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 A B S T R A C T

The implementation of geothermal-based district heating networks has a substantial impact on mitigating 
greenhouse gas emissions. Efficient and environmentally friendly heating infrastructures can be established 
exploiting the heat resources available in existing geothermal reservoirs. Furthermore, the establishment of 
district heating networks could facilitate a more cost-effective transition towards renewable sources for the 
end-user, if compared to the need of installing an individual heat pump. This could lead to a reduction in 
social conflict when pursuing the environmental goals set by policymakers. In this framework, the present 
work compares two different district heating network layouts: a water-based and a CO2-based network, with 
the goal to identify the most promising configuration. While water-based networks are quite known and already 
installed in multiple locations in Europe, the CO2-based concept is innovative and could provide significant 
benefits when coupled with a geothermal reservoir. The network is composed of two pipes, respectively filled 
with saturated liquid and vapor, at relatively low temperatures (0 ◦C to 30 ◦C), and heat is provided to final 
users by compressing vapor to reach the required outlet temperature. This makes the system very flexible 
and allows it to operate even with very cold and shallow geothermal reservoirs, thus significantly reducing 
the installation cost. A complete thermodynamic and economic analysis has been performed for both cases 
based on an existing geothermal reservoir in Gavorrano (southern Tuscany, Middle Italy), finding that the 
CO2 network reduces the necessary drilling depth from 5 to 4 km with respect to water and the Levelized Cost 
of Heat (LCOH) from 0.21 to 0.16 e /kWh. Although the CO2-based surface plant can achieve very high COP 
due to the use of the geothermal well as a heat source, the economic optimum is a COP of 3, since higher 
COPs would require more heat extraction from the well, increasing drilling costs.
1. Introduction

1.1. General introduction on geothermal energy

As a result of the continuous growth in population and the ongoing 
process of industrialization, global energy demand increased by 2.2% in 
2024 [1] and is expected to continue rising in the coming decades. This 
increase in energy demand is expected to be met in a sustainable and 
environmentally responsible manner, transitioning from fossil fuels to 
more renewable technologies such as wind, solar, biomass, or geother-
mal energy sources. To decrease carbon emissions, it is also necessary 
to improve the existing energy systems or develop new technologies 
that make better energy use. In this context, geothermal energy sources 
represent a valuable alternative for clean and safe energy generation, 
with low operating costs compared to other systems [2]. In addition, 

I This article is part of a Special issue entitled: ‘SDEWES 2024’ published in Applied Thermal Engineering.
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they are not subject to weather variability, thereby providing a stable 
and continuous supply of energy in contrast to wind and solar energy.

Despite its vast potential and its theoretical availability everywhere 
on the Earth’s surface, the economic viability of geothermal electricity 
generation has been demonstrated only in limited regions character-
ized by a very high geothermal gradient. In 2023, more than 90% 
of global geothermal electricity generation was concentrated in 10 
countries [3]. On the other hand, the direct use of geothermal energy 
for heating/cooling applications, requiring a lower fluid temperature, is 
prone to be used in less promising geothermal areas too. Consequently, 
about 75% of geothermal energy generation is used for district heating 
applications [4], where low and medium-temperature sources can be 
exploited [5]. 
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Nomenclature

Acronyms

CLGS Closed Loop Geothermal System
COP Coefficient Of Performance
DHN District Heating Network
HDD Heating Degree Days, ◦ C
LCOH Levelized Cost Of Heat, ce/kWh
Economics

𝐶𝑓 System Capacity Factor
𝐶□ Absolute cost, e
𝑐□ Specific cost, e/kWh
𝑐𝑒𝑙 Electricity cost, e/kWh
ℎ𝑦 Hours in one year, hours/year
𝑖 Interest rate
𝐿𝑒 System operational life, years
𝑂𝑀𝑟𝑎𝑡𝑖𝑜 Yearly Operation and Maintenance Ratio
Geometrics

𝜙□ Pipe Diameter, m
𝐴□ Area (Heat Exchanger), m2

𝑑𝑒𝑝𝑡ℎ Well Horiz. Section Depth, m
𝑙𝑒𝑛𝑔𝑡ℎ Well Horiz. Section Length, m
𝑛𝑤𝑒𝑙𝑙𝑠 # of well to be drilled
Other

𝐴𝑝 Population density, m2/person
𝐸𝑃𝑙𝑖 Energy Performance Index
𝑃𝑜𝑝 Population of a municipality
𝑆𝑓 Building Shape Factor
Geology

𝛼𝑟𝑜𝑐𝑘𝑠 Rocks Thermal Diffusivity, m2∕s
𝑔𝑟𝑎𝑑 Geothermal Gradient, ◦C∕m
𝑘𝑟𝑜𝑐𝑘𝑠 Rocks conductivity, W∕m K
𝑇𝑟𝑜𝑐𝑘𝑠 Undisturbed Rock Temperature (at depth), ◦

C
𝑇𝑠𝑢𝑟𝑓 Undisturbed Rock Temperature (surface), ◦

C

Subscripts

𝐷𝐻 District Heating
ℎ𝑒, 𝑖 𝑖th heat exchanger of the DHN
𝑖 𝑖th branch of the DHN
𝑖𝑛 input (in the surface plant)
𝑜𝑢𝑡 output (from the surface plant)

1.2. Geothermal powered district heating networks

With a significant part of global energy consumption being related 
to energy use in buildings, District Heating Networks (DHNs) will likely 
become vital in modern urban energy systems, as they can supply 
heat to residential, commercial, and industrial sectors in an efficient 
manner [6]. Over the recent decades, they have attracted significant 
attention in the scientific community as a valuable strategy to control 
greenhouse gas emissions [7], improve energy security, and help to 
reduce the cost of the required energy transition from fossil fuels [8] 
if compared to the need of installing individual user heat pumps. All 
2 
Thermodynamics

𝛥ℎ% Well Spec. Heat Increase Fraction
𝛥ℎ𝑚𝑎𝑥 Maximum Well Spec. Heat Increase
𝑚̇□ mass flow, kg/s
𝑄̇□ Thermal power, kW𝑡
𝑞̇□ Spec. Thermal power, kJ𝑡/kg
𝑊̇□ Mechanical/Electrical power, kW𝑒
𝐷𝑇𝐻𝐸 Heat Exchanger Pinch Point, ◦ C
𝐻𝐸𝑒𝑓𝑓 Effectiveness of the regenerator (CO2-based)
𝑝𝑝𝑒𝑟𝑐 Adimensionalized maximum pressure (CO2-

based)
𝑅𝑟𝑜𝑐𝑘𝑠 Rocks Thermal Resistance, m2K∕W
𝑇□ Temperature, ◦ C
𝑇𝑝𝑒𝑟𝑐 Adimensionalized maximum temperature

(water-based)
𝑇𝑠𝑢𝑝𝑝𝑙𝑦 Fluid Temperature in the DHN (CO2-based), 

◦ C
𝑣□ Fluid Speed in pipeline, m/s

these factors could lead to a reduction in social conflict when pursuing 
the environmental goals set by policymakers.

