exploit these deeper reservoirs and, in theory, decrease the dependency
on their natural permeability (Huenges, 2010).

Consequently, these developments should allow for more flexibility and a signifi-
cant increase in the number of suitable locations for geothermal power production.
In practice, development of EGS is not straightforward and so far in Europe, most of
the EGS power plants currently operational are limited to areas around the failed rift
system of the Rhine Graben and the Molasse Basin of the northern Alpine foreland
(e.g., Gérard et al., 2006; Baumgärtner, 2012; Breede et al., 2013).

For EGS and other geothermal systems, flow rate Q and the temperature of the
reservoir fluid T are the key parameters that control the power output P of a geother-
mal power plant. For large-scale resource assessments, the temperature in the sub-
surface is a relatively convenient parameter to work with. In most non-volcanic

This chapter is largely based on Limberger, J., Calcagno, P., Manzella, A., Trumpy, E., Boxem, T.,
Pluymaekers, M., van Wees, J.-D., 2014. Assessing the prospective resource base for enhanced geothermal
systems in Europe. Geothermal Energy Science 2, 55–71
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areas in Europe, conduction is the dominant heat transfer mechanism in the litho-
sphere. Temperatures can therefore be estimated with a steady-state conductive
model based on assumptions and inferences on the thermal conductivity structure
of the lithosphere, the heat flow at the base of the lithosphere, and on the content
of heat-producing elements in the lithosphere (Cloetingh et al., 2010).

The flow rate depends strongly on the (enhanced) reservoir permeability, con-
trolled by lithological properties such as porosity, and the presence, distribution and
permeability of natural fractures. These properties are dynamic and will change
when the area of the reservoir is subjected to changes in temperature, pressure and
the state of stress. Therefore, the reservoir permeability can easily vary by several
orders of magnitude. Without knowledge of the geological history and thorough
reservoir characterization, caution should be taken when predicting Q for a prospect.

This European resource assessment for EGS was conducted as part of the Geo-
Elec project to stimulate development of geothermal electricity production in Europe
(Dumas et al., 2013). The study covers continental Europe and the UK, Ireland, and
Iceland, but without European overseas territories.

The first large-scale resource assessment for EGS was conducted for the United
States (Tester, 2006; Blackwell et al., 2007). More recently, an updated resource
assessment for the United States from Williams et al. (2008) was combined with a
development cost model to create resource supply curves (Augustine et al., 2010;
Augustine, 2011)

The most important input for the resource assessment in this study is a 3-D sub-
surface temperature model of Europe. The basic methodology of this temperature
model is given in Section 4.2. The most recent and comprehensive regional tem-
perature models available were incorporated, and combined with lithosphere-scale
models to construct the model geometry and distribute thermal properties.

For the resource assessment of Europe, I propose an approach similar to Augus-
tine et al. (2010) that extends the protocol from Beardsmore et al. (2010). It uses
a subsurface temperature model as a starting point to estimate the electrical power
that could be technically produced from the theoretical capacity of thermal energy
stored in the subsurface. It includes a set of assumptions on flow rate, plant lifetime,
conversion efficiency, and a recovery factor. This approach is extended by evaluating
the levelized cost of energy (LCOE) with a discounted cash-flow model. The LCOE
are subsequently used to assess the effect on the economic potential by restrict-
ing the technical potential to an economically recoverable subvolume. Technical
scenarios for 2020, 2030, and 2050 time lines were used to estimate the different
techno-economic scenarios for future EGS in 2020, 2030, and 2050. The resource
assessment approach, the cash-flow model with the underlying assumptions for the
different future scenarios, and the results for the economic potential are presented
in Section 4.3.

The results of this approach do not only delineate prospective areas for future
EGS in Europe, but also show an economically constrained depth-dependent distri-
bution of the technical potential. Finally, implications of the results and potential
improvements are discussed.
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4.2 Temperature model

4.2.1 Methodology, model geometry and property distribution
This model mainly relies on temperature and heat flow values measured at Earth’s
surface and on a simple distribution of thermal properties in the upper crust. The
modeling routine was designed in a way that it could easily be extended with addi-
tional information such as local temperature models.

The model assumptions of the temperature model in this study are similar to the
protocol proposed by Beardsmore et al. (2010), but a 3-D finite difference method
was used to solve the boundary value problem and to generate a steady-state solu-
tion for the temperature. The methodology of the protocol is based on earlier work
of Tester (2006) that was also used to assess the geothermal potential of the USA
(Blackwell et al., 2007). When data are scarcely available it is a fast way to gen-
erate an adequate temperature model for a large area such as Europe or the USA.
It makes optimal use of data that are relatively easy to acquire and the variability
of the model parameters can be easily adjusted whenever more data have become
available. For this method, considering the European scale of this study, local con-
vection was neglected and it was assumed that heat is only transported via thermal
conduction.

Table 4.1: Model geometry and boundary conditions.

Model
Topography ETOPO1 Amante and Eakins (2009)
Basement depth and EuCRUST-07;

CRUST2.0
Tesauro et al. (2008);
Bassin et al. (2000)crustal thickness

Surface temperature WorldClim Hijmans et al. (2005)
Surface heat flow – Cloetingh et al. (2010)

The method uses a voxet (a regular 3-D grid representation), which for the European
assessment was chosen at a resolution of 10 by 10 km in northing and easting and by
0.25 km in depth. Depending on the location, each vertical column of stacked grid
cells represents two layers: a sedimentary layer and a layer of crustal basement (Fig.
4.1 and Table 4.1). Both layers have two thermal properties, thermal conductivity
(k) and radiogenic heat production (A).

Values for k were assigned according to the vertical position relative to the bound-
ary between the sedimentary cover and the crustal basement. This boundary repre-
sents the depth of the sediment–basement interface (S) that divides the two layers.

The sediment thickness or the depth of S was created by using the sediment thick-
ness map from the high-resolution (0.25◦ by 0.25◦) EuCRUST-07 model from Tesauro
et al. (2008). This model is a compilation of existing sediment thickness maps that,
where possible, were improved with data from seismic profiles. For parts of the
model, the CRUST 2.0 model from Bassin et al. (2000) (with the sediment maps
from Laske and Masters (1997)) was used because the EuCRUST-07 model did not
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Figure 4.1: In this model a two-layer setup was used to assign values for k. For each x y
column, values of radiogenic heat production A were calculated and assigned assuming that
40% of the surface heat flow Q0 has been generated by radiogenic heat production in the crust
(Eq. 4.1). Following the same assumption, the heat flow at the base of the model at 10 km
depth was calculated (Eq. 4.2). As boundary conditions for the top and bottom of the model,
annual surface temperatures and heat flow at 10 km depth were used, respectively. Zero
heat flow was assumed along the vertical edges of the model. Temperatures from regional
temperature models were set as fixed values in the corresponding grid cells (Table 4.2).
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fully cover the area of interest (eastern Turkey and eastern Ukraine are missing).
This model is largely based on the sediment thickness from the Tectonic Map of the
World, created by Exxon Production Research Company (1985).

For the sediments, an average value for k of 2.0 W m−1 K−1 was used, based on
basin modeling predictions for lithologies which have not been subject to metamor-
phism (e.g., Hantschel and Kauerauf, 2009; van Wees et al., 2009). For the European
crystalline basement, dominated by plutonic and metamorphic rocks, a value of 2.6
W m−1 K−1 was adopted (e.g., Hantschel and Kauerauf, 2009; van Wees et al., 2009).

To obtain values for A in each grid cell, the partition model of Pollack et al. (1977)
was applied. Using the surface heat flow Q0 and depth ZM of the Moho, A was
calculated for every grid cell by:

Az =
0.4Q0

0.5zM
(4.1)

which forces Az [µW m3] to be constant with depth, but to vary laterally according
to Q0 [W m−2] and zM [m]. It was assumed that the upper crust forms half of the
thickness of the total crust, which is approximately half of the depth of the Moho.
The Moho depth in Europe varies from 15 to 63 km and was also derived from
the EuCRUST-07 model from Tesauro et al. (2008) and was complemented by the
CRUST 2.0 model from Bassin et al. (2000) to cover eastern Turkey and parts of
Ukraine.

In nature, radiogenic heat production can show a variation of up to several orders
of magnitude, even in samples that have been taken within 1 km distance from each
other (Vilà et al., 2010). A constant heat production with depth may not be realistic,
but the advantage of the adopted model is that it reduces A to a simple function of
Q0. This function is capable of capturing the most important cause for regional heat
flow variations, reflected by correlation of regional variations of the surface heat
flow Q0 and the average radiogenic heat production observed in upper parts of the
crust (Hasterok and Chapman, 2011).

The model works generally well in stable cratonic areas but in more tectonically
active regions, heat flow measurements can be severely affected by transient effects
(Artemieva, 2013).

Boundary conditions
For the top of the model, constant values for the surface temperature (T0), of the
WorldClim Global Climate Database from Hijmans et al. (2005), were imposed as
a Dirichlet boundary condition. This data set contains mean temperatures from
24,542 locations that represent the 1950–2000 time period. As reference level for
the top, the ETOPO1 1 arc-minute Global Relief Model of Amante and Eakins (2009)
was used.

As a Neumann boundary condition for the base of the model at 10 km below
ground level, constant heat flow values were imposed. The heat flow at 10 km
(Q10km) was obtained by subtracting the sum of the total radiogenic heat production
of a column of stacked grid cells from the surface heat flow:

Q10 km =Q0 −
z=10 km
∑

z=0

Az (4.2)
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For the surface heat flow (Q0), the heat flow model of Europe from Cloetingh et al.
(2010) was used, except for Iceland where the geothermal atlas was used (Hurter
and Haenel, 2002).

At the vertical edges of the model, values of zero heat flow were imposed, which
can be considered as a special case of a Neumann boundary condition. Finally, this
model calculated values in the 3-D grid, given the 3-D thermal conductivity and
radiogenic heat production structure.

Table 4.2: Input depth slices of subsurface temperature models (b.g.l. – below ground level).

Area depth [km b.g.l.]
France 1, 2, 3, 4, 5 Bonté et al. (2010)
Germany 1, 2, 3, 4, 5 Agemar et al. (2012)
Ireland 1, 5 Goodman et al. (2004)
The Netherlands 1, 2, 3, 4, 5, 6 Bonté et al. (2012)
United Kingdom 1 Busby et al. (2011)
Europe 1, 2 Hurter and Haenel (2002)

Input temperature models
Subsurface temperature models were collected from several geologic surveys, in-
cluding France, Germany, Ireland, the UK and the Netherlands (Table 4.2). Apart
from the UK, which only provided a map of 1 km depth, the subsurface tempera-
ture models provide constraints of up to a depth of 5 km. All of these models are
based on bottom-hole temperature (BHT) or drill-stem test (DST) data, but their
methodologies to compute them differ.

