
Geothermal Assessment and 
Potential Calculation

Standards, Tools and Gaps for a Global 
Harmonised Evaluation

Adele Manzella, G. Gola, E. Trumpy
CNR – Istituto di Geoscienze e Georisorse

adele.manzella@cnr.it

Foto da Unsplash

https://unsplash.com/it/foto/rappresentazione-artistica-di-un-sistema-solare-con-otto-pianeti-hdDjmN0iraw?utm_content=creditCopyText&utm_medium=referral&utm_source=unsplash


Geothermal energy resource estimate

Why: it play a crucial role in the decision-making, 
financing, development, and operation of geothermal 
projects (business decision, government and public 
reporting, project finance,...)

Why: it requires a deep understanding of geological 
processes, and provides an opportunity for integrating 
geological, geophysical, geochemical data   

Why: it is the most asked question from journalists 
when talking about geothermal energy, to underline the 
importance of developing geothermal projects (energy 
source to solve our huge energy demand, economic 
driver, a piece of solution for climate change issues, ...)



Geothermal energy resource estimate
What?



Geothermal energy resource estimate
What?
The most promising places for siting a project



Inventario delle Risorse Geotermiche Nazionali 
CNR, ENEA, ENEL, ENI - Legge N. 896-1986. 

Ranking based on:
• Geothermal fluid temperature
• Depth of the regional geothermal reservoir

A1: Regional reservoir, Z < 3 km, T > 200°C
A2: Regional reservoir, Z < 3 km, 150°C < T < 200°C

B1: Regional reservoir, Z < 3 km, 120°C < T < 150°C
B2: Regional reservoir, Z < 3 km, 90°C < T < 120°C

C1: Regional reservoir, Z < 3 km, 60°C < T < 90°C
C2: Regional reservoir, Z < 3 km, 30°C < T < 60°C

D1: Local reservoir, Z < 3 km, T < 150°C 

Geothermal potential assessment of Italy



Geothermal energy resource estimate
What?
The most promising places for siting a project
Only hydrothermal systems?

Hydrothermal systems
EGS

Magmatic, superhot systems



Geothermal energy resource estimate
What?
What is a resource?

Muffler and Cataldi, 1978



Geothermal energy resource estimate
What?
What is a resource?

Bromley 2009



Geothermal energy resource estimate
What?
The sector never arrived to standard terms
Geothermal reporting codes in Australia and Canada 
were developed for their specific stock exchange 
markets. 
Such codes lack the necessary element for the 
consistent comparison of geothermal resources with 
respect to other energy sectors



Geothermal energy resource estimate
What?
What is a resource?

United Nations Framework Classification 
for Fossil Energy and Mineral Reserves 
and Resources 2009 (UNFC-2009)

A project-based classification framework 
to represent, in a uniform way, the 
maturity and uncertainty of the (future) 
“extraction” project, reporting the related 
resource/energy quantities



Geothermal energy resource estimate
What?
What is a resource?

Geothermal Energy Source (= deposit = accumulation) 
is the thermal energy contained in a body of rock, 
sediment and/or soil, including any contained fluids, 
which is available for extraction and conversion into 
energy products

Geothermal Energy Product is an energy commodity 
that is saleable in an established market

Geothermal Energy Resources are the cumulative 
quantities of Geothermal Energy Products that will be 
extracted from the Geothermal Energy Source



Geothermal energy resource estimate
UNFC for Geothermal energy

Generic, principles-based classification system
• Now applicable to solid minerals, fossil energy, renewables 

(geothermal energy) and injection projects
• NOT a quantification system!
Based on three criteria
• ‘E axis’ (degree of favorability of social and economic conditions for 

establishing commercial viability of project)
• ‘F axis’ (maturity of studies and commitments necessary to 

implement project)
• ‘G axis’ (level of confidence in the estimate of reported quantities 

and potentially recoverable quantities)



Geothermal energy resource estimate

What is a geothermal resource?
What is the standard for estimating its potential?

There is still a need for a comprehensive and common assessment and 
comparison framework serving as a foundation for a comprehensive 
overview of current and future energy sustainability scenarios at 
project, company, national, regional and/or global levels to be used by 
investors, regulators, governments and consumers



They can be divided into two main groups, based on the type of input data required by the
method:

§ A single point or static – methods that do not need production history data

§ Historical or dynamic – methods that require production history data.