One of the advantages of district networks is their adaptability to 
different heat sources, ranging from industrial waste heat to the inte-
gration of renewable energy sources and the use of high-efficiency heat 
pumps [9,10]. In this context, the integration of accessible geothermal 
heat renewable resources into DHNs is highly appealing due to their 
economic viability. Considering the versatility of geothermal energy as 
a heat source, coupling geothermal sources into district heating net-
works is an already proven concept to supply heating energy to whole 
neighborhoods located near regions with geothermal activity [11]. 
Many geothermal-based networks are being developed throughout Eu-
rope, especially in regions with high capacity factors, such as northern 
countries [12], which make facilities highly profitable. The range of 
prices (Levelized Cost of Heat, LCOH) varies depending on the specific 
locations, but has kept below 0.14 e /kWh in the recent literature [13–
16].

Although water has traditionally been the heat transfer fluid for 
both geothermal wells and DHNs in almost all developed projects, 
its substitution with alternative fluids has been receiving increasing 
support from the scientific community. This substitution is particu-
larly interesting when dealing with Closed-Loop Geothermal Systems 
(CLGS), where a direct contact between the fluid and the rocks is 
avoided. Among these new-generation working fluids, carbon dioxide 
has emerged as one of the most promising candidates. This is mainly 
due to the interesting properties of CO2, such as its considerably lower 
viscosity than water, resulting in potentially reduced piping pressure 
losses [17]. In addition, CO2 systems can use the latent heat of vaporiza-
tion at low temperatures, whereas water systems only rely on sensible 
heat. In the specific context of mid-low temperature geothermal reser-
voirs, CO2 changes its density drastically when heated up, generating 
a thermosiphon effect which may be used to increase fluid flow rate 
and power extraction [17–19]. Furthermore, this effect can generate a 
pressurization of the fluid at the well head, which can be beneficial for 
electricity generation [19–22].

Following the proposal of CO2-based DHNs by Weber and
Favrat [23], the concept has been analyzed and extended by other 
researchers, showing a high potential for similar applications [24]. 
Nevertheless, despite the potential of this technology, the share of 
geothermal sources in district heating and cooling is still considerably 
low [25], emphasizing the necessity of performing more numerical and 
experimental studies for these innovative designs.
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Table 1
Interpolation parameters for 𝐸𝑃𝑙𝑖.
 a b c d  
 1 6.28⋅10−9 −3.68⋅10−5 8.73⋅10−2 −1.80⋅100 
 2 −2.87⋅10−9 1.5⋅10−5 −1.24⋅10−2 3.30⋅100  

1.3. Research gap and scope of this work

Numerous studies in the literature propose innovative designs in-
tegrating multiple interconnected components and systems, with the 
objective of producing various outputs while enhancing both energy 
and exergy efficiencies. However, these studies often lack empirical 
operational data or comprehensive techno-economic assessments. Fur-
thermore, the majority of such works concentrate on optimizing either 
the sub-surface or the surface plant in isolation, without conducting an 
in-depth analysis of their interconnection. This limitation is particularly 
evident in the context of district heating network applications, where 
the modeling of one of the sub-systems is frequently oversimplified. 
The present study uses real data from a geothermal reservoir in Gavor-
rano (south Tuscany, Italy), a case study [26] part of the HOCLOOP 
European project [27]. The objective of the study is to compare two 
alternative working fluids for a potential district heating network, 
namely carbon dioxide and water. Carbon dioxide has been suggested 
to perform better in the literature, but the economic aspects have 
to be considered. The choice of fluid affects the network layout and 
working temperature, resulting in different drilling depths and system 
efficiencies. In this sense, this work presents an innovative closed-loop 
geothermal district heating network, providing a reliable comparison 
between two alternative configurations based on a thermodynamic and 
economic analysis. The results contribute to highlight the potential of 
carbon dioxide as a DHN fluid carrier, especially in the context of using 
geothermal energy as a thermal energy source.

2. Methodology

This work analyzes the performance of a potential heating network 
located in Gavorrano, Italy, leveraging its significant geothermal re-
sources [28]. The use of CO2 or water as working fluids has been 
studied to select the most appropriate alternative. The following sec-
tions present the procedure adopted for the estimation of the network 
power demand from available real data, the development of models for 
the water- and CO2-based heating networks with their corresponding 
well geometry design, and the economic analysis.

2.1. Estimation of the network power demand

The heating demand in the area was estimated considering the 
limit energy performance index of the buildings (𝐸𝑃𝑙𝑖, as defined by 
Italian legislation [29]). This value represents the maximum allowable 
annual energy consumption per square meter of residential buildings as 
a function of the heating degree-days (𝐻𝐷𝐷) and the building shape 
factor (𝑆𝑓 ). Italian legislation provides a table with different values for 
𝐸𝑃𝑙𝑖 for a set of 𝐻𝐷𝐷 and 𝑆𝑓 . A continuous curve was generated by 
interpolating these discrete values using the following equation: 
𝐸𝑃𝑙𝑖 = (𝑎1𝑆𝑓 + 𝑎2) ⋅𝐻𝐷𝐷3 + (𝑏1𝑆𝑓 + 𝑏2) ⋅𝐻𝐷𝐷2 +⋯ + (𝑑1𝑆𝑓 + 𝑑2) (1)

with the equation parameters collected in Table  1.
With this relationship between 𝐸𝑃𝑙𝑖, 𝐻𝐷𝐷 and 𝑆𝑓 , the annual 

energy demand of the network was estimated from the area population 
using the following equation: 
𝑄𝑡𝑜𝑡 = 1.5 ⋅ 𝐸𝑃𝑙𝑖(𝐻𝐷𝐷,𝑆𝑓 ) ⋅ 𝑃𝑜𝑝 ⋅ 𝐴𝑃 (2)

where 𝑃𝑜𝑝 and 𝐴𝑃  are the population and the useful area required 
in m2 per person. The values of 𝑆  and 𝐴  have been set to 0.6 and 
𝑓 𝑃

3 
33 m2∕person, according to standard Italian values. A 1.5 safety factor 
has been considered, as, unfortunately, many Italian buildings still do 
not comply with the legislation because they were built before the law 
came into force in 2010.