The French model from Bonté et al. (2010) and the German model from Agemar
et al. (2012) are based on 3-D kriging geostatistical estimation. The Irish model
from Goodman et al. (2004) is based on 2-D natural neighbor interpolation and the
deeper temperature intervals have been generated by simple extrapolation of the
average geothermal gradients observed in the boreholes. The UK model from Busby
et al. (2011) is based on a 2-D interpolation of BHT data using a minimum curvature
algorithm.

The Dutch temperature model from Bonté et al. (2012) uses the most comprehen-
sive approach based on a three-step Runge–Kutta finite difference approach with a
finite volume approximation. This model approach incorporates the effects of petro-
physical parameters, including thermal conductivity and radiogenic heat production,
as well as transient effects that affect temperature. Examples of transient effects are
the accumulation of sediments, erosion and crustal deformation.

To use as much reliable temperature data as possible for my model, regional tem-
perature models were merged and incorporated in the modeling routine. To have
constraints for the areas where no temperature models were available, the digitized
subsurface temperature maps of 1 and 2 km depths from the geothermal atlas of
Hurter and Haenel (2002) were also included.

For areas where more than one temperature value was available, values from inte-
grated models were chosen over values derived by interpolation. For regional mod-
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Figure 4.2: Depth slices of the modeled temperature voxet. Depths are below ground level.
(a) 1 km, (b) 2 km, (c) 3 km, (d) 4 km, (e) 5 km, (f) 7 km and (g) 10 km.
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els where a similar methodology was used, I looked at the amount of measurements
that were incorporated near the shared boundary. The Dutch model was chosen
for the overlapping areas between the Dutch and German models and the German
model for the overlapping areas between France and Germany. Next, the calculated
temperature values were replaced with the values from the merged temperature
models without any smoothing. This approach could potentially cause discrepancies
along shared borders between countries, as well as inconsistencies between the im-
ported temperatures and the calculated heat flow. However, it enabled the inclusion
of more reliable data based on temperature measurements.

4.2.2 Modeling results
The outcome of the temperature modeling routine is a 3-D temperature voxet which
contains values for every 10 by 10 by 0.25 km cell. Depth slices of the model taken
at shallow to intermediate depth levels of 1–10 km are shown in Fig. 4.2.

The model shows high average geothermal gradients of up to 60 ◦C in volcanically
active regions such as Iceland, parts of Italy, Greece and Turkey. Especially in Iceland
and around volcanic regions in Italy, temperatures can reach more than 300 ◦C at
a depth of 5 km and more than 500 ◦C at a depth of 10 km. What really stands
out, apart from the regions with elevated temperatures, is the profound division
between relatively high temperatures in the southwestern part of Europe and low
temperatures in the northeastern part. These colder zones are mostly constrained to
the East European Craton and to the Fennoscandian or Baltic Shield.

This dichotomy fits with the Trans-European Suture Zone (TESZ), which marks
a clear division between the stable Precambrian Europe and the dynamic Phanero-
zoic Europe (Pharaoh, 1999; Jones et al., 2010; Artemieva, 2013). The Precam-
brian zone has large lithosphere thicknesses and the Moho lies deeper, while in the
Phanerozoic part of Europe the lithosphere is thinner and the Moho lies more shal-
low (Tesauro et al., 2008).

At 5 km depth (Fig. 4.2e) the model has a mean temperature of 111 ◦C and a total
range varying between 40 ◦C to 310 ◦C and a standard deviation σ = 44. At 10 km
depth (Fig. 4.2g) the mean temperature is 201 ◦C, a total range between 80 ◦C to
590 ◦C and σ = 74.

The lowest temperatures at 10 km depth are around 80 ◦C, which is in line
with geothermal gradients of 5–10 ◦Ckm−1 that are observed in old cratonic crust
(Artemieva, 2013). In my model, large anomalies between the observed and mod-
eled temperature could be an indication for the presence of thermal convection
(Bonté et al., 2012). These temperature anomalies can be used as a proxy for high
permeability as was shown for the Netherlands by van Oversteeg et al. (2014).

4.3 Techno-economic model

4.3.1 Methodology
To develop a geothermal system it is necessary to have favorable geological condi-
tions, including a high temperature and appropriate reservoir properties. However,
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favorable geological conditions alone are not enough to initiate any commercial
development. Since the development of a geothermal system involves high up-
front costs and high financial risks (mostly related to drilling), it is vital to assess
the financial feasibility for different scenarios. For the GeoElec project, I applied a
methodology that incorporates economic parameters in the estimation of geother-
mal resources in Europe. The main outputs from this method are the minimum
LCOE and the economic power potential. Both were calculated on the basis of the
temperature model described earlier. Because it is difficult to constrain the flow
rate without information from a well, fixed flow rates were used for the calcula-
tions, building from the generalized assumption that natural permeability can be
enhanced – through stimulation – to sustain the assumed flow rates.

The techno-economic model used the 3-D temperature voxet derived from the
temperature modeling routine as input for its calculations. The complexity of this
techno-economic model lies in the large quantity of variables inherent to economic
problems, rather than in the mathematical solution. The model was based on a com-
bination of the volumetric approach of Beardsmore et al. (2010) and a discounted
cash-flow model from Lako et al. (2011); van Wees et al. (2012). The model is dig-
itally available as an Excel spreadsheet. As depicted schematically in Fig. 4.3, the
temperature model voxet was used to generate voxets for the heat in place H [J],
the theoretical potential Ptheory [MWe], the technical potential Ptechnical [MWe] and
finally the LCOE [EUR MW h−1]. The LCOE values were used to restrict Ptechnical to
obtain the economic potential Peconomic (MWe). It is important to keep in mind that
this methodology is based on a number of assumptions and that these potentials pro-
vide only an indication of the global European prospective resource base. In these
following subsections the main concepts and assumptions used in this methodology
are described.

Heat in place

Following the protocol of Beardsmore et al. (2010), the theoretically available ther-
mal energy or heat in place H [J] was calculated by combining Eq. 4.3a with Eq.
4.3b:

H = Vrock ·ρrock · C prock(Tz − Tr) (4.3a)

Tr = T0 + Ti (4.3b)

where Vrock is the volume of the rock [m3], ρrock is the density of the rock [kg m−3]
and C prock is the heat capacity of the rock [J kg−1 K−1]. The temperature difference
that is available for geothermal power was assumed to be the difference between
Tz [◦C] (the temperature at depth z) and the base or re-injection temperature Tr
[◦C]. Tr is the temperature to which the reservoir can theoretically be cooled using a
surface temperature and Ti . For Ti , a default value of 80 ◦C was assumed (Williams
et al., 2008).

Theoretical potential and efficiency

Next, the H was converted into the theoretical potential Ptheory in [We] which is
the power that could be theoretically produced during the expected lifetime of the
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H = Vrock · ρrock · Cprock(Tz − Tr)

Ptheory =
H · ηth

economic lifetime

Ptechnical = Ptheory · UR

If LCOE < c
Peconomic = Ptechnical

Figure 4.3: Assessment of the potential power output from a geothermal system. The theo-
retical capacity is the amount of thermal energy physically present in the reservoir rocks of a
certain area or prospect. The theoretical potential describes the total amount of power that
can be converted from the theoretical capacity within a certain period of time using a con-
version efficiency. The technical potential is that part of the theoretical potential that can be
exploited with current technology available calculated using a recovery factor. The economic
potential describes the part of the technical potential that can be commercially exploited for
a range of economic conditions. In this study I used different cutoff values for the LCOE (c)
to obtain the economical part of the technical potential. These cutoff LCOE can be found in
Table 4.3. For 2020, c is in the same range as the costs for existing enhanced geothermal
energy systems and other competing forms of (renewable) energy production. For 2030 and
2050, c is much lower and more in line with cheap conventional energy production.
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system. Ptheory marks the upper limit of the theoretically realizable power output
and was calculated from the H by combining Eq. 4.4a with Eq. 4.4b:

Ptheory =
H ·ηth

t
(4.4a)

ηth ≈
Tz − T0

Tz + T0
×ηrelative (4.4b)

ηth describes the estimated thermal efficiency of the power plant and t the expected
lifetime of the geothermal system. The efficiency ηth is also known as the cycle
thermal efficiency of a power plant and is the efficiency at which the heat energy
is converted to electrical energy. From Eq. 4.4b it follows that high ηth values are
realized when there is a large difference between the inlet temperature, assumed to
be equal to the temperature at depth Tz , and the outlet temperature, assumed to be
equal to the surface temperature T0. Typical values for ηth range between 0.1 to 0.2.
(DiPippo, 2007; Clauser, 2011).

Table 4.3: Important assumptions on economic parameters and the main results, including
LCOE, theoretical potential, economic potential and the effective ultimate recovery.

Parame-
ter/Result

Unit 2020 2030 2050

Maximum
depth

[m] 7000 7000 10000

Flow rate [L s−1] 75 100 100
COP [MWth MW−1

th] 30 50 1000
Well cost

model:
- - ThermoGIS

(1.5)
EUR 1500

m−1

<5200 m - ThermoGIS
(1.5)

- -

>5200 m - WellCost
Lite (1.0)

- -

Stimulation
costs

[M EUR per well] 10 10 10

ηrelative - 0.6 0.6 0.7
Ti for Tr [◦C] 80 80 50

LCOE cut-off
(c)

[EUR MW h−1] 200 150 100

LCOE Base
case

[EUR MW h−1] 215 127 70

Theoretical
potential

[TWe] 14 14 22

Economic po-
tential

[GWe] 19 22 522

Effective UR [%] 0.1 0.2 2.4
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To calculate ηth, ηrelative was used to convert from the ideal to the practical ηth.
DiPippo (2007) documented values of ηrelative ranging from 0.44 to 0.85 with an
average of 0.58. Similar values were chosen based on observed relative efficiencies
for low to medium enthalpy binary systems (Table 4.3).

Technical potential
The technical potential Ptechnical [We] is the fraction of Ptheory that can be theoretically
produced, within the limits of current technology. In this study, the broadest defini-
tion for technical limits was used and includes geological limitations and technical
limitations, such as drilling and power plant technology, but also environmental and
political limitations. For example, some geothermal energy systems with promis-
ing geological potential cannot be developed because they are located in nature
reserves, densely populated areas or areas where (sub)surface exploitation has been
(temporarily) prohibited for political or legal reasons. Consequently, some areas can
have a limited Ptechnical permanently, while for other areas limits on Ptechnical can be
temporary.