The methods requiring a static dataset as input are:
1) Method of surface heat flux
2) Planar fracture
3) Magmatic heat budget
4) Total well flow
5) Volumetric
6) Mass-in-Place
7) Power density

The methods requiring a dynamic dataset as input are:
1) Decline analysis
2) Lumped parameter
3) Numerical reservoir simulation

Ciriaco et al., 2020

Methods to compute the geothermal potential



Static methods

Surface heat flux method

This method approximates the total theoretical
minimum amount of heat that can be withdraw from a
geothermal resource through measuring the heat loss at
the ground surface from:
• Hot springs, geysers, fumaroles, mud pools
• Thermal grounds

The total amount of heat can be expressed as the sum of
the convective and conductive components:

𝑞!"! =#
#

$

𝑞%# + 𝑞&

Where:
• 𝑞!"! is the total amount of heat
• 𝑞%# is the total thermal energy estimated from the

individual surface manifestations, and accounts for
the convective term

• 𝑞& is the conductive heat flow.

Corrado et al. (1998)

Chiodini et al. (2021)



Static methods
Surface heat flux method

From Ciriaco et al. (2020)



Static methods
Planar fracture method

In this method the fluid is heated up passing through the fractures
in the rocks. The theoretical extractable heat per unit fracture area
can be estimated from the end temperature ratio as proposed by
Bodvarsson (1974), which is expressed as:

𝑇'(𝑡) =
𝑇()"*(𝑡) − 𝑇"
𝑇#$+ − 𝑇"

Where:
• TD is the dimensionless temperature at the production well
• 𝑇()"* is the production water temperature	[°𝐶]
• 𝑇" is the initial rock temperature [°𝐶]
• 𝑇#$+ is the injection water temperature [°𝐶]

This model can be applied also in case of multiple fractures, but
only if there is a minimum distance between them expressed as
follows:

𝑑
2 = 3 ∗ 𝛼 ∗ 𝑡,

Where:
• 𝛼 is the thermal diffusivity -

!

%
• 𝑡, is the production period [𝑠]

Patterson et al. (2020)

Sensitivity analysis finds that changes to well 
spacing (L) and reservoir effective transmissivity 
(T) exert the largest effect on the expected net 
present value (ENPV)



Static methods
Magmatic heat budget method

This method is a qualitative assessment of relative potential, it
estimates the volumes of silicic magma chambers to predict their
age of emplacement and to calculate the amount of geothermal
energy remaining in the intrusion and adjacent country rock.

Total well flow

This method is a simple approach of summing up the measured
output of the well after performing intensive discharge test.
Grant (2000) argues that the total well flow demonstrates the
ability of the field to deliver fluid but not the total potential
capacity of the field, which could be higher if more wells are
drilled.

Mass-in-place method
This method mimics the volumetric method which uses the total
mass in-place (MIP) instead of heat in-place (HIP).

Power density method
The power density method assumes that power capacity per unit 

area ./!
0-" of the productive resource is a function of reservoir 

temperature 𝑇#:
𝑀𝑊1
𝑘𝑚2 =

𝑇
86.9

2

The power density method requires very few assumptions
compared to the other methods for estimating resource
potential. However, its usability and reliability are as good as the
data that was used to generate the plot and the empirical
correlation. The method described for delineating the reservoir
area is not applicable for projects at the exploration phase and
may not be appropriate when there are only a few wells drilled.
Furthermore, the available capacity of geothermal fields changes
with time.

Example (Romagnoli et al. 2010). Since the Larderello–Travale system has an area of about 
400km2 and an average thickness of about 2 km, the total reservoir volume (Vres) is 800 
km3. Assuming a porosity (Φ) of about 2%, the available volume for the steam storage in 
the reservoir (Vsteam) is:

Vsteam = Vres ·  Φ = 16 km3.