2.2. District heating network model

The scheme of the proposed heating networks is shown in Fig.  1.
The main heating network is coupled to the geothermal boreholes 

and feeds several sub-networks for each municipality. The sub-networks 
have been designed as medium-temperature networks, with 80 ◦C 
supply temperature and 40 ◦C return temperature [30].

The water-based layout proposed is illustrated in Fig.  1a. The mass 
flow rate required by each substation (𝑚̇ℎ𝑒,𝑖) was determined by per-
forming energy balances across the 𝑁 corresponding heat exchangers:

𝑚̇ℎ𝑒,𝑖 =
𝑄̇𝑖

𝑐𝑝
(

𝑇𝑤,𝑖𝑛 − 𝑇𝑤,𝑜𝑢𝑡
) (3)

Once the individual contributions were established, the total mass flow 
rate circulating within the network (𝑚̇0) and through the well was 
computed as: 

𝑚̇0 =
𝑁
∑

𝑖=1
𝑚̇ℎ𝑒,𝑖 (4)

The mass flow rate in each branch of the supply line was then derived 
by applying the principle of mass conservation at each i-th node: 

𝑚̇𝑖 = 𝑚̇𝑖−1 − 𝑚̇ℎ𝑒,𝑖 (5)

The flow rates in the return line were evaluated similarly, with the 
difference that the mass flow rates associated with the respective heat 
exchangers were incrementally added at each downstream node. Once 
the mass flow rates were determined, pipe diameters were calculated by 
imposing an upper limit on the fluid velocity within the pipes, denoted 
as 𝑣𝑚𝑎𝑥. The corresponding diameters were then obtained using the 
following expression: 

𝜙𝑖 =

√

4𝑚̇𝑖
𝜋𝜌𝑣𝑚𝑎𝑥

(6)

Finally, pressure losses along the main network pipes were calculated 
using the Churchill correlation [31].

A similar methodology was applied to the CO2-based layout, illus-
trated in Fig.  1b. However, several modifications were necessary to 
account for the higher complexity of the system. In particular, the 
working fluid was treated differently in the supply and return lines. 
It was assumed that carbon dioxide is supplied as saturated vapor 
and returns as saturated liquid, providing heating power through its 
latent heat of vaporization. Given its relatively low critical temperature 
(𝑇𝑐𝑟𝑖𝑡 ≃ 31 ◦𝐶), reaching the operating temperature at the substation 
heat exchangers requires compressing the vapor through a regenerative 
cycle. Consequently, the mass flow rate required by each substation 
(𝑚̇ℎ𝑒,𝑖) depends on the thermodynamic optimization of the heat pump 
unit, which involves parameters such as compressor outlet pressure and 
bypass ratio. An additional difference lies in the fact that the total mass 
flow rate that circulates within the network (𝑚̇0) is not the same as the 
well mass flow rate, due to the introduction of a separator. As a result, 
the flow rate at the well was calculated by performing mass and energy 
balances within the separator. Finally, at the well outlet, a turbine 
was incorporated to recover energy from the natural pressurization 
generated by the CO2 thermosiphon effect.

The parameters of the network are collected in Table  2. CO2 sat-
uration temperature in the main network (called, 𝑇𝑠𝑢𝑝𝑝𝑙𝑦) was varied 
between 10 and 25 ◦C to identify the optimal one.
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Fig. 1. Scheme of the proposed heating networks: (a) water-based, (b) CO2-based.
Table 2
System model parameters.
 Parameter Value Description  
 𝐷𝑇𝐻𝐸 5 ◦C Temperature difference at main heat exchanger 
 𝑣𝑚𝑎𝑥,𝑤 2 m/s Maximum water speed inside pipes  
 𝑣𝑚𝑎𝑥,𝐶𝑂2 ,𝑙 1 m/s Maximum liquid CO2 speed inside pipes  
 𝑣𝑚𝑎𝑥,𝐶𝑂2 ,𝑣 1.5 m/s Maximum vapor CO2 speed inside pipes  
 𝜂𝑝𝑢𝑚𝑝 85% Pump isentropic efficiency  
 𝜂𝑐𝑜𝑚𝑝 75% Compressor isentropic efficiency  

2.3. Well model

2.3.1. Simplified well model
As described in [32] and illustrated in Fig.  2, the simplified well 

model was divided into three sections: the descending section (0-1), the
heat exchange section (1-2), and the ascending section. This reflects the 
geometry of the proposed well in the HOCLOOP solution, consisting of a 
vertical section to reach the target rock depth and a horizontal section 
to increase the heat transfer surface area between rock and fluid, as 
shown in Fig.  1.

The ascending and descending sections were modeled under the adi-
abatic assumption, with pressure losses neglected. As already detailed 
by Di Pippo [33], the governing equations under these hypotheses are:
𝛥ℎ = ±𝑔 𝑑𝑒𝑝𝑡ℎ (7)

𝛥𝑠 = 0 (8)

The sign of the enthalpy change depends on the fluid direction (+ 
for descending fluid, - otherwise).

The heat exchange section was also be modeled in a simplified man-
ner: outlet conditions were evaluated by neglecting pressure losses and 
assuming that the fluid retrieves only a fraction (𝛥ℎ%) of the maximum 
heat that can be exchanged (𝛥ℎ𝑚𝑎𝑥):

ℎ[2] = ℎ[1] + 𝛥ℎ% 𝛥ℎ𝑚𝑎𝑥 (9)

𝑝[2] = 𝑝[1] (10)

The maximum heat that can be exchanged in the heat exchange 
section was evaluated under the condition at which the fluid reaches 
4 
the temperature of the surrounding rocks at the section outlet:
𝛥ℎ𝑚𝑎𝑥 = ℎ(𝑇 = 𝑇𝑟𝑜𝑐𝑘𝑠; 𝑝 = 𝑝[1]) − ℎ[1] (11)

𝑇𝑟𝑜𝑐𝑘𝑠 = 𝑇𝑠𝑢𝑟𝑓 + 𝑑𝑒𝑝𝑡ℎ 𝑔𝑟𝑎𝑑 (12)

𝛥ℎ% is a design parameter related to the overall length of the well. For 
this reason, it represents one of the most important parameters to be 
optimized.