Because it is difficult to precisely quantify all the different types of limitations,
Ptechnical is often derived by multiplying Ptheory with an ultimate recoverability factor
UR (Eq. 4.5a).

Ptechnical = Ptheory ×UR (4.5a)

UR= Rav · R f × RTD (4.5b)

Equation 4.5b describes how UR can be determined by combining the recovery fac-
tors corresponding to limitations in available land area (Rav), limitations in the re-
covery of heat from a fracture network (Rf) and limitations caused by the effect of
temperature drawdown (RTD). Beardsmore et al. (2010) recommend using a value
between 1 and 20% for UR, based on the work of Tester (2006) and Williams et al.
(2008). This range of values for UR is based on the average recovery factor for
all the layers with temperatures exceeding the base temperature within the total
rock column beneath a selected area. For the volumetric estimation of the resource
base, no distinction is made between (known) good reservoir rocks (e.g., coarse
sandstones or karstified carbonates) and poor reservoir rocks (e.g., tight shales or
low-permeability igneous rocks). For actual geothermal reservoirs, values for UR
can be much higher and typically vary between 10 and 50% (Dumas et al., 2013).
I decided to omit Rav at the scale of each individual grid cell, but for the European-
scale assessment, the total land area available in each country was limited to 25%
(Rav = 0.25). For Rf, the lower bound value of 0.14 proposed by the protocol of
Beardsmore et al. (2010) was used and for RTD fraction, a value of 0.9 was as-
sumed. This results in an UR of ca. 12.5% (0.14× 0.9) for each individual grid cell.
Consequently, for calculating the potential of each country, the UR of a grid cell was
limited to ca. 3% (0.25× 0.14× 0.9).

4.3.2 Levelized cost of energy
For potential investors of a geothermal energy project it is essential to quantify the
economical potential. Any economic potential study should base its calculations on
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the investment costs, also known as capital expenditures (CAPEX), and the opera-
tional costs, known as operational expenditures (OPEX). Both are usually expressed
in euro cents or dollar cents per kilowatt or megawatt of installed capacity.

CAPEX is the sum of all the initial capital, It , that needs to be invested in a geother-
mal energy project in the year t. It includes the investment costs such as the explo-
ration costs, the drilling costs for the wells, the construction costs of the power plant
including grid connection, the costs of reservoir stimulation and the costs of financ-
ing and commissioning the whole system. OPEX is the sum of all the operational and
maintenance expenses, Mt , that are made in the year t. Mt includes costs of person-
nel and equipment, costs of maintenance and, if required, costs of re-stimulation of
the reservoir or the drilling of replacement wells. Taxt is the amount of tax that is
paid in the year t and Et is the amount of electricity produced in the year t. r is the
discount rate or inflation.

Et =Q×ρwater × C pwater(Tz − Tr)×ηth × 10−3 × tload (4.6)

Following Eq. 4.6, Et was calculated with flow rate Q [L s−1], water density ρwater
[kg m−3] and the heat capacity of water C pwater [J kg−1 K−1]. ηth was used to con-
vert from thermal power to electrical power with tload as the time [h yr−1] at which
the plant was fully operational. Et was only calculated for grid cells for which the
temperature was sufficiently high (Tz > Tr).

Once It , Mt and Et were calculated and discounted using r, it was possible to
calculate the expected costs per unit power or LCOE (van Wees et al., 2012). The
LCOE was calculated using Eq. 4.7:

LCOE =
cumulative discounted yearly net revenue

cumulative discounted yearly electricity production

=

T
∑

t=1

It +Mt + Tax t

(1+ r)t

T
∑

t=1

Et

(1+ r)t

(4.7)

Here, the total discounted expenditures made during the project’s lifetime in euro
were divided by the total discounted energy produced in megawatt hours for an
expected lifetime T in years. The total discounted life cycle costs are equal the sum
of all the discounted CAPEX, OPEX, and taxes from year t = 1 to t = T . The total
lifetime energy production is the sum of the discounted energy produced from year
t = 1 to t = T . The discount was imposed by dividing the sum of the CAPEX and
OPEX in year t and the energy production in year t by (1 + r)t . LCOE was only
calculated for grid cells where Et > 0.

This calculation resulted in the levelized costs per unit of energy produced over
time in euro cents per kilowatt hour or euro per megawatt hour, which represent
the costs that an energy provider would need to charge to break even. The LCOE
for future EGS were calculated for techno-economic scenarios in 2020, 2030, and
2050 for which the full list of input parameters and default values can be found in
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the appendix in chapter Section 4.5. Changes to the default values for the specific
scenarios can be found in Table 4.3.

The LCOE is an economic parameter that is commonly used to describe the costs
of energy for conventional and emerging power producing technologies, and pro-
vides an easy way to compare the costs between different energy systems. However,
caution must be taken when comparing the LCOE between sources of power that
are dispatchable or nondispatchable. Enhanced geothermal systems that use pumps
to produce geothermal fluids can be considered dispatchable since the power output
can be adjusted by varying the pumping pressure. Power sources that are non-
dispatchable cannot simply adjust the power output on demand because they are
dependent on energy sources that are strongly variable, such as the wind or the sun.

Besides dispatchability, the capacity factor CF is important factor to consider when
replacing conventional power plants with an alternative form. CF is the ratio of the
actual energy output and the maximum energy output that a power plant could
produce when always operating at full capacity. The actual energy output is always
lower than the maximum energy output since a power plant can be out of service
or operating at a lower capacity due to equipment maintenance or failure or, in the
case of solar or wind power, due to lack of resources. According to Goldstein et al.
(2011), the average CF of all operational geothermal power plants is 74.5%, while
new plants often reach 90% or more. This is higher than the CF of coal- and gas-fired
power plants and much higher than the CF of other renewable energy technologies
that are dependent on weather, such as solar and wind power (Goldstein et al.,
2011; EIA, 2012; REN21, 2014). Conventional geothermal energy systems have
proven to be generally reliable and are able to provide base-load electricity. Because
EGS systems work on the same principles as conventional geothermal systems, I
assumed that the CF will be in the same range as for conventional systems. For this
study, tload = 8000 h was assumed, which corresponds to a CF of ≈ 91%.

Well cost models
To estimate the economic potential, I combined the volumetric resource assessment
with the techno-economic model described earlier in Section 4.3.2. A great portion
of the CAPEX is determined by the costs that are related to the drilling of the wells.
Three different well cost models were used to calculate the investment costs [EUR
per well]:

WellCost Lite= s× 10−0.67+0.000334(z+a) × n

ThermoGIS= s× (0.2(z + a)2 + 700(z + a) + 25000)× n× 10−6

HSD= 1500× z × n× 10−6

(4.8)

where s is the well cost scaling factor, z is the depth [m], a the possible extra hori-
zontal length of the well [m] and n the number of wells (see also Table 4.3).

The Wellcost Lite model is proposed by Tester (2006) and has been derived from
historical records between 1976 and 2004 of well costs in the United States. The
well costs in this model increase exponentially with depth, reflecting the increase in
time and cost required for bit replacement at greater depths. The ThermoGIS well
cost model is developed by TNO for the ThermoGIS project and is based on historical
well costs in the Netherlands (Kramers et al., 2012).
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Figure 4.4: Doublet well costs in million euro for 2020, 2030, and 2050. (Eq. 4.8). For the
2020 scenario a combination of two well cost models was used. Above 5200 m the ThermoGIS
model from Kramers et al. (2012) was applied, while below 5200 m the WellCost Lite model
from Tester (2006) was used. For the 2020 scenario an additional 1000 m horizontal along
hole length a was added to replicate the divergent well layout normally used for an EGS
doublet. For the 2030 scenario, the same ThermoGIS model was used with a = 0. For 2050,
it was assumed that HSD is possible and well costs increase linearly with depth.
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For 2020, the WellCost Lite model and the ThermoGIS model were combined with
a = 1000 m. Up to a depth of 5200 m, the ThermoGIS model was used with s = 1.5,
while below 5200 m, the more strongly exponential WellCost Lite model was used
with s = 1. For 2030, only the ThermoGIS model was used with s = 1.5 and a = 0.
For 2050, a linear well cost model was applied, based on the prediction that new
drilling techniques such as hydrothermal spallation drilling (HSD) or plasma drilling
will emerge (Augustine, 2009). Compared to exponential well cost models, the
assumed drilling costs for HSD of EUR 1500 m−1 could significantly lower the LCOE
at greater depths (Fig. 4.4). Additionally, the higher temperatures that are expected
at greater depths should increase the thermal efficiency ηth, which will also lower
the LCOE.

Another advantage of geothermal energy is that the OPEX are relatively low and
do not depend on fuel costs, contrary to the OPEX of conventional power plants,
which can vary strongly due to the erratic development of coal and gas prices.
The problems encountered with the development of geothermal energy systems are
mostly related to the high upfront costs and the related finances. The high upfront
costs are usually caused by the costs involved with the drilling of the wells. The
problems with financing geothermal projects relate to the substantial uncertainties
in the performance of the wells. EGS technology is still in a research and develop-
ment stage since only a handful of projects have been realized (Breede et al., 2013).
More experience with EGS needs to be gained and solutions for potential problems
need to be developed before costs of EGS are expected to decline.

Sensitivity analysis of the LCOE for EGS and comparison with other LCOE esti-
mates

Because most EGS are relatively new and commercial exploitation has just started,
it is difficult to assess the LCOE (Breede et al., 2013). According to Goldstein et al.
(2011), most existing conventional geothermal systems have LCOE that vary be-
tween USD 31 MW h−1 and USD 170 MW h−1. In the work of Huenges (2010) the
LCOE is estimated at EUR 260 MW h−1 and EUR 340 MW h−1 for two hypotheti-
cal EGS in Europe. LCOE calculated by Tester (2006) for potential EGS projects in
the US, range between ca. USD 100 MW h−1 and USD 1000 MW h−1. However, for
the same cases 20 years into the future, assuming mature and cheaper technology,
the calculated LCOE could be much lower, ranging between USD 36 MW h−1 and
USD 92 MW h−1 (Tester, 2006). Augustine (2011) estimates the range of costs for
present-day deep EGS between USD 140 MW h−1 and USD 310 MW h−1, with a mean
of USD210 MW h−1. For 2020, LCOE are estimated to be between 89 and 93% of
the present-day values.

These costs should enable EGS in the near future to become competitive with con-
ventional power sources, such as coal and gas, currently priced at USD 65 MW h−1–
USD 95 MW h−1 in the US and EUR 38 MW h−1–EUR 100 MW h−1 in Europe (EIA,
2014; Kost et al., 2013).