Thus, the maximum steam amount (Msteam) which could be contained in the Larderello–
Travale geothermal system is:

Msteam = Vsteam · ρsteam (300 degC & 50 bar) = 16 km3 · 22.075 kg/m3 = 0.35 × 109 t



Static methods

Volume method

This method is one of the most used for the evaluation of the geothermal potential.
The power potential can be estimated with the following formula:

𝑀𝑊1 =
𝑞×𝑅3×𝜂&"$4

𝐹×𝐿
Where:
• 𝑀𝑊1 is the power potential [𝑀𝑊

!
]

• 𝑞 is the thermal energy stored in the reservoir [𝑀𝐽]
• 𝑅3 is the recovery factor [−]
• 𝜂&"$4 is the conversion efficiency [%]
• 𝐿 is the plant life [𝑠]
• 𝐹 is the capacity or load factor [%]

The thermal energy q stored in the reservoir can be calculated by dividing the reservoir
into 𝑛 different regions of volume 𝑉# and temperature 𝑇#.

𝑞 =#
#56

$

𝜌#𝑐#𝑉# 𝑇# − 𝑇3

Where:
• 𝜌#𝑐# is the volumetric heat capacity of a saturated rock 7

-#°9
• 𝑉# is the volume of 𝑖!: region of 𝑛 numbers of lithology. The product of area 𝐴 and

thickness ℎ of the reservoir (𝑉 = 𝐴×ℎ 𝑚; )
• 𝑇# is the initial temperature of 𝑖!: lithology [°𝐶]
• 𝑇3 is the cut-off or final abandoned reservoir temperature [°𝐶]



Dynamic methods
Decline analysis

Decline analysis is a simple method for estimating the resource
potential over a short period. It involves fitting a known production
history data, and the fitted equation is then used to forecast future
production capacity. The production data declines with time and the
decline is usually assumed to follow an harmonic or exponential trend:

1
𝑄

𝑑𝑄
𝑑𝑡

= −𝐷 ∗ 𝑄<

Where:
• 𝑄 is the production rate
• b=0 (exponential) or b=1 (harmonic)
• D is the decline rate.
Decline analysis is mostly used as an assessment tool during the 
production stage. However, the method is considered not suitable for 
long-term reserves estimation and is inferior to a well calibrated 3D 
numerical reservoir model.

Lumped-parameter
In a simple lumped-parameter model the reservoir is treated as a
single box or closed reservoir. The pressure decline as a result of
fluid withdrawal can be described as a linear function of the
cumulative production and the mass and energy equations are often
reduced to ordinary differential equation:

𝑚
𝑑𝑃
𝑑𝑡 +𝑊()"* −𝑊-1&: = 0

Where:
• 𝑚 is the mass of geothermal fluid [𝑘𝑔]
• *=

*!
is the variation of the pressure over the time =>

%
• 𝑊()"* is the energy produced 𝑘𝐽
• 𝑊-1&: is the mechanical energy produced 𝑘𝐽

Similar to decline analysis, the predictive capability of lumped-
parameter models is still limited, and inferior compared to numerical
reservoir models.



Dynamic methods
Numerical reservoir simulation

The numerical reservoir simulation has been proven as the most reliable option for
geothermal resource assessment. It is a more advanced tool that numerically models
the physics of fluid flow and heat transfer and the complex nature of reservoir
geometry.
The three important stages in numerical development are as follow:
1. Development and Conceptual model: it serves as a guide to set up the numerical

model, understanding the important aspects of the reservoir and the physical
process affecting it

2. Numerical Calibration Model:
• Natural state matching: It involves matching the pre-exploitation temperature

and pressure profiles and surface manifestation data (natural thermal power
output)

• Production history matching: With the natural state as initial condition,
production history matching involves simulating field responses to fluid
withdrawal and injection

3. Forecasting: The final model calibrated against pre-exploitation and production
history data is used to test various future production scenarios being considered
going forward in time



Why: Resource assessment and reserve estimation play 
a crucial role in the decision-making, financing, 
development, and operation of geothermal projects.

How: Several methods exist having variable accuracy in 
evaluating the output potential. The Volume Method is the 
most applied approach.

What: Quantifying power potential (MWe) of geothermal 
fields at their early stage of development, where there is 
limited information about the resource.

Geothermal potential assessment



VIGOR THERMOGIS

• The code uses 3D subsurface models and temperature distribution
• The volume element (VOXET) has specific dimensions and in the pre-

processing phase the input data must be sampled using the same grid
• The geological units are characterized by average petrophysical 

values (density, specific heat) considered uniform in the whole volume 
without taking into account the variation of thermal properties with 
temperature

• Consider a technology based on the geothermal doublet (1 production 
and 1 injection well)

• Consider a binary plant for power production (with a constant average 
cycle relative efficiency value) or a DH

Input data: 3D geological and 3D thermal models

Based on the Volume Method



It represents the quantity of Energy (Joule) stored in 
each Volume Element of the geothermal reservoir.