The relation between the well length and 𝛥ℎ% is the following (see 
Appendix for a full derivation): 

𝑙𝑒𝑛𝑔𝑡ℎ = 𝑅𝑟𝑜𝑐𝑘𝑠
𝑚̇𝛥ℎ𝑚𝑎𝑥
𝜋𝜙𝑤𝑒𝑙𝑙 ∫

𝛥ℎ%

0

𝑑ℎ′

𝛥𝑇 (ℎ′)
(13)

Where 𝛥𝑇 (ℎ) is the temperature difference between undisturbed rocks 
and the working fluid at a given enthalpy level ℎ. As the fluid is heated 
up by the surrounding rocks, its temperature and enthalpy increase, 
and 𝛥𝑇 (ℎ) is reduced, requiring a higher heat exchange surface for the 
following pocket of heat.

𝑅𝑟𝑜𝑐𝑘𝑠 is the thermal resistance of the rocks whose definition reflects 
the degradation of the thermal conductivity over time due to the 
cooling of the layer of rocks closer to the well, whose effect can be seen 
in Fig.  4. This is done using a correlation developed by Ungar [32], 
based on the work of Zhang et al. [34] (again see Appendix for the 
𝑅𝑟𝑜𝑐𝑘𝑠 correlation).

This relationship allows to determine 𝑙𝑒𝑛𝑔𝑡ℎ once the integral on the 
left-hand side of Eq.  (13) is numerically computed, as shown in Fig. 
3. That integral needs to be reevaluated only if inlet fluid conditions 
or geological parameters (𝑔𝑟𝑎𝑑 or 𝑑𝑒𝑝𝑡ℎ) change. This makes the code 
highly efficient for exploring the impact of varying well lengths.

As a final remark, it should be noted that, due to the formulation 
of the correlation used to evaluate 𝑅𝑟𝑜𝑐𝑘𝑠, our model sizes the well to 
ensure the required power production even after 20 years of continuous 
operation. Consequently, the well is oversized with respect to actual 
needs, since the real extracted power will be lower, which results in a 
slightly higher final LCOH. This overestimation is expected to remain 
limited, as the performance degradation of well with diameters around 
20 cm usually stabilizes after the first year (see Fig.  4). Nonetheless, the 
use of this correlation is justified by its simplicity, which enables very 
fast calculations and facilitates an extensive exploration of the design 
space.
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Fig. 2. Scheme of a BHE well as the one analyzed in the HOCLOOP project.
Fig. 3. Example of the numerical evaluation of ∫ 𝛥ℎ%
0

𝑑ℎ′

𝛥𝑇 (ℎ′)
. Larger values of 

𝛥ℎ% yield higher integral values and, from Eq.  (13), lead to longer wells.

2.3.2. Model validation
The proposed model has been validated against the results published 

by Wanger et al. [35]. The comparison is shown in Fig.  4.
The agreement between the models is remarkable, especially consid-

ering that the model proposed in this work is intentionally simplified 
to enable overall coupled optimization, whereas the model developed 
by Wanger et al. is a detailed representation of the well, accounting for 
heat transfer in the descending section as well as between the annulus 
and the tubing.

The differences observed can be attributed to these assumptions: 
at shallower depths, the increase in heat transfer due to the heat 
exchange in the vertical section is negligible, leading the simplified 
model to overestimate performance since it neglects internal heat trans-
fer. Conversely, at greater depths, vertical heat transfer becomes more 
significant, causing the simplified model to underestimate well perfor-
mance. For wells of about 3 km depth (in this particular case study), 
these two effects counterbalance each other.

2.4. Economic analysis

The LCOH was evaluated following the same approach used by 
Ungar et al. [36]: 

𝐿𝐶𝑂𝐻 =
𝐶𝑡𝑜𝑡𝛽 + 𝑊̇𝑡𝑜𝑡𝑐𝑒𝑙 , 𝛽 =

1 + 𝛼𝑂𝑀𝑟𝑎𝑡𝑖𝑜 , 𝛼 =
1 − (1 + 𝑖)−𝐿𝑒

(14)

𝑄̇𝐷𝐻 𝛼𝐶𝑓ℎ𝑦 𝑖

5 
where 𝐶𝑡𝑜𝑡 is the total investment cost predicted for the installation of 
the network, 𝑊̇𝑡𝑜𝑡 and 𝑄̇𝐷𝐻  are the design electrical power and heating 
demands, 𝑂𝑀𝑟𝑎𝑡𝑖𝑜 is the annual rate of operation and maintenance cost 
with respect to the initial investment (assumed to be 5%), and 𝐿𝑒 and 
𝑖 are the life expectancy of the DHN (20 years) and the annual interest 
rate (4%) respectively. 𝑐𝑒𝑙 = 12ce/kWh is the average electricity price 
in Italy in Sept. 2024 [37]. Finally, ℎ𝑦 = 8760 h/year is the number 
of hours in a year, while 𝐶𝑓 = 33% is the capacity factor estimated 
in Section 3.2. The total investment cost 𝐶𝑡𝑜𝑡 was evaluated with the 
correlations reported in Table  3.

3. Gavorrano case study

3.1. Description of the geothermal resource

For the purposes of this study, a closed-loop configuration is con-
sidered, wherein there is no direct contact between the working fluid 
and the geothermal fluid. As a result, the most critical parameter in-
fluencing the analysis is the average geothermal gradient. Based on the 
findings of Garzonio et al. [44], this gradient was estimated to be ap-
proximately 75 ◦C/km. This value is consistent with the data reported 
by Baldi et al. [45] for southern Tuscany, where the geothermal gradi-
ent in peripheral areas of the field does not fall below 70 ◦C/km. Due to 
this condition, the Gavorrano geothermal area was considered suitable 
for testing the potential of CO2 closed loops for a local district heating 
application. Fig.  5 shows the area selected for the case study, where the 
different municipalities and key industrial areas are highlighted. The 
geothermal resource, located near Gavorrano, is highlighted in light 
green at the bottom-right corner of the map, and the proposed district 
heating network is depicted in orange.

3.2. Estimation of the power demand for each municipality

The methodology outlined in Section 2.1 was employed to estimate 
the power demand for the municipalities included in the analysis: 
Gavorrano, Bagni di Gavorrano, Scarlino Scalo and Follonica, as illus-
trated in Fig.  5. To have a better estimate of the behavior of the network 
throughout the year, data from an existing DHN in Calenzano [24], a 
small town near Florence, have been used and scaled to identify the 
maximum power demand throughout the year (𝑄̇𝑚𝑎𝑥) and the expected 
capacity factor (𝐶𝑓 ). The power demand measured in the Calenzano 
network throughout a year, shown in Fig.  6, was scaled to match the 
predicted demand for each municipality in the Gavorrano area.