For comparison, I applied the techno-economic model on a hypothetical EGS
project situated near the Rhine-Graben, with a reservoir depth at 5000 m and a
default temperature of 200 ◦C. For this hypothetical case, combined with my as-
sumptions for future scenarios (Table 4.3), the model calculated LCOE of EUR 215
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MW h−1 in 2020, EUR 127 MW h−1 in 2030 and EUR 70 MW h−1 in 2050. The LCOE
calculated for the 2020 scenario is in range with the estimates described earlier. The
costs show a strong decline for the 2030 and 2050 scenarios and are comparable to
the future scenarios from Tester (2006).

-50 -40 -30 -20 -10 127 +10 +20 +30 +40 +50

Inflation:
-2%; 0%; 2%

Loan rate:
3%; 6%; 9%

COP:
1000; 50; 30

Well cost model:
2050; 2030; 2020

Stimulation costs:
0; 10; 20 [M EUR]

Flow rate:
130; 100; 70 [Ls−1]

Temperature:
225; 200; 175 [◦C]
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Figure 4.5: Tornado plot showing the sensitivity of the calculated LCOE to changes in a
selection of parameters. The default settings of the 2030 scenario (bold) were applied to a
reservoir at 5 km depth with a temperature of 200◦C resulting in a LCOE of EUR MW h−1. For
each of the selected parameters, values for the upside and downside scenarios were assumed
and the effect on the LCOE was calculated and compared to the base case.

Figure 4.5 shows the sensitivity of the calculated LCOE to variations in a selection of
parameters. For each of the selected parameters, values for the upside and downside
scenarios were assumed and the effect on the LCOE was calculated and compared to
the LCOE for the 2030 scenario (EUR MW h−1). Temperature and flow rate have the
largest uncertainty and variations in these parameters have a strong impact on the
LCOE. Improving geothermal exploration is therefore essential to decrease the finan-
cial risks and to lower the LCOE. The effect on the LCOE of selecting different well
cost models, together with variations in the stimulation costs and COP, reveal the
importance of drilling technologies and stimulation techniques. The effect of drilling
costs on the LCOE would have been even more profound for deeper reservoirs (Fig.
4.4). Lowering these costs is crucial in order to reach higher temperatures at greater
depths and to increase the number of suitable locations for EGS, while enabling the
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installation of higher capacity power plants.

4.3.3 Economic potential
The economic potential describes the part of the technical potential that can be com-
mercially exploited for a range of economic conditions. The total costs of the system
should ideally fall within the same range as the costs for operational geothermal
energy systems. The developable potential is the part of the economic potential
that can actually be developed taking into account all economic and non-economic
circumstances (Rybach, 2010). It is usually smaller than the economic potential,
but it can be larger if governments have policies to promote renewable energy, in-
cluding geothermal energy, such as feed-in tariffs, favorable taxes and favorable risk
insurances.

Important for utilizing EGS for periods longer than the initial life time, is the
sustainable potential (Sanyal, 2005; Rybach, 2010). It describes the fraction of the
economic potential that can be used with sustainable production levels, while taking
into account the resource degradation over time caused by pressure drawdown or
by declining reservoir temperatures (Sanyal, 2005). I did not account for this in this
study, but the effect of reduced temperatures and flow rates on the LCOE is shown
in Fig. 4.5. The effect of stimulation costs on the LCOE in Fig. 4.5 can also be used
to assess the effect of measures countering resource degradation (e.g., additional
stimulation or drilling of new/relieve wells)

For this resource assessment, I restricted the technical potential to grid cells where
the LCOE was lower than a given threshold c (Eq. 4.9).

If LCOE< c: Peconomic = Ptechnical (4.9)

For the 2020, 2030, and 2050 scenarios, values for c of 200, 150 and 100 were
chosen, respectively. These numbers were adopted to reflect the likely reduction
of feed-in tariffs in the future beyond 2020 and renewable energy prices that will
eventually become compatible with current fossil fuel-based energy prices (Tester,
2006; Goldstein et al., 2011).

To visualize the spatial distribution of the LCOE, I compiled maps (Fig. 4.6) for
each future scenario (Table 4.3), depicting the minimum value for the LCOE for
each stacked x y column of grid cells. Since fixed flow rates are assumed for the
three different scenarios, subsurface temperature automatically becomes the most
important parameter. The LCOE distribution in the maps of 2020 and 2030 (Fig.
4.6a) and (Fig. 4.6b), therefore correspond largely to the areas where elevated
temperatures are present at shallower depth. These mainly consist of volcanic areas
such as Iceland, Italy and Turkey, but also sedimentary basins such as the Rhine-
Graben, Pannonian Basin and the Southern Permian Basin. The LCOE map for the
2050 scenario clearly shows that the cost of drilling is a determining factor for the
LCOE. Due to the use of a linear well cost model for the 2050 scenario, LCOE are
lower than EUR 100 MW h−1 for almost all of Europe southwest of the the TESZ.
To calculate the total economic potential for each stacked x y-column Eq. 4.10 was
used:

Peconomic =
z=7−10 km
∑

z=0

(Peconomic)z . (4.10)
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For the country outlooks, the Peconomic for each country was summed and then multi-
plied by 0.25 to limit the economic potential for land use restrictions. For 2020 and
2030, only the potentials up to a depth of 7 km were considered, while for 2050 the
maximum depth was extended to 10 km. The economic potentials for 2020, 2030,
and 2050 are 19, 22, and 522 GWe, respectively.

Figure 4.6: Maps depicting the calculated minimum levelized cost of energy (for each stacked
x y column) in (a) 2020, (b) 2030 and (c) 2050.

The effect of the different values of the LCOE threshold c is illustrated in Fig. 4.7,
where the economic potentials are plotted for c values varying between EUR 300
MW h−1 and EUR 50 MW h−1. The economic potentials for the whole area considered
in this study can be found in Table 4.3, along with the most important assumptions
for each scenario.

Dividing Peconomic by Ptechnical, allowed me to calculate the effective UR. This re-
sulted in an UR of 0.1% for 2020, 0.2% for 2030, and 2.4% for 2050. The large
difference of the Peconomic and UR of 2020 and 2030 compared to 2050, can mostly
be ascribed to the use of a linear well cost model combined with the increase in the
maximum drilling depth from 7 to 10 km, enabling exploitation of deeper reservoirs
with higher temperatures.

It was also assumed that all wells will be self-flowing in 2050, by adopting a
COP of 1000 (Table 4.3). From theoretical considerations, it can be argued that
well pressures in production and injection wells can be self-flowing, provided the
reservoir temperature is in excess of 220◦C and the reservoir is located sufficiently
deep (e.g., Sanyal et al., 2007). Due to the assumed lower drilling costs in 2050, it
becomes financially feasible to drill for these deeper reservoirs with higher temper-
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atures. Furthermore, by adopting a threshold value c of EUR 100 MW h−1 for 2050,
these higher temperatures and associated larger depths are also implicitly required.

4.4 Discussion and conclusions
The economic resource assessment clearly demonstrates the strong sensitivity of the
spatial and depth distribution of economic potential to both subsurface and cost
parameters. Temperature and flow rate are the most important constraints for the
development of an EGS project. These parameters are also the most uncertain since
their exact values can only be determined by drilling a well and successfully creating
a reservoir. For costs, drilling is the most important parameter, and the models
clearly demonstrate the significant impact in economic potential through a lowered
cost curve for the 2020, 2030, and 2050 scenarios.

To reduce the uncertainty for the temperature, the temperature model should
be improved. For this work, a simple two-layer conductive model was used where
values for k were distributed according to their location in respect to the sediment–
basement interface for the basement. This could be improved by adopting a higher
resolution for the thermal properties k and A, based on lithological information and
well data (e.g., Clauser, 2011; Bonté et al., 2012).

The underlying cause for variations in radiogenic heat production in the upper
crust are lithological variations (e.g., Hasterok and Chapman, 2011). Inclusion of
lithological interpretations of crustal composition for thermal properties (k and A)
could strengthen the geological interpretation and robustness of the models. In
Chapter 3, I have shown how such a large-scale European thermal model could be
improved. At the time of this study, this was considered beyond the scope as little
detailed information was readily available on the crustal lithology at a European
scale (Tesauro et al., 2008), and – in the adopted workflow – would most likely not
affect first-order temperature variations of relevance to European geothermal po-
tential estimates. However, for more detailed explorative studies, the incorporation
of more detailed variations of thermal properties is key to unravel the temperature
structure and prospective thermal anomalies (e.g., Bonté et al., 2012; Békési et al.,
2017).

Furthermore, it is widely recognized that locally a conductive approximation for
the temperature distribution may be oversimplified and models need to take into
account the effects of convective fluid flow (e.g., Bonté et al., 2012; Guillou-Frottier
et al., 2013; Calcagno et al., 2014).

Improvements to the quality of the temperature model are attained by adopting
data assimilation to borehole measurements of temperature, consistent with the con-
stitutive equations for heat transfer and fluid flow, as described in Chapter 3. The
successful implementation of the described improvements for all of Europe can only
be achieved when the quality, quantity and accessibility of geological information in
Europe improves drastically.

One of the most important assumptions from a geological perspective is that the
model uses a fixed flow rate. Since flow rate is one of the most sensitive parame-
ters for the technical and economic performance of a geothermal system (e.g., Frick
et al., 2010), care must be taken with the interpretation of the results. An ideal situ-
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Figure 4.7: Economic potential in GWe per country in (a) 2020, (b) 2030 and (c) 2050.
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ation would be the use of location-specific flow rates, taking into account favorable
conditions for creating new reservoirs or enhancing existing ones, such as lithology,
natural (fracture) permeability and the in situ stress.

Furthermore, no distinction has been made between national differences regard-
ing the economic situation, legislation, regulation and stimulation. These effects
could potentially be significant but it is not in the scope of this study to quantify
these differences. Nevertheless, for future work the model can easily be adjusted to
nation-specific scenarios.

Comparing the future economic potential for Europe obtained in this study to the
results of other large-scale resource assessments is problematic because of differ-
ences in methodologies and assumptions. However, the results in Table 4.3 appear
to be in agreement with other estimations. (Stefansson, 2005; Bertani, 2010; Gold-
stein et al., 2011; Chamorro et al., 2014).

4.5 Appendix

4.5.1 Input variables cash-flow model
For the LCOE calculation, the following input variables were used depending on the
specific application. Most of the input parameters used the default values as speci-
fied below, whilst the values of some variables, including the base temperature and
the relative efficiency, depended on the temperatures derived from the temperature
voxet.