It is a function of the density and specific heat of the 
rock and the temperature at which the volume element 
is found.

For each volume element, the HIP grid is given by:

( ) ( ) 1510ρ][ --´´= oxrockp TTcVPJHIP

Heat in Place (HIP)



Heat in Place (HIP)



The code output is a Heat In Place MAP 
resulting from the VERTICAL SUM of the 
values of each volume element of the 
reservoir divided by the area of the 
volume element (J/km2).

+     borehole
□     city PJ/km2

Heat in Place (HIP)



This calculation occurs in two steps:

1. THEORETICAL CAPACITY (TC): it is the quantity of thermal 
energy (Joule) theoretically (100%) extractable from the 
underground depending on the technology. It depends on the 
production temperature (Tx = temperature of the volume 
element ≥ TMIN), on the RE-INJECTION temperature and on the 
volumetric heat capacity of the rock.

( ) ( ) 1510ρ][ --´´= injectionxrock TTcVPJTC

It represents the Power (Joule/second = W) that can be 
produced by each Volume Element of the reservoir having 
T ≥ MINIMUM temperature (TMIN) required by the specific 
technology (e.g. 120 °C for electricity production).

Theoretical Technical Potential (TTP)



It represents the Power (Joule/second = W) that can be 
produced by each Volume Element of the reservoir having 
T ≥ MINIMUM temperature (TMIN) required by the specific 
technology (e.g. 120 °C for electricity production).

Theoretical Technical Potential (TTP)

This calculation occurs in two steps:

2. THEORETICAL TECHNICAL POTENTIAL (TTP): it is the 
Power (Watt) theoretically (R=100%) producible in a 
time interval (30 years). It depends on the 
theoretical capacity, on the efficiency of the system 
(η) and on the efficiency of the heat exchange in the 
subsoil between fluid and rock (R).

( )
610

60602436530
][ -

××××

´
×=

RηTCMWTTP



Binary cycle efficiency

( )
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60602436530
][ -

××××

´
×=

RηTCMWTTP

injectionprod

injectionprod
ideal

TT

TT
η

+

-
=

relideal ηηη ×=

Average value
ηrel = 58±4% 
(44%-67%)

Theoretical Technical Potential (TTP)

For a DH systems the 
efficiency is set at 90%



Power
TMIN = 120 °C
TINJ = 107 °C

MWe/km2

+     borehole
□     city

The code output is a MAP of the 
Theoretical Technical Potential 
obtained from the SUM on the 
VERTICAL of the values of each volume 
element of the reservoir divided by the 
area of the volume element (MW/km2).

Theoretical Technical Potential (TTP)



It represents the Power (Joule/second = W) that can be 
produced by each Volume Element of the reservoir having 
T ≥ MINIMUM temperature (TMIN) required by the specific 
technology (e.g. 120 °C for electricity production) for a 
recovery factor         0 

Technical Potential (TP)

( )
610

60602436530
][ -

××××

´
×=

RηTCMWTTP

The value of R depends on:

• fractured volume of the rock
• heat exchange surface 
• hydraulic permeability
• rock temperature. 

R varies from 0.01 for an EGS (Enhanced Geothermal System) to a 
maximum of 0.5 for a high permeable hydrothermal reservoir. 
Without any direct information, it is recommended to use a value 
between 0.02 and 0.20 (average value 0.1 or 10%).
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Power
TMIN = 120 °C
TINJ = 107 °C

+     borehole
□     cityR = 10% R = 1%

MWe/km2 MWe/km2

Technical Potential (TP)



The Technical-Economic Potential is calculated starting from the Technical Potential (R = 10%) accepting only those 
cells of the 3D grid where the Levelized Cost of Energy (LCoE) is lower than a given threshold (< 200 €/MWe for 
electricity ). 

( ) ( )ú
ú

û

ù

ê
ê

ë

é
+×D=

winjwprod

v
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ln
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ln
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Hydraulic transmissivity

Fluid 
viscosity

Borehole 
distance

Borehole 
radius

( ) ( )inprodfpvth TTρcqP -×=

relidealthe ηηPP ××=

Technical-Economical Potential (ETPlcoe)

LCoE is calculated as the ratio 
between:
• the cash flow during the 

operational life of the 
plant (costs incurred for 
drilling, power plant, 
maintenance + earnings)

• the quantity of electricity 
(MWe) produced over 30 
years.