For the purposes of this work, only the winter months (the unshaded 
part of Fig.  6, from the beginning of October to the end of April) were 
considered. The reason is that the DHN in Calenzano is used to power 
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Fig. 4. Validation of the proposed model (plain lines) against results from Wanger et Al. [35] (dots). Shadowed area represent a 2.5% confidence interval.

Fig. 5. Area selected for the case study (yellow — municipalities, bluish — industries, green — geothermal resource, orange — DHN) [26].

Fig. 6. Calenzano power demand. The shaded area, excluding summer operation for absorption refrigeration, has been considered to estimate the heating demand 
in this work.
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Table 3
Cost correlations used for the economic analysis (adapted from [36]).
 Comp. Cost correlation Notes Ref.  
 Well Drilling 𝐶𝑤𝑒𝑙𝑙 =

1.2𝑃𝑃𝐼𝑂&𝐺(0.105𝑙𝑤𝑒𝑙𝑙
2 +

1776𝑙𝑤𝑒𝑙𝑙𝜙𝑤𝑒𝑙𝑙 + 2.735𝐸5)

Result in [$], 𝑃𝑃𝐼𝑂&𝐺 inflation 
adjustment [38], 𝑙𝑤𝑒𝑙𝑙 length, 𝜙𝑤𝑒𝑙𝑙
diameter of the well in [m]

[39] 

 Pipeline
(CO2)

𝐶𝑝𝑖𝑝𝑒 = 0.828𝜙𝐿 Result in [$], pipe diameter in 
[mm], pipe length in [m]

[40] 

 Pipeline
(Water)

𝐶𝑝𝑖𝑝𝑒 = 0.6492 𝜙0.9779𝐿 Result in [$], pipe diameter in 
[mm], pipe length in [m]

[41] 

 Heat Exc.
(CO2)

𝐶𝐻𝐸 = 49.45𝑈𝐴𝐻𝐸
0.7544 Result in [$], 𝑈𝐴𝐻𝐸 in [W/K], it 

is the product of the HE area and 
heat transfer coefficient

[42] 

 Heat Exc.
(Water)

𝑙𝑜𝑔10(𝐶𝐻𝐸 ) = 4.6656 −
0.1557𝑙𝑜𝑔10(𝐴𝐻𝐸 ) +
0.1547[𝑙𝑜𝑔10(𝐴𝐻𝐸 )]2

Result in [$], 𝐴𝐻𝐸 is the HE area 
in [𝑚2]

[43] 
Table 4
Estimated overall residential heating consumption - Gavorrano area.
 Municipality HDD Population Consumption Power 
 [◦C/day] [-] [GWh/y] [MW] 
 Gavorrano 1748 1000 2.82 0.98  
 Bagni di Gavorrano 1748 3000 8.47 2.95  
 Scarlino Scalo 1840 1230 3.61 1.26  
 Follonica 1527 20,000 50.88 17.75  
 Total 1577.3 25,230 65.79 22.95 

two refrigeration absorbers in summer to cover the cooling needs of 
a nearby university campus, so it was excluded from the analysis of 
this work. 𝑄̇𝑚𝑎𝑥 was calculated by designing the system to cover the 
requested power up to 2𝜎. This results in a capacity factor 𝐶𝑓 = 33%. 
Under these conditions, the system is expected to require external 
power supply for no more than 100 h per year. The estimated heating 
demand obtained for each municipality are collected in Table  4. Overall 
consumption is expected to reach approximately 66 GWh/y, with a 2𝜎
peak power demand (on a 15-min resolution) of about 23 MW.

4. Results

4.1. Remarks on system optimization

To optimize the entire system, it is essential to recognize the strong 
coupling between the performance of the surface system and that of 
the well. Specifically, the energy conservation equation for the system, 
expressed in general form in Eq. (15), highlights that, assuming a 
constant thermal power demand at the user end, an improvement in the 
thermodynamic performance of the surface system leads to an increased 
thermal load on the well. 
𝑄̇𝐷𝐻 = 𝑊̇𝑛𝑒𝑡 + 𝑄̇𝑤𝑒𝑙𝑙 (15)

This is even more clear if we include the Coefficient of Performance 
(COP) in the equation: to satisfy the user power requirement with 
a more efficient surface plant, the well power outlet should increase 
resulting in longer wells and higher costs. 

𝑄̇𝑤𝑒𝑙𝑙 = 𝑄̇𝐷𝐻

(

1 − 1
𝐶𝑂𝑃

)

(16)

For this reason, the results of this study are presented in two 
separate sections: the first focuses only on the thermodynamic analysis 
of the surface system, aimed at evaluating system behavior as a function 
of key thermodynamic parameters; the latter addresses the economic 
optimization of the entire system, identifying the optimal solution as 
the one that minimizes the LCOH value of the whole system.

4.2. Thermodynamic analysis

A detailed thermodynamic analysis was performed for both water 
and CO  proposed configurations.
2
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4.2.1. Water-based layout
To ensure the proper operation of the water-based system, the fluid 

temperature at the well outlet must exceed the temperature required by 
the end users. More specifically, a minimum acceptable temperature, 
referred to as T𝑚𝑖𝑛, is set at 85 ◦C, so that the temperature difference 
between the hot and cold sides of the heat exchangers does not fall 
below a designated value for each unit. Conversely, a maximum water 
temperature, referred to as T𝑚𝑎𝑥, is arbitrary set, for the optimization 
purposes only, at 200 ◦C in order to avoid excessively long drilling 
depths. The thermodynamic analysis of this layout is therefore car-
ried out by introducing a non-dimensional parameter (T𝑝𝑒𝑟𝑐), used to 
evaluate the system’s performance as a function of the well outlet 
temperature. 

𝑇𝑝𝑒𝑟𝑐 =
𝑇𝑤𝑒𝑙𝑙,𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑛
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

(17)

It is important to highlight that, for given values of depth and geother-
mal gradient, reaching the desired outlet temperature is only possible 
for a specific value of 𝛥ℎ% and, consequently, for a corresponding 
horizontal length. This constraint significantly limits the number of 
parameters that can be optimized within this layout.

The system’s performance as a function of T𝑝𝑒𝑟𝑐 is illustrated in Fig. 
7, considering a well depth of 3000 m.

As shown in Fig.  7a, increasing the outlet temperature of the well 
results in a reduction of both the heat exchanger UA value and the 
mass flow rate circulating in the network. Both effects are advantageous 
for the system, as they contribute to decreasing the size of the heat 
exchangers and the power required for pumping. On the other hand, it 
is essential to note that, conversely, the value of 𝛥ℎ% must increase to 
achieve a higher outlet temperature, as shown in Fig.  7b. This effect is 
particularly detrimental to the system, as it leads to increased drilling 
costs. These outcomes confirm the theoretical analysis introduced at 
the start of this section, reinforcing the need to account for economic 
factors in the comprehensive optimization of the system.

