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Abstract: District heating systems play a pivotal role in providing efficient and sustainable heating
solutions for urban areas. In this sense, district heating systems that use geothermal resources have
been gaining prominence in recent years, due to the non-intermittent nature of their application,
among many other reasons. The present study investigates the thermal performance of novel coaxial
pipes in comparison to conventional pipes within district heating distribution networks supplied by
geothermal energy. Through experimental simulation and analysis, key thermal parameters such
as heat transfer efficiency, thermal losses, and overall system effectiveness are evaluated through
laboratory tests developed on a scale model. Experimental analysis concludes that, at a laboratory
scale, heat energy efficiency can be improved by around 37% regarding the traditional geothermal
distribution network. This improvement translates into a significant economic and environmental
impact that has a direct influence on the viability of this type of system in different application
scenarios. The results highlight the potential benefits of coaxial pipe designs in enhancing heat
transfer efficiency and minimizing thermal losses, thus offering insights for optimizing geothermal
district heating infrastructure for improved energy efficiency and sustainability. The novelty of this
study lies in the innovative design and experimental validation of coaxial pipes, which demonstrate
a 37% improvement in heat energy efficiency over conventional pipe designs in geothermal district
heating systems, offering a breakthrough in optimizing heat transfer and minimizing thermal losses.

Keywords: district heating; geothermal energy; thermal efficiency; pipeline

1. Introduction

Europe’s Green Deal plan to be the first continent in the world to reach climate neutral-
ity by 2050 [1] and the EU Recovery Plan [2] are encouraging a reduction in GreenHouse
Gas (GHG) emissions from the building sector as well as an improvement in energy ef-
ficiency. It is intended to reduce 55% of the GHG levels of 1990 by the end of 2030 and
90% by the end of 2040, while also achieving an 11.7% improvement in energy efficiency
by 2030. This commitment requires an investment in not only renewable energy but also
greater energy efficiency.

In Europe, the building sector is responsible for 36% of total GHG emissions, 70% of
which is consumed in heating and cooling [3,4]. Cooling demand is expected to increase
significantly by 2050, with a 750% increase in the residential sector and a 275% increase in
the commercial sector [5,6]. Due to this tendency, the EU has published various directives
and strategies that aim to prevent an increase in GHG such as the directive on energy
efficiency (EU/2023/1791) [7] and the EU Strategy on heating and cooling [8]. Among
these directives, the concept of district heating (DH) gains significance as it represents
a crucial component in energy management for urban environments and a key solution
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for mitigating GHG emissions. As a result, DH has experienced numerous scientific and
technological advancements in recent years. A more general overview of the advances
in district heating worldwide is presented by Werner S. in market, technical, supply,
environmental, institutional, and future contexts [9]. For a more European-centralized
context, Muncan V. et al. present a detailed view of the state of DH solely in the EU [6]. The
maturity of this technology is reflected in the various advances achieved across different
generations; the current generations are the 4th generation DH (4GDH) and 5th generation
DH (5GDH). Lund H. et al. explain that both generations are not sequential but parallel,
and in addition to presenting their differences and similarities, they emphasize that both
share the key objective of decarbonization [10]. With this level of implementation, 40 cases
of 5GHD in the EU [11], and maturity, the importance of district heating (DH) as part of the
solution to decarbonization and the reduction in GHG emissions is clear.

Regarding DH systems aided by geothermal energy, the number of installations has
grown in recent years, but it still represents a small percentage compared to other systems,
especially due to the high initial investment it commonly requires [12,13]. Taking into
account this limitation, many scientific advances and research are focusing on improving
the efficiency of this system. This can be achieved by optimizing several parts of the
DH system such as the energy supply [14-16], the heat pump [17,18], the control and
monitoring of the system [19-21], and the network design [22-24], among others. Sarma U.
et al.’s research on enhancing DH efficiency concluded that optimal planning of pipe routes
and parameters