• fluid and rock properties
– C pwater [J kg−1 K−1] = 4250: the heat capacity of the geothermal fluid
– ρwater [kg m−3] = 1078: the density of the geothermal fluid
– C prock [J kg−1 K−1] = 1000: the heat capacity of the reservoir rock
– ρrock [kg m−3] = 2500: the density of the reservoir rock

• power conversion
– ηth [%] = variable: total conversion efficiency
– ηrelative [%] = 60: the relative efficiency
– Tr [◦C] = variable: Tr = T0 + Ti
– Ti [◦C]= 80: offset for Tr

• reservoir
– Q [L s−1] = 100: flow rate
– z [m] = variable: along hole depth of a single well
– T0 [◦C] = variable: surface temperature
– Tx [◦C] = variable: production temperature
– t [yr] = 30: economic lifetime.

• subsurface
– scaling factor for ThermoGIS well cost model = 1.5
– well costs [EUR 106 per well] = variable
– stimulation and other costs [EUR 106 per well] = 10
– pump investment [EUR 106 per pump] = 0.6
– number of wells = 2: depends on application
– subsurface CAPEX [EUR 106] = variable
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– maximum drilling depth [m] = 7000
• subsurface parasitic

– COP [MWth MW−1
th] = 20: coefficient of performance to drive the pumps

– electricity price for driving the pumps [EUR MW he
−1] = 140

– variable OPEX [EUR MW hth
−1] = variable

• power temperature range used
– outlet temperature power plant [◦C] = variable

• power surface facilities
– thermal power for electricity [MWth] = variable
– electric power [MWe] = variable
– power load time [hyr−1] = 8000
– power plant investment costs [EUR 106 MWe

−1] = 3
– power distance to grid [m] = 5000
– power grid investment [EUR kWe

−1] = 80
– power grid connection variable [EUR m−1] = 100
– power plant CAPEX [EUR 106] = variable
– power fixed OPEX rate [%] = 1
– power fixed OPEX [EUR 103 MWe

−1] = variable
– power variable OPEX [EUR MW he

−1] = variable
• fiscal stimulus

– fiscal stimulus on lowering equity before tax [true or false] = false
– percentage of CAPEX for fiscal stimulus [%] = 0
– legal max in allowed tax deduction [EUR 106] = 0
– NPV (net present value) of benefit to project [EUR 106] = variable

• economics
– inflation or discount rate r [%] = 0%
– loan rate [%] = 6%
– required return on equity [%] = 15%
– equity share in investment [%] = 20% (100% minus debt share in invest-

ment)
– debt share in investment [%] = 80% (100% minus equity share in invest-

ment)
– tax [%] = 25.5%
– term loan [yr] = 30
– depreciation period [yr] = 30
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5.1 Introduction
The key objective of this chapter is to give an overview of low-enthalpy (<150
◦C) geothermal heat available in sedimentary aquifers suitable for direct utiliza-
tion. I already gave an overview of the literature in Section 1.2, where I discussed
geothermal energy in sedimentary aquifers, geothermal potential, production, in-
stalled capacity, and resource assessments. Here, I present my global assessment
of the geothermal resource base for direct heat from deep aquifers. Deep (>100
m) geothermal aquifers are permeable layers of fluid-bearing rocks. To quantify
technical and theoretical potential, a volumetric heat-in-place method was applied.
The methods are described in Section 5.2, where I explain how aquifer volume
was derived and how associated subsurface temperatures were calculated using
global geological and geophysical data sets. The geothermal potential was esti-
mated for generalized direct heat and for common applications including green-
house heating, spatial heating, and spatial cooling. In Section 5.3 the results are
presented in a series of maps that are also made available online via a webGIS
viewer: http://thermogis.nl/worldviewer. I discuss the results in Section 5.4 and
the main limitations of the applied methods, before arriving to the main conclusions
in Section 5.5.

5.2 Methodology

5.2.1 Aquifer thickness and volume
In general, permeability of sedimentary rocks decreases with depth. This is caused
by the decline in porosity, described by mechanical compaction models like Athy’s

This chapter is largely based on Limberger, J., Boxem, T., Pluymaekers, M., Bruhn, D., Manzella, A.,
Calcagno, P., Beekman, F., Cloetingh, S., van Wees, J.-D., 2018. Geothermal energy in deep aquifers: A
global assessment of the resource base for direct heat utilization. Renew Sust Energ Rev 82, 961–975

http://thermogis.nl/worldviewer
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law (Athy, 1930). For this study, a conservative fixed porosity of 15% was assumed
throughout the whole aquifer. This value is representative for sedimentary forma-
tions with sandstone and shale (Fig. 5.1) and is based on Athy’s effective stress law
adapted to burial loads (c.f. Hantschel and Kauerauf, 2009).
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Figure 5.1: Example of compaction curves for typical shale (black) and sandstone (red) sed-
iments (c.f. Hantschel and Kauerauf, 2009). Porosity φ (x-axis) is plotted as a function of
depth and effective pressure (y-axes).

In this study, aquifer thickness was based on a compilation of different global and
regional data sets for sediment thickness. For Europe, the sedimentary thickness
model from Tesauro et al. (2008) was used, while the model of Laske and Masters
(1997) (based on maps from the Exxon Production Research Company (1985)) was
used for the rest of the world (Fig. 5.5). Values from these sedimentary thickness
models were directly used as maximum depth of the aquifer (zmax).

I chose to limit the maximum depth in this study to 3 km because the largest
porosity reduction for siliciclastic sediments occurs within the first few kilometers
(Fig. 5.1), making deeper geothermal production less feasible without stimulation.
This depth limit is also dictated by economics because onshore drilling costs increase
exponentially with depth (e.g. Lukawski et al., 2014; Limberger et al., 2014).

Not all permeability in aquifers is related to primary porosity. Pore-connectivity
and secondary porosity, such as fault- and fracture-related porosity can have a much
stronger control on permeability. Most crystalline rocks or very tight shales and
carbonates lack primary porosity, which restricts fluid flow to faults and fractures.
Depending on geological conditions (e.g. Cloetingh et al., 2010; Moeck, 2014), it is
possible to enhance aquifer properties with (hydraulic) stimulation (Breede et al.,
2013). In this study, no distinction was made between highly permeable or lowly
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permeable aquifers because data were scarce and only publically available for lim-
ited regions like the Netherlands (Pluymaekers et al., 2012).

5.2.2 Aquifer temperature
In this section, I describe how aquifer temperatures were estimated. All geother-
mal systems have application-specific requirements for production temperatures and
need different minimum flow rates to operate economically (Lund, 2010). Tempera-
ture requirements for direct heat applications covered in this geothermal assessment
are described in Table 5.1.

Rock thermal properties, lithosphere thickness, and heat transfer mechanisms con-
trol the heat flux through the Earth and cause most of the observed variation in
subsurface temperatures. Conductive heat transfer is dominant within the Earth’s
lithosphere, while large-scale convective heat transfer is limited to tectonically and
volcanically active areas. Regionally and locally, groundwater advection can have
a strong impact on subsurface temperatures in the Earth’s crust (Luijendijk et al.,
2011; Kooi, 2016). As listed by Bierkens (2015), there are global hydrological mod-
els and data sets available for near-surface aquifers, but these do not extend to more
than 100 m depth. The lack of global data on the hydrological and geothermal state
of deep aquifers forced me to only consider vertical conductive heat transfer for this
global assessment.

Table 5.1: Application-specific values for minimum and maximum surface temperatures, min-
imum production temperatures, and re-injection temperatures.

application minimum
T0 [◦C]

maximum
T0 [◦C]

minimum
Tprod [◦C]

re-injection
temperature
Tin j [◦C]

generalized - - T0 + 40 T0 + 10
spatial cooling 15 - 70 35
greenhouse heating -15 15 45 25
spatial heating -15 15 70 40

Eq. 5.1 shows how I calculated the maximum subsurface temperature from which
I derived the geothermal gradient (see Table 5.2 for a list of all variables, symbols,
and default values that are used in this chapter):

for z ≤ 3km : T (z) = T0 +
Q0

k
z −

A
2k

z2 ≈ T0 +
Q0

k
z (5.1)

For conduction-dominated regions, geothermal gradients can be estimated using
both bulk thermal properties and lithosphere thickness (e.g. Chapter 3 and Lim-
berger et al. (2017a)). Geothermal gradients at the maximum depths considered
for this study (up to 3 km) are largely controlled by the surface heat flow (Q0) and
thermal conductivity (k). I therefore decided to neglect radiogenic heat production
(A) because of its small contribution to the geothermal gradient. Fig. 5.2 shows that
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neglecting radiogenic heat generation has only minor effects on subsurface temper-
atures up to a depth of 3 km.

For thermal models, bulk thermal conductivity values are determined by labora-
tory measurements on rock samples or estimated by applying mixing rules to the
thermal conductivity of the rock matrix and pore fluid (e.g. Fuchs et al., 2013). To
obtain a reliable bulk thermal conductivity depth profile, mechanical compaction
(Section 5.2.1) and temperature dependence need to be taken into account (c.f.
Hantschel and Kauerauf, 2009). For this global study, the use of these methods was
severely limited without sufficient data from drill-cores or without information on
in situ geological conditions. Although bulk thermal conductivity can strongly af-
fect geothermal gradients as shown in Fig. 5.2, its variability is generally less than
surface heat flow and radiogenic heat generation.

Table 5.2: Input and output variables with associated symbols, units and default values.

variable (input/output) symbol unit value

subsurface temperature T ◦C
surface heat flow Q0 mW m−2

surface temperature T0
◦C

bulk thermal conductivity k W m−1 K−1 1.75; 2; 2.25
depth; min.; max. z; zmin; zmax km

heat in place H PJ km−2

aquifer thickness h km
production temperature Tprod

◦C
re-injection temperature Tin j

◦C
aquifer bulk heat capacity γ MJ 2.8
porosity φ - 15%
heat capacity water Cw J kg−1 K−1 1000
heat capacity aquifer rock Cr J kg−1 K−1 3772
density water ρw kgm−3 1042
density aquifer rock ρr kgm−3 2600

theoretical potential Ptheor y PJ km−2 yr−1

economic lifetime t yr 30

technical potential Ptechnical TJ km−2 yr−1

ultimate recovery factor UR - 1%

For his global subsurface temperature model, I assumed a fixed bulk thermal con-
ductivity of 2 W m−1 K−1 as a base case for all aquifers and make use of publically
available surface heat flow data (Fig. 5.6). As a starting point, the surface heat
flow model of Artemieva (2006) was used. It is an improved interpolation of the
original data set from Pollack et al. (1993) and covers most of the continents at a
resolution of 5◦× 5◦. To obtain full map coverage, the global heat flow model from
Davies (2013) was used to fill the gaps. Models with higher resolution were used
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for Europe (Cloetingh et al., 2010) and the USA (Blackwell et al., 2011). Higher
heat flow values were assumed for volcanic regions based on GPS locations from the
Global Volcanism Program (2013) database. A strongly elevated heat flow of 140
mW m−2 was chosen for areas with active volcanoes and a moderately elevated heat
flow of 80 mW m−2 for regions that experienced Holocene volcanic activity (Nagao
and Uyeda, 1995).