HYDRAULIC PERMEABILITY (K) is the parameter with the 
largest uncertainty. It has a great influence on the 
performance of the geothermal doublet. 

For this reason, a MONTE CARLO statistical approach was 
developed to assign expected hydraulic transmissivity 
values with a probability of 10%, 50% and 90%.

H = 250 m
K = 0.8 ± 0.2 mD

Technical-Economical Potential (ETPlcoe)



MWe/km2

Power
TMIN = 120 °C
TINJ = 107 °C P=50%

The code output is a MAP of the 
Technical-Economic Potential (P10-
P50-P90) obtained from the 
VERTICAL SUM of the values of each 
volume element of the reservoir 
divided by the area of the volume 
element (MWe/km2).

Technical-Economical Potential (ETPlcoe)



Topographic  surface

Injection well Production well

Tres_in Tres_out

Reservoir top

Reservoir bottom

ΔP-ΔTloss

Q-P-TprodTinj

ΔTgain

Power plant

1. Geological model [3D matrix with indexes for lithologies; 2D surfaces for lithological boundaries]
2. Thermal model [3D matrix with temperature defined at each node of the 3D grid]
3. Pressure model [3D matrix with fluid pressure defined at each node of the 3D grid, hydrostatic ρw(T)]
4. Petrophysical model (3D matrix with physical properties of rocks defined at each node of the 3D grid)

• Porosity [φ(x,y,z)]
• Density [ρ(φ,litho)]
• Permeability [K(x,y,z)]
• Thermal conductivity [k(φ,litho,T)]
• Heat capacity [cp(φ,litho,T)]

5. Heat recovery
• Choose the model

o Multiple parallel fracture model [Flow rate, Tinj, Trock, arock, (ρ cp)w, fracture N,L,H]
o Volumetric block model (1D linear heat sweep model) [h, tortuosity, φ, Flow rate, Inj. T, Trock, arock, 

(ρ cp)w, fracture N,L,H]
o Drawdown parameter model [arock, cpw, Tinj, Trock, drawdown percentage]
o Thermal drawdown percentage model [Tinj, Trock, drawdown percentage]
o User defined [file ascii T(t)]

6. Vertical temperature loss
• Ramey model [Tres, Trock, Flow rate, arock, Dwell, H, Ggeo, utilization factor]

7. Pressure loss
• Evaluate ΔP in injection & production wells and reservoir to size the blowdown & downhole pumps [Flow 

rate, Dwell, ρw, friction factor] 
RESERVOIR MODEL
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New perspectives



Power plant

1. INPUT data: FLOW RATE [kg/s] – PRESSURE [bar] – TEMPERATURE 
[degC]

2. USER input data: 
• power plant type
• component efficiencies
• capacity factor

3. Modelling of thermodynamic cycle for different power plant 
technologies (Dry steam, Single Flash, Binary, Cogeneration) 
accounting for efficiency of each component (thermal and kinetic 
energy losses)

4. Monitoring thermodynamic properties of the fluid (pressure, 
temperature, enthalpy) at the entry and exit of each component.

5. The code finds for the optimal turbine output 
6. The code computes:

• Net electricity production (accounting for the total energy 
produced and the energy consumption of the different 
components)

• Utilization efficiency (Wnet / Exergyfluid)
• Specific steam consumption (kg / kWh)

OUTPUT Subsurface model: 
• FLOW RATE [kg/s]
• PRESSURE [bar] 
• TEMPERATURE [degC]

New perspectives



Power production: validation 
thermodynamic model against 

worldwide operating power plants 

New perspectives



Power production: single flash power plant

New perspectives



Power production: dry steam power plant

New perspectives



Conclusions

Needs:
• coherent and standard terminology
• harmonized methods for resource reporting for different geological 

settings, advanced resource development perspectives (EGS, 
superhot, DBHE, etc.) and extended resource use (e.g. GSHP, storage). 
it should include the mapping of geothermal reserves and resources 
as well as communicating the robustness of estimations (at different 
stages of the project) 
• Public and transparent performance analysis tools for evaluating the 

resource potential and for resource analysis reporting
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