4.2.2. CO2-based layout
The methodology adopted for the thermodynamic analysis of the 

CO2-based layout builds upon that developed for the water-based con-
figuration, with the inclusion of additional parameters to reflect the 
increased complexity of the system. In particular, the analysis primarily 
investigates the influence of the supply temperature rather than the 
well outlet temperature, as these parameters are decoupled through the 
introduction of a liquid separator. Furthermore, two additional param-
eters are considered to perform a detailed thermodynamic analysis of 
the heat pump: the regenerative heat exchanger efficiency (𝐻𝐸𝑒𝑓𝑓 ), 
and a non-dimensional pressure parameter (𝑝𝑝𝑒𝑟𝑐), defined as: 

𝑝𝑝𝑒𝑟𝑐 =
𝑝3 − 𝑝𝑚𝑖𝑛
𝑝𝑚𝑎𝑥 − 𝑝𝑚𝑖𝑛

(18)

where 𝑝𝑚𝑖𝑛 corresponds to the pressure required to reach the minimum 
necessary temperature at the substation heat exchanger and 𝑝  is 
𝑚𝑎𝑥
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Fig. 7. Water-based layout thermodynamic analysis: effect of T𝑝𝑒𝑟𝑐 .
Fig. 8. P-h diagram - Thermodynamic cycle.
fixed at 300 bar. 𝑝3 corresponds to the maximum pressure in the heat 
pump unit, as illustrated in Fig.  8.

The effect of 𝑝𝑝𝑒𝑟𝑐 and 𝐻𝐸𝑒𝑓𝑓  is shown in Fig.  9, focusing on the 
compression work. As expected, increasing the gas cooler pressure 
leads to a rise in compression work due to the greater enthalpy dif-
ference across the compressor. Conversely, a higher regenerative heat 
exchanger efficiency results in a reduction of the required compression 
work. This outcome is attributed to the increased inlet temperature 
of the working fluid, which allows the compressor to reach the target 
temperature with a lower discharge pressure 𝑝3.

The other parameter strongly affecting system performance is the 
saturation temperature of CO2 in the DH network pipeline (𝑇𝑠𝑢𝑝𝑝𝑙𝑦). As 
shown in Fig.  10, decreasing 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 increases the compressor power 
demand, which is expected since the final target temperature after 
compression remains fixed.

At first glance, lowering 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 could be beneficial, as it would 
reduce the turbine outlet temperature and thus increase the turbine 
power output. However, Fig.  10 shows the opposite: the energy recov-
ered by the turbine increases with 𝑇𝑠𝑢𝑝𝑝𝑙𝑦. This effect is explained by 
the interplay between back-pressure and flow rate. Although a higher 
𝑇𝑠𝑢𝑝𝑝𝑙𝑦 increases the turbine back-pressure, thereby reducing the specific 
turbine work, this loss is more than offset by the higher mass flow rate 
circulating in the well.

The increase in flow rate occurs because the reduced compression 
power of the localized heat pumps (as explained in Section 4.1 by 
Eq. (16)) requires a higher power extraction from the well — thus a 
higher flow rate.
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Summarizing, because of a combination of effects as shown in Fig. 
10, increasing 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 always results in a decrease of overall electrical 
power requirements from the surface equipment (considering that the 
power delivered to the DH network is fixed to 23MW, the COP of the 
surface plant in the condition above lies between 4.6 and 7.6).

However, it is important to note that reducing the absorbed work 
implies an increased demand for thermal energy extracted from the 
well in order to supply the same heating power to the end users. 
This requirement can only be met by extending the drilling length, 
thereby incurring higher capital costs. As previously emphasized, a 
comprehensive optimization of the system must incorporate economic 
considerations.

4.3. Economic analysis

Regarding economic analysis, particular emphasis was placed on 
determining the optimal geometry of the well, which constitutes the 
primary cost associated with geothermal solutions. The analysis in-
cluded the required depth and horizontal length as geometric design 
parameters. The diameter of the well was assumed to be constant at 
0.25 m.

4.3.1. Water-based network behavior
In the water-based network, selecting a value of 𝑇𝑝𝑒𝑟𝑐 corresponds to 

fixing the outlet fluid temperature, as can be seen in Fig.  11. For each 
depth, this choice uniquely determines the horizontal length required 
to achieve the specified temperature. This means that we can use the 



D. Fiaschi et al. Applied Thermal Engineering 281 (2025) 128794 
Fig. 9. Effect of 𝑝𝑝𝑒𝑟𝑐 and 𝐻𝐸𝑒𝑓𝑓  on the compression work.
Fig. 10. Electric power values in the network as a function of network supply 
temperature.

economic optimization based on 𝑇𝑝𝑒𝑟𝑐 to identify the optimal horizontal 
length.

It is interesting to note that, at lower depths, the optimal value 
of 𝑇𝑝𝑒𝑟𝑐 is fixed at 0. This implies that a certain horizontal length is 
required solely to achieve a sufficiently high surface temperature to 
supply the district heating network. At greater depths, however, there 
is more flexibility in selecting the outlet temperature, with both the 
optimal 𝑇𝑝𝑒𝑟𝑐 and the required horizontal length increasing as depth 
increases.

4.3.2. CO2 -based network behavior
The CO2-based network is more flexible, so a more detailed para-

metric analysis was required to identify the optimal horizontal length 
for each depth. The results of this analysis are presented in Fig.  12 for 
a representative depth of 3500 m.

As shown in Fig.  12, the electrical power consumed by the system 
decreases with the increase in supply temperature, aligning with the 
findings discussed in the previous subsection. However, a reduction 
in saturation temperature significantly decreases drilling costs, in part 
because heat extraction becomes easier thanks to the higher temper-
ature difference between the fluid and the rocks, but mainly because 
of an actual decrease of the heat to be extracted from the well which 
is compensated by the power provided by the compressors, resulting 
in the minimum LCOH (Fig.  12). Furthermore, for the given depth, 
an optimal value of the horizontal length around 2.5 km minimizes 
the LCOH, almost independently of supply temperature. Notice in this 
9 
configuration that the surface plant power requirements lies between 8 
and 9 MW resulting in a COP between 2.5 and 2.9.