Combining surface heat flow data with surface temperature data (Fig. 5.3) allows
to extrapolate subsurface temperatures to the required depths. For the surface tem-
perature, annual continental mean surface temperatures were used, recorded be-
tween 1950 and 2000 from the WorldClim Global Climate Database (Hijmans et al.,
2005). This data was combined with the model of Kalnay et al. (1996) for surface
temperatures of Antarctica and with the model of Boyer et al. (2013) for ocean sur-
face temperatures. As reference level, the ETOPO1 elevation and bathymetry model
(Fig. 5.4) from Amante and Eakins (2009) was used.

5.2.3 Resource estimation

For this global geothermal resource assessment of direct heat, the total resource base
was estimated, including both identified and undiscovered resources. I defined the
geothermal resource base as the aquifer volume with temperatures sufficiently high
to meet the requirements for direct heat applications.

There are numerous non-electrical uses of geothermal energy (Barbier and Fanelli,
2012; Barbier, 1997, 2002). For this study, I used temperature requirements for gen-
eralized utilization of direct heat and for three common applications: greenhouse
heating, spatial heating, and spatial cooling. I did not take into account the potential
of heat that can be produced by ground source heat pumps or by cascade utilization
of higher enthalpy geothermal systems (Rubio-Maya et al., 2015).

Each application requires a set of temperature conditions at the surface (mini-
mum and maximum) and in the subsurface (minimum production and re-injection
temperature) (Lund, 2010). In Table 5.1, the used surface and subsurface tempera-
ture requirements are listed. The range of surface temperatures (T0) was restricted
to -15 ◦C and 15 ◦C for greenhouse and spatial heating, while for spatial cooling
only a minimum surface temperature of 15 ◦C was required. For generalized direct
utilization, minimum production temperatures (Tprod) were obtained by adding 40
◦C to the surface temperature. Minimum re-injection temperatures (Tin j) are found
by adding 10 ◦C to the surface temperature.

The estimated temperatures from this global thermal model were used to find the
minimum depth zmin at which the required production temperatures for the earlier
described applications are reached. The effective aquifer thickness h that can be
theoretically used, was obtained by taking the difference between the depth of the
minimum production temperature and the maximum depth zmax (limited to a max-
imum of 3 km). The effective aquifer thickness was multiplied by the horizontal
surface area of the grid cell, which yielded the total effective aquifer volume. For
this assessment, only areas with an aquifer thickness of more than 100 m were con-
sidered. Eq. 5.2 shows how the effective total aquifer volume can be translated
into the theoretical capacity (heat in place H) with the use of a bulk heat capacity
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parameter γ (Eq. 5.3):
H = h · (Tprod − Tin j) · γ (5.2)

γ= φ · cw ·ρw + (1−φ) · cr ·ρr (5.3)

The bulk heat capacity is defined by the density (ρr and ρw) and heat capacity of
aquifer rocks and fluids (Cr and Cw) and the ratio between rocks and fluids, deter-
mined by aquifer porosity (φ). All geothermal gradients estimated in this study are
linear, enabling the use of mean production temperatures for each vertical column
of effective volumes. The heat in place that can be realistically exploited is limited
by technical and economical conditions. These include surface and subsurface limi-
tations, such as plant facilities and drilling technologies. Rybach (2015) also defines
two potentials that I did not consider in this study: the sustainable and developable
potential. The sustainable potential is a fraction of the economical potential that can
be utilized by applying sustainable production levels. The developable potential de-
scribes the fraction of the economic potential that can be developed under realistic
environmental, regulatory, and political limitations.

Following outcomes of earlier large-scale assessments (e.g. Williams, 2007; Lim-
berger et al., 2014) and recommendations from the review paper of Grant (2014),
the technical potential was calculated as a fraction of the heat in place using a re-
covery factor UR of 1%. A system lifetime t of 30 years was assumed, yielding a
technical potential that is 1/3000th of the heat in place (Eq. 5.4 and Eq. 5.5).

Ptheor y =
H
t

(5.4)

Ptechnical = Ptheor y · UR (5.5)

Heat production sites are preferably located in or nearby areas where the heat is
to be consumed. To better assess economic feasibility (e.g. Limberger et al., 2014;
Daniilidis et al., 2017), the technical potential can be matched to the local heat
demand (Möller and Nielsen, 2014) to obtain a matched potential. However, this
requires global data on the spatial distribution of heat demand (e.g. McCabe et al.,
2016; Heat Roadmap Europe, 2017; Connoly, 2017) that was not yet available for
this study.

5.3 Results
Below I present the results of this geothermal potential assessment for generalized
direct heat and for common applications including greenhouse heating, spatial heat-
ing, and spatial cooling.

5.3.1 Global heat flow and aquifer temperature
The results of the temperature model are presented with two maps. The first map
(Fig. 5.7) showing the mean geothermal gradient within global aquifer systems,
only reflects variation of the surface heat flow. The mean global heat flow for all
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Figure 5.3: Mean global land surface temperatures and ocean surface temperatures. Com-
pilation based on Hijmans et al. (2005), Kalnay et al. (1996) (Antarctica), and Boyer et al.
(2013) (oceans).

Figure 5.4: Topography and bathymetry from ETOPO1 (Amante and Eakins, 2009).
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Figure 5.5: Sediment thickness from Exxon Production Research Company (1985) and
Tesauro et al. (2008) (Europe).

Figure 5.6: Global surface heat flow compilation with plate boundaries and volcanoes. See
Section 5.2.2 for details.
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continents and oceans from my heat flow compilation (Fig. 5.6) yields a value of 83
mW m−2 with a standard deviation of 60 mW m−2. Within aquifers, the mean heat
flow is 64 mW m−2 with a standard deviation of 25 mW m−2. This results in a mean
global aquifer geothermal gradient of 32 ◦Ckm−1 with a standard deviation of 14
◦Ckm−1. High geothermal gradients are found in zones with high heat flow, most
notably near active plate boundaries or other regions that have been tectonically
and volcanically active.

The second map (Fig. 5.8) shows the maximum temperature within these aquifers,
which depends both on the geothermal gradient and aquifer thickness. When aquifer
thickness is sufficiently high, average geothermal gradients (∼30 ◦C km−1) lead to
relatively high temperatures. The Southern Permian Basin in Europe is an exam-
ple of such a case. Thin aquifers with elevated geothermal gradients give a similar
result, as can be seen in the thin aquifers surrounding the Baja California. The
highest maximum temperatures are found in thick aquifers in regions with elevated
geothermal gradients (>40 ◦C km−1) such as the Pannonian Basin in Europe, the
North African Basins, the foreland basins of the Himalaya, the East Java Basin, and
basins in central and eastern Australia.

5.3.2 Global distribution of effective aquifer volume

In Table 5.3, I present the total effective aquifer volume for each direct heat applica-
tion, based on the total surface area of suitable aquifers and their effective thickness.
Total effective aquifer volume ranges between 4.0·106 km3 for spatial heating to
22.8·106 km3 for generalized direct heat applications. The large variation in volume
is explained by the spatial variation in aquifer thickness (Fig. 5.5) and geothermal
gradients (Fig. 5.7), combined with application-specific temperature requirements
(Table 5.1). An estimated 22.8·106 km3 of total aquifer volume is available for gen-
eralized direct heat utilization. This volume covers 35% of the continental surface
underlain by aquifers or 16% of the total continental surface area.

The highest effective aquifer volume (18.2·106 km3) is available for spatial cooling
because a larger portion of the total aquifer volume is found at mid to low latitudes.
An estimated 26% of the continental surface area underlain by aquifers and 12% of
the total continental surface area are suitable for spatial cooling.

Spatial heating requires low surface temperatures in combination with high pro-
duction temperatures. Low surface temperature are restricted to the high to middle
latitudes, which limits usable aquifer volume compared to the other applications.
For spatial heating, 7% of the continental surface underlain by aquifers or 3% of the
total continental surface area is available. Greenhouse heating requires the same
low surface temperatures as spatial heating, but does not need high production tem-
peratures. The effective aquifer volume of 9.9·106 km3 is larger than for spatial
heating, but is more restricted to higher latitudes. Regions suitable for greenhouse
heating cover 13% of the continental surface underlain by aquifers or 6% of the total
continental surface area.
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Figure 5.7: Computed geothermal gradients in aquifers. Grey areas on the land surface
indicate a sediment thickness less than 100 m and were not considered in this study.

Figure 5.8: Computed maximum aquifer temperature Tmax . Temperatures depend on the
geothermal gradient and maximum aquifer thickness. Temperatures were only computed to
a maximum depth of 3km. Grey areas on the land surface indicate a sediment thickness less
than 100 m and were not considered in this study.
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Figure 5.9: Technical potential for all direct heat applications combined. For this and the
following figures, the gray color on the land surface indicates regions with an effective aquifer
thickness less than 100 m or regions where application-specific (sub)surface temperature
requirements were not met.

Figure 5.10: Performance indicator for all direct heat applications combined. This qualitative
indicator is shown for regions that have a technical potential and is based on the minimum
production depth required for generalized direct heat use.
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5.3.3 Geothermal resource base
In the next series of maps (Fig. 5.9 - 5.16), I present the spatial distribution of the
geothermal resource base in deep aquifers for direct heat. For each of the different
applications, I present the technical potential and a qualitative performance indica-
tor. The performance indicator maps give an indication of economic feasibility for
each application by showing their attractiveness based on the minimum required
production depth (zmin). Minimum production depths up to 600 m were considered
excellent, up to 1200 m very good, up to 1800 m good, up to 2400 m moderate, and
poor for more than 2400 m.

To show the impact of geological uncertainty on this resource assessment, ther-
mal conductivity was varied with ± 0.25 W m−1 K−1. This had a strong effect on the
geothermal gradient and determined the final estimates for the geothermal poten-
tial (see Table 5.3). A slight increase (+12.5%) of the thermal conductivity reduced
the total aquifer technical potential with 25% - 33% depending on the application.
Decreasing (-12.5%) thermal conductivity, resulted in a 29% - 49% increase in tech-
nical potential. In the following paragraphs, I discuss the results of the case with a
default thermal conductivity of 2 W m−1 K−1.

Global technical potential for generalized direct heat (Fig. 5.9) is 52 TJ yr−1 km−2.
Since I did not use any surface temperature constraints for this case, the spatial
distribution only reflects maximum aquifer temperatures (Fig. 5.8). Potential eco-
nomic feasibility based on minimum production depths is shown in Fig. 5.10. A
total heat in place of 4.03·106 EJ was estimated and a technical potential of 1345
EJ yr−1 (Table 5.3).

Fig. 5.11 shows the technical potential of the spatial cooling case with a global
technical potential of 55 TJ yr−1 km−2. Spatial cooling requires surface temperatures
above 15◦C, restricting the technical potential to lower latitudes close to the equator
(Fig. 5.3, Fig. 5.11). Potential economic feasibility based on minimum production
depths is shown in Fig. 5.12. A total heat in place of 3.03 106 EJ was estimated and
a technical potential of 1011 EJ yr−1 (Table 5.3).

Greenhouse heating and spatial heating have an estimated global technical po-
tential of 42 TJ yr−1 km−2 and 34 TJ yr−1 km−2. The spatial distribution (Fig. 5.13
and Fig. 5.15) is controlled by their temperature requirements and mainly follows
the surface temperature variation. Both greenhouse heating and spatial heating re-
quire surface temperatures below 15◦C, more common at mid to high latitudes (Fig.
5.3). For greenhouse heating, a total heat in place of 1.24·106 EJ was obtained
and a technical potential of 413 EJ yr−1. For spatial heating, the total heat in place
was estimated at 0.56·106 EJ with a technical potential of 187 EJ yr−1. The higher
temperatures required for spatial heating (Table 5.1) resulted in a lower technical
potential for spatial heating compared to greenhouse heating. This is also reflected
in the potential economic feasibility maps that are based on minimum production
depths (Fig. 5.14 and Fig. 5.16). In general, spatial heating requires larger depths
to reach the required production temperatures.
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Figure 5.11: Technical potential for spatial cooling.

Figure 5.12: Performance indicator for spatial cooling. This qualitative indicator is shown
for regions that have a technical potential and is based on the minimum production depth
required for spatial cooling.
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Figure 5.13: Technical potential for greenhouse heating.

Figure 5.14: Performance indicator for greenhouse heating. This qualitative indicator is
shown for regions that have a technical potential and is based on the minimum production
depth required for greenhouse heating.
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Figure 5.15: Technical potential for spatial heating.

Figure 5.16: Performance indicator for spatial heating. This qualitative indicator is shown
for regions that have a technical potential and is based on the minimum production depth
required for spatial heating.
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5.4 Discussion

Quantifying uncertainty for a global geothermal resource assessment is challeng-
ing because input parameters depend on poorly constrained geological conditions.
This inhibits the use of probabilistic methods for this global geothermal resource
assessment. Instead, I chose to vary the thermal conductivity to show the effect of
geological uncertainty on resource base estimates.

The recovery factor of 1% that I applied could be too conservative for many well-
studied basins in Europe and the USA. At the same time, I did not take into account
terrain accessibility and population density. For example, it is technically possible
to develop geothermal systems in deserts or arctic areas. However, without suffi-
cient inhabitants a geothermal project is economically unfeasible because there is
insufficient demand for heat. In Chapter 4, I conducted a European resource as-
sessment for electricity from enhanced geothermal systems where I showed that a
combination of well-cost models with economic assumptions similar to recent mar-
ket conditions leads to a further reduction of the resource base, yielding recovery
factors of 0.1 - 0.2%. However, large part of these high temperature resources were
also located deeper, lowering recovery factors significantly due to an exponential
increase of drilling costs with depths over 4 km.

My calculated mean global heat flow is in line with other studies (Pollack et al.,
1993; Jaupart et al., 2007; Davies, 2013). Total heat flow through aquifers was
estimated at 134 EJ yr−1, which is in the same order of magnitude as the technical
potential estimates given in Table 5.3. This heat flow is sufficient to replenish the
lost heat on a anthropogenic time-scale, even for the unlikely scenario where the
total technical potential for the generalized case were to be utilized.

Earlier estimates on global potential for continental geothermal resources were
conducted by EPRI (1978). They obtained a potential of 1.4·104 EJ yr−1 by extrapo-
lating a fixed geothermal gradient of 25◦C km−1 to a depth of 3 km, assuming 15◦C
at the surface. This is approximately 10 times my estimate of the potential of gener-
alized direct heat applications (Table 5.3). This is to be expected, since I only con-
sidered aquifers up to three km depth and applied a higher threshold for required
production temperatures (Table 5.1). For the generalized case, this threshold tem-
perature considerably limits the total available volume, down to 5% of the volume
used by EPRI (1978). At the same time, my calculated mean geothermal gradient of
32 ◦Ckm−1 is higher than their fixed gradient of 25 ◦Ckm−1 and my estimates are in
the same range as the upper limit of 1400 EJ yr−1 given by the global assessment of
Stefansson (2005).

One of the main limitations of this study is the use of a fixed thermal conductivity
for all aquifers. Differences in lithology, but also effects of burial and erosion have
a large impact on the thermal conductivity of aquifers (e.g. Hantschel and Kauer-
auf, 2009). For all sedimentary rocks, I assumed a fixed porosity and water as the
only pore fluid. However, tight siliciclastic rocks, such as shales, typically lack large
amounts of fluids. Furthermore, not all sedimentary formations are water-bearing.
Some formations may contain mixtures of hydrocarbons, carbon-dioxide and wa-
ter, or totally lack any fluids. As shown in Fig. 5.2, a small difference in thermal
conductivity can drastically change the geothermal gradient.
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Aquifer thickness is another source of uncertainty because I relied on the global
sediment thickness model from Laske and Masters (1997), largely derived from the
tectonic map of the world compiled by the petroleum industry (Exxon Production
Research Company, 1985). It was difficult to make a distinction between sediments
and highly metamorphosed sediments based on density or velocity alone and with-
out any constraints from wells or geophysical data. This could be a problem in old
cratons and may have potentially lead to over- and underestimates in aquifer vol-
ume and technical potential in areas such as the East European Craton and large
parts of Australia and Africa.

Surface heat flow measurements can also have a large uncertainty. Heat flows
are determined via a series of temperature measurements through a given interval
and thermal conductivity value are used to calculate the surface heat flow. In the
best case, several thermal conductivity measurements are used for this calculation.
Instead, it is common to only use a single estimated value. It is also important to
apply the appropriate corrections depending on where and how deep the measure-
ments have been conducted. Powell et al. (1988) and Beardsmore and Cull (2001)
review heat flow measurement methods and give a comprehensive list of corrections
that should be applied including corrections for terrain and paleoclimate, transient
geological processes such as sedimentation and erosion, and groundwater flow. As
recently showed in a study by Kooi (2016), effects of deep groundwater flow are still
poorly quantified and net-cooling effects could lead to a significant underestimation
of the surface heat flow.

My heat flow compilation largely consists of global data sets that are partly based
on old measurements. Some of those measurements could be of questionable qual-
ity (e.g. Pollack et al., 1993). A large number of measurements lack an indication
of data quality and information on the applied corrections. Another problem is the
inhomogeneous distribution of heat flow measurements because measurements are
typically conducted within regions that (possibly) contain geo-resources. Since hy-
drocarbon formation is generally restricted to sedimentary basins, there is a strong
correlation between sedimentary basins (aquifers) and hydrocarbon exploration and
exploitation. This made data availability less of a problem for this aquifer assess-
ment, but large uncertainties remain in underexplored regions such as Antarctica
and Greenland.

A last, but vital requirement for geothermal development is heat demand. Since
it is economically unfeasible to transfer heat over large distances, development of
geothermal systems is restricted to urbanized and industrialized areas. The global
economical and matched potential could therefore be significantly lower than my
estimated technical potential.

5.5 Conclusions
Given that only limited areas in the world have both sufficiently high geothermal
gradients and suitable reservoirs to allow for geothermal electricity production, it is
important to focus on low-enthalpy geothermal heat applications.

This study shows that there is a large global geothermal resource base in sedi-
mentary aquifers for direct heat use. With my method, I estimated a global geother-
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mal resource base that ranges between 125 and 1793 EJ yr−1. The mean heat flow
through the total aquifer-overlain surface is 64 mW m−2 and is similar to gross con-
tinental heat flow. The results show a mean aquifer geothermal gradient of 32
◦Ckm−1. Total effective aquifer volume ranges from 4.0·106 km3 to 22.8·106 km2.

Differences between the technical potential of greenhouse heating, spatial heat-
ing, and spatial cooling are explained by the spatial variation in aquifer thickness
and geothermal gradients, combined with application-specific temperature require-
ments. From the three applications considered in this study, the results indicate that
spatial cooling has the largest technical potential, followed by greenhouse heating
and spatial heating. To obtain estimates for the economic potential and matched
potential, global data on regional heat demand are needed.

There is significant potential for direct geothermal heat from aquifers: just 0.15%
of the annual global final energy consumption is currently supplied by geothermal
direct heat. The main causes for the large mismatch between potential and de-
veloped geothermal resources are high up-front costs for geothermal projects, de-
centralized production of geothermal heat, lack of uniformity among geothermal
projects, geological uncertainties, and geotechnical risks. To increase the share of
geothermal and other renewable heat sources, support policies are needed to re-
move financial and non-financial barriers.





CHAPTER 6

Synthesis and concluding
remarks
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The main objective of my thesis was to improve understanding of the thermal and
mechanical state of the lithosphere, including its properties and mode of heat trans-
fer, and to study its implications for geothermal resources. I examined the thermo-
mechanical state of the lithosphere using numerical models and conducted volumet-
ric heat-in-place resource assessments to estimate geothermal potential.

In the following sections, the main findings and limitations of my work are sum-
marized and a perspective on options for future research is given.

6.1 Lithosphere thermal field and rheology
In Chapter 2, it is demonstrated that thermal and rheological models constrained
by a conceptual tectonic model and geophysical constraints are helpful in assessing
feasibility of geothermal development of basement-sedimentary areas. They enable
deep thermo-mechanical characterization of the lithosphere, as a function of uncer-
tainties in thermal and rheological properties and tectonic constraints on the deep
structure. My analysis of the Central System in Spain shows that the high geother-
mal gradient in the top 5 km is likely caused by the thermal properties of sediments
and underlying thick radiogenic crust. The elevated geothermal gradient affects the
rheological properties and results in a mechanically weakened lithosphere. Com-
bined with geological data from structural mapping, this explains why most brittle
deformation is constrained to upper parts of the crust. These results, together with
detailed maps of existing thrust/strike-slip faults and constraints on crustal stress
fields, can be used as a first step to target natural conduit zones of hot fluids for
geothermal systems.