4.3.3. Remarks on flow rate selection
The optimal length just shown depends on the flow rate circulated 

in the wells. Increasing the mass flow rate circulating in the well is 
generally beneficial, as it reduces the number of wells required to meet 
the heat demand of municipalities. However, this comes at the cost 
of longer well lengths to maintain the same performance as at lower 
flow rates, as shown in Fig.  13. The benefit of higher flow rates arises 
because the well cost correlation (see Table  3) includes a fixed cost 
component, making fewer, longer wells preferable to more, shorter 
ones. The reduction in LCOH, however, tends to level off at higher flow 
rates.

The optimal flow rate ultimately depends on pressure losses in the 
well, which can render higher flow rates unfeasible (illustrated in Fig. 
13, right panel, dashed lines). Since the simplified model does not 
include pressure loss calculations — which requires a more detailed 
description of well geometry to be evaluated losing generality — it is 
not possible to identify an exact optimal flow rate. To address this, 
flow rates of 5 kg/s for water and 10 kg/s for CO2 were considered, 
which are slightly lower than the optimal values reported in the lit-
erature [21,35]. As a result, the LCOH values presented hereafter are 
slightly overestimated.

Summarizing, increasing the flow rate does not significantly affect 
the LCOH but shifts the optimal solution toward fewer, longer wells. 
For instance, increasing the flow rate from 10 to 15 kg/s under the 
conditions shown in Fig.  13 leads to a minor reduction in LCOH from 
16.2 to 15.4ce/kWh, while the optimal horizontal length increases 
from 2.5 km to 3.5 km and the required number of wells decreases from 
9 to 6. Thus, while the LCOH estimates presented below are robust, the 
predicted optimal well length remains sensitive to the selected flow rate 
per well and should be regarded as an approximate indication.

4.3.4. Overall comparison
The optimal solutions for both configurations are compared in Fig. 

14 as a function of depth.
Fig.  14 on the left shows that the optimal horizontal length of 

the CO2-based layout is generally shorter than that required for the 
water-based configuration. This result arises from the lower outlet 
temperature required in the CO2-based system, which can be compen-
sated by the surface plant, enabling a more compact and cost-effective 
geothermal layout. The associated reduction in drilling costs represents 
a key factor in the overall economic optimization of the system, as 
illustrated in Fig.  14 on the right. At shallow depths, the water-based 
configuration requires extremely long horizontal sections to maintain 
a sufficiently high outlet temperature, resulting in very high LCOH 
values. By contrast, the CO -based system can offset this limitation 
2
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Fig. 11. Analysis of the economic effect of 𝑇𝑝𝑒𝑟𝑐 for the water-based solution.

Fig. 12. Analysis of the economic effect of horizontal section length for the CO2-based solution.

Fig. 13. Effect of flow rate on the economics of the CO2-based solution. On the left: horizontal section length (plain line) and number of wells to be drilled. 
On the right: evaluated LCOH for the given flow rate (plain line), the dashed lines represent possible LCOH trends when accounting for pressure losses; they are 
illustrative and not direct simulation results.
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Fig. 14. CO2-based vs water-based economic analysis comparison.
through higher electricity consumption in the surface plant — the 
optimal COP from an economic point of view is 3 and is almost 
independent of depth. In both cases, the most favorable solutions are 
achieved at greater depths, where rock temperatures are significantly 
higher. For the CO2-based network, the optimal LCOH is approximately 
0.16 e /kWh, corresponding to a depth of 4 km and a horizontal length 
of about 2.5 km. In contrast, the water-based network — generally 
requiring longer horizontal sections — does not reach an optimal LCOH 
within the considered depth range; at 5 km depth, it achieves an LCOH 
of 0.21e /kWh with a horizontal section of 3.8 km.

The behavior of the main optimization parameter (𝛥ℎ% for CO2
and 𝑇𝑝𝑒𝑟𝑐 for water) is also shown in Fig.  14 on the left. For CO2, 
the optimal value of 𝛥ℎ% increases slightly with depth, indicating 
that as geological conditions become more favorable, the economic 
optimum shifts toward drilling longer wells for obtaining better outlet 
conditions. In the water-based case, the optimal 𝑇𝑝𝑒𝑟𝑐 remains fixed at 
0 up to a depth of 2 km, meaning that the well struggles even to reach 
the minimum required outlet temperature. At greater depths, as rock 
temperature increases, the optimal 𝑇𝑝𝑒𝑟𝑐 begins to rise, allowing for a 
higher specific heat extraction and a reduction in the number of wells 
to be drilled.

Finally, Fig.  15 presents a comparison of the LCOH values obtained 
in this study with those reported in the literature. It has been revealed 
that they are slightly higher than typical values associated with other 
heating technologies.

However, some key aspects regarding the conservative criteria used 
in the study may explain this behavior:

• The design of the geothermal wells was based on the assumption 
that the system must meet the thermal demand up to 2𝜎 after 
20 years of continuous operation. However, this assumption is 
highly conservative, predicting significant heat transfer degrada-
tion due to rock cooling. In practice, the system, which operates 
intermittently and is expected to meet a generally lower demand, 
will not lead to such a drastic decrease in rock temperature. Con-
sequently, more compact systems can be developed, decreasing 
substantially the LCOH of the proposed solutions.

• The potential presence of moving water near the geothermal 
system, while plausible in the Gavorrano area [47] was not con-
sidered in the design of the geothermal wells. Water movement 
could enhance heat exchange mechanisms, potentially further 
reducing the cost of both solutions.

• Despite what generally happens with traditional heating systems, 
the predicted LCOH value is dominated by the initial capital 
investment. In this sense, once the initial investment is covered, 
operational costs will be extremely limited and not much affected 
by the foreseeable change of other primary energy sources, such 
as natural gas and electrical energy.
11 
These considerations, which will be examined in detail in future 
works, could substantially lower the cost of geothermal wells and im-
prove the competitiveness of the system compared to other geothermal-
based district heating solutions. Finally, it must be noted that closed-
loop geothermal systems, even though more expensive, generally have 
a lower environmental impact on the underground compared to other 
geothermal systems such as Enhanced Geothermal Systems (EGS). The 
proposed solutions have a lower risk of induced seismicity and aquifer 
contamination, making them more socially acceptable for future devel-
opers and policymakers.

5. Conclusions

A thermodynamic and economic analysis of an innovative closed-
loop geothermal district heating network has been performed. Two 
different options, based on water and CO2 as underground and surface 
heat carrier fluids from a geothermal reservoir, were compared by de-
veloping thermodynamic and economic models of both configurations.