There are limitations to my approach that need to be addressed in order to ex-
plain the observed heat flow anomalies in more detail. A 1D steady-state approach
was used to model the geothermal gradient, which is acceptable for a first order
assessment of the thermal field, but inadequate for geothermal site exploration.
Identifying target locations for geothermal wells in an undeveloped region requires
detailed knowledge of the 3D thermal structure, taking into account potential tran-
sient effects (e.g. erosion, sedimentation, crustal thinning and thickening, magmatic
activity) and non-conductive heat transfer (e.g. free convection in permeable lay-
ers or fault zones). Neglecting these factors may lead to under- or overestimates
of subsurface temperatures, affecting project economics and feasibility (Chapter 4).
The computed strength profiles are indicative for the expected strength of the litho-
sphere but need to be combined with structural measurements and stress indicators
to explain observed deformation and to predict geothermal reservoir conditions.

The benefits of 3D stochastic methods to estimate subsurface temperatures are
demonstrated in Chapter 3, where the temperature and strength of the European
lithosphere was modelled. Forward modelling of the lithosphere thermal field was
combined with a stochastic method to compute multiple model realizations, used
for calibration with available temperature data and to update thermal properties.
This allows to arrive at a unified model taking into account both deep lithosphere
and crustal information as well as relatively shallow constraints of detailed sedi-
mentary basin structures and thermal properties, and comprehensive compilations
of temperature data and heat flow data. The resulting posterior model is calibrated
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with 35533 temperature points extracted from regional temperature interpretations
mostly from 1 and 2 km depth, constrained by heat flow measurement and tempera-
ture measurements in wells. It is shown that applying this method results in a good
overall fit of model predictions with the data points. Low geothermal gradients of
20 ◦C km−1 up to 10 km are estimated northeast of the Trans-European Suture Zone
(TESZ). Southwest of the TESZ gradients range from 20 ◦Ckm−1 near the Adriatic
coast to more than 50 ◦C km−1 in volcanically active regions. The calibrated thermal
model is used to further refine the European rheological model and to estimate the
integrated strength of the lithosphere.

The temperatures of the prior (uncalibrated) model show significant misfits with
the temperature observations. A large number of misfits of the prior model with
these observations can be attributed to transient thermal effect or to areas where a
significant amount of non-conductive heat transfer has been occurring such as re-
gions with active tectonics or magmatism. Other misfits are likely related to both
the generalization required for building a European-scale model and to a priori as-
sumptions on thermal properties and model boundary conditions.

At regional scale, conduction controls the thermal field of large parts in Europe. In
particular in regions such as Fennoscandia and the Eastern European Craton where
the lithosphere is old and stable and in thermal steady-state. In many regions south-
west of the Trans-European Suture Zone (e.g. Italy, Turkey, Pannonian Basin), con-
duction alone is not sufficient to explain the observed temperatures because the
conductive thermal field is disturbed by active tectonic processes and volcanism.
Buoyancy-driven thermal convection and advective groundwater flow can also sig-
nificantly affect geothermal gradients when sufficient permeability is present (e.g.
Rhine Graben, circum-Adriatic region).

Misfits of the prior model can be useful to study lithosphere thermal properties
in regions that have a dominantly conductive thermal field. However, I imposed
steady-state conduction as the only way to transfer heat through the model. For
geodynamically unstable regions in Europe, it hampers the distinction between mis-
fits related to a priori thermal properties, transient effects, and heat transfer mech-
anisms. Therefore, a posteriori values of thermal properties need to be treated with
care, as they may mimic transient or non-conductive effects not included in the
model, rather than true property values. On the other hand, extreme corrections
in the posterior properties clearly signal the existence of non-conductive and tran-
sient processes in the Earth’s crust. The identification of non-conductive effects can
considerably assist in assessment of the robustness of the model for extrapolation of
observed shallow thermal gradients to deeper depth levels. The latter is subject to
large uncertainty in case of non-conductive effects.

The same inferences apply to uncertainty of the associated strength model, as the
lithospheric strength is strongly dependent on temperature at greater depth beyond
the reach of existing wells. Further assumptions on rheological parameters such as
fixed strain rates and imposed layers and domains within Europe, contribute to the
final uncertainty of the results.
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6.2 Implications for geothermal energy

The resource assessment of Enhanced Geothermal Systems (EGS) in Europe in Chap-
ter 4 demonstrates that only limited areas in the Europe have both sufficiently
high geothermal gradients and suitable reservoirs to allow for economically viable
geothermal electricity production. The same is true for other parts of the world, as is
shown in the global aquifer resource assessment in Chapter 5. Since heat production
accounts for more than half of the world’s final energy consumption, low-enthalpy
geothermal heat deserves more attention because the many different applications
and lower temperature requirements make it more versatile and less restricted by
geological conditions.

Nevertheless, the resource base for electricity from EGS in Europe is still substan-
tial. Even the 19 GWe that is estimated for 2020, is more than the global capacity of
currently installed geothermal power plants, while the estimated 522 GWe for 2050
is roughly 12% of the global installed capacity of all types of power plants.

In Chapter 5, it is shown that there is a large global geothermal resource base
in sedimentary aquifers for direct heat use. The estimated global geothermal re-
source base ranges between 125 and 1793 EJ yr−1, while the total effective aquifer
volume ranges from 4.0·106 km3 to 22.8·106 km2. It is shown that up to 16% of
the Earth’s continental surface is underlain by suitable aquifers. From the three
applications considered in this study, my results indicate that spatial cooling has
the largest technical potential, followed by greenhouse heating and spatial heating.
Differences between the technical potential are explained by the spatial variation
in aquifer thickness and geothermal gradients, combined with application-specific
temperature requirements.

There is an enormous mismatch between the estimated potential for direct geo-
thermal heat from aquifers and developed geothermal heating: only 0.15% of the
annual global final energy consumption is supplied by geothermal direct heat. Main
causes are high up-front costs for geothermal projects, decentralized production of
geothermal heat, lack of uniformity among geothermal projects, geological uncer-
tainties, and geotechnical risks. Increasing the share of geothermal and other renew-
able energy sources requires support policies to remove financial and non-financial
barriers and to create a level playing field in the energy market.

Temperature and flow rate are found to be the most important and uncertain
constraints for the economics of an EGS project (Chapter 4). They depend on reser-
voir conditions that are controlled by geology and thermo-mechanical state of the
lithosphere (Chapter 2 and 3). The depth of a reservoir with suitable temperatures
determines the costs for drilling wells. Chapter 4 clearly demonstrates the sensitivity
of economic potential on different well costs models. Reducing drilling costs is vi-
tal to ensure future geothermal development in an increasingly competitive energy
market.

Both resource assessments in my thesis are limited by the use of simplified ther-
mal models and their results need to be treated with care. For national, regional and
site specific assessment it is recommended to build more detailed models, including
more detailed geological and temperature information, as well as the inclusion of
non-conductive effects. For the European geothermal resource assessment in Chap-
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ter 4, a two-layer steady-state conductive model was used with fixed values for the
thermal conductivity. In Chapter 5, the thermal model mainly relied on surface heat
flow and a global sediment thickness model to infer aquifer thickness, and was fur-
ther simplified by neglecting radiogenic heat production. Differentiating thermal
properties, based on lithological information, and taking into account temperature
dependence can significantly change the thermal field as is shown in Chapter 3. Be-
cause of the spatial scale and lack of data, both thermal models also rely on low
resolution data for their layer structure. This is especially the case for modelling
presented in Chapter 5, which leads to local over- and underestimates in aquifer
volume and technical potential for certain areas.

Surface heat flow measurements are also a source of large uncertainty. The heat
flow map I compiled is largely based on global data sets that are partly based on
old measurements. Some of these measurements could be of questionable quality
as a large number lack any indication of data quality or information on possibly ap-
plied corrections. Another source of uncertainty is the inhomogeneous distribution
of heat flow measurements, which requires interpolation to obtain a dataset that
covers all of the global land surface. Fortunately, there is a strong correlation be-
tween sedimentary basins (aquifers) and heat flow measurement locations because
of hydrocarbon exploration and exploitation but large uncertainties remain in un-
derexplored regions such as Antarctica and Greenland.

As demonstrated in Chapter 4, flow rate is one of the most sensitive parameters
for the technical and economic performance of a geothermal system. For techno-
economic modelling, an ideal situation would be the use of location-specific flow
rates, taking into account favorable conditions for creating new reservoirs or en-
hancing existing ones, such as lithology, natural (fracture) permeability and in situ
stresses. However, the lack of data on permeability made it only possible to use a
fixed flow rate.

6.3 Future research perspectives
The results that are presented in this thesis provide insight in the thermo-mechanical
state of the European lithosphere and the global and European geothermal poten-
tial. The methods applied in Chapter 3 are not limited to European scale and show
their value also for smaller regions with better constraints on geological structure
and availability of temperature measurements, as is shown by Békési et al. (2017)
for the Pannonian basin. The ES-MDA can also be used to invert gravity anomaly
observations to calibrate density models. Joint interpretation of the results of tem-
perature and gravity inversion can be used to validate different scenarios for the a
priori structure and model parameters. The first case studies for combined grav-
ity and temperature modelling will be the update of the geothermal model of the
Netherlands (Bonté et al., in prep.) and the modelling of geothermal fields in the
Trans-Mexican Volcanic Belt (Limberger et al., in prep).

Efforts are made in Iceland and Italy to extract energy from super-critical geother-
mal systems and interest is growing to assess the potential for these geothermal
resources. As part of the Integrated Methods for Advanced Geothermal Exploration
(IMAGE) project, my European thermo-mechanical model is used as input for a first-
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order assessment of supercritical geothermal resources in Europe (Manzella et al.,
2017). Temperature, depth of the first brittle-ductile transition, and earthquake
frequency in regions under extension are used as indicators for the presence of su-
percritical conditions.

There are challenges remaining to refine the results of Chapter 4 and 5. The use
of stochastic methods for both thermal models (Chapter 3) and techno-economic
volumetric resource assessments could result in more robust estimate ranges for the
available resources. Another extension of the method could be to also incorporate
risk related to induced seismicity. Further improvements could be made by taking
into account national/regional differences in economics, legislation, regulation and
stimulation policies, and to match economic potential with local heat demand.
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