Results indicate that the CO2-based solution provides clear advan-
tages: it reduces drilling depth from 5 to 4 km and lowers the Levelized 
Cost of Heat (LCOH) from 0.21 to 0.16 e/kWh, thanks to higher 
operational flexibility and the exploitation of latent heat. In contrast, 
the water-based network requires deeper and more expensive wells to 
guarantee supply temperatures. In addition, while is true that the CO2-
based system reach its optimum at 4 km depth, very similar LCOH 
values are reached even with wells as shallow as 2 km, which are 
technically easier to drill.

The conservative assumptions adopted in this work suggest that 
the estimated costs are likely overestimated; future developments, in-
cluding dynamic well modeling and sensitivity analyses, could fur-
ther improve the economic competitiveness of both options. Overall, 
the results highlight the strong potential of CO2 as an innovative 
working fluid for geothermal district heating, particularly in enabling 
the exploitation of shallow and medium-temperature reservoirs while 
reducing installation costs.

To summarize here are some of the key outcome of this work:

• CO2-based networks reduce drilling depth and heat cost compared 
to water-based systems.

• Operational flexibility of CO2 allows efficient use of shallow and 
low-temperature geothermal resources.

• Despite the conservative economic estimates, the analyzed tech-
nology is comparable with some of the existing alternatives.

• CO2 shows strong potential as an innovative fluid for sustainable 
and cost-effective district heating.
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Fig. 15. LCOH of different technologies, the two graph on the extreme right are the proposal for the current work.
Source: Data Sources: [10,13–16,46].
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Appendix. Rocks heat transfer derivation

Evaluation of 𝑅𝑟𝑜𝑐𝑘𝑠

To determine the horizontal section length required to achieve a 
given 𝛥ℎ%, it was necessary to characterize the heat transfer between 
the surrounding rocks and the working fluid. A correlation developed 
by Ungar [32], was used for this purpose: 

𝑅𝑟𝑜𝑐𝑘𝑠 =
𝜙𝑤𝑒𝑙𝑙

2𝑘𝑟𝑜𝑐𝑘𝑠𝑓 (𝑡𝑑 )
(19)

Here, 𝑅𝑟𝑜𝑐𝑘𝑠 denotes the conductive thermal resistance between the 
well and the rocks. 𝑓 (𝑡𝑑 ) is a dimensionless function describing the 
temporal evolution of this resistance, which increases with time as the 
surrounding rocks cool. Finally, 𝑡𝑑 is the dimensionless time, defined 
as: 
𝑡 = 4𝛼 𝑡∕𝜙2 (20)
𝑑 𝑟𝑜𝑐𝑘𝑠 𝑤𝑒𝑙𝑙

12 
Fig. 16. Comparison of the developed correlation, the FEM analysis re-
sults [32] and the 𝑓 (𝑡𝑑 ) employed by [34].

Where 𝛼𝑟𝑜𝑐𝑘𝑠 and 𝑘𝑟𝑜𝑐𝑘𝑠 are respectively the thermal diffusivity and 
conductivity of the rock. 𝑓 (𝑡𝑑 ) has been derived from FEM calculations 
and has the following form: 

𝑓 (𝑡𝑑 ) = 𝑐0 +
𝑛
∑

𝑖=0
𝐾𝑖

(

𝑎𝑖 𝑡
𝑏𝑖
𝑑

)

(21)

Where 𝐾𝑖 are K-Bessel functions of the 𝑖th order. The coefficients 𝑐𝑖
have been fitted starting from some FEM results [32] and are shown 
in the Table below for 𝑛 = 2 which is enough to correctly reproduce 
the behavior of the well for the entirety of its lifespan (see Fig.  16 and 
Table  5). 

Eq.  (21) can be also used to evaluate the recovery of the rock heat 
transfer resistance one the production stops but this requires imple-
menting a convolution approach that will slow down the computation.
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Table 5
Parameters for the fitting equation with 3 fitting 
K Bessel functions.

c0 = 0.7160
 i ai bi  
 0 2.1718 0.5922 
 1 2.1617 0.5057 
 2 5.3321 0.3970 

Derivation of the formula for heat transfer between well and rocks

Starting from 𝑅𝑟𝑜𝑐𝑘𝑠 (as defined in Eq. (19)), the thermal power 
exchanged between the fluid and the rocks can be determined as: 

𝑑𝑞̇ = 𝛥𝑇 (ℎ)
𝜋𝜙𝑤𝑒𝑙𝑙
𝑅𝑟𝑜𝑐𝑘𝑠

𝑑𝑥 (22)

where 𝛥𝑇 (ℎ) is the temperature difference between undisturbed rocks 
and the working fluid at a given enthalpy level ℎ. As the fluid is heated 
up by the surrounding rocks, its temperature and enthalpy increase, 
and 𝛥𝑇 (ℎ) is reduced, requiring a higher heat exchange surface for the 
following pocket of heat. Since 𝑑𝑞̇ = 𝑚̇ 𝑑ℎ, it may be written: 
𝑑ℎ

𝛥𝑇 (ℎ)
=

𝜋𝜙𝑤𝑒𝑙𝑙
𝑅𝑟𝑜𝑐𝑘𝑠𝑚̇

𝑑𝑥 (23)

If the convective resistance within the fluid is neglected, as it is 
generally small compared to conduction resistance across the rocks, 
𝑅𝑟𝑜𝑐𝑘𝑠 can be considered independent of the fluid condition. Thus, Eq. 
(23) can be integrated on both sides independently: 

𝛥ℎ𝑚𝑎𝑥 ∫

𝛥ℎ%

0

𝑑ℎ′

𝛥𝑇 (ℎ′)
= ∫

𝑙𝑒𝑛𝑔𝑡ℎ

0

𝜋𝜙𝑤𝑒𝑙𝑙
𝑅𝑟𝑜𝑐𝑘𝑠𝑚̇

𝑑𝑥 =
𝜋𝜙𝑤𝑒𝑙𝑙
𝑅𝑟𝑜𝑐𝑘𝑠𝑚̇

𝑙𝑒𝑛𝑔𝑡ℎ (24)

This relationship allows to determine 𝑙𝑒𝑛𝑔𝑡ℎ once the integral on the 
left-hand side of Eq.  (24) is numerically computed, as shown in Fig.  3: 

𝑙𝑒𝑛𝑔𝑡ℎ =
𝑅𝑟𝑜𝑐𝑘𝑠𝑄̇𝑚𝑎𝑥
𝜋𝜙𝑤𝑒𝑙𝑙 ∫

𝛥ℎ%

0

𝑑ℎ′

𝛥𝑇 (ℎ′)
(25)

Data availability

Data will be made available on request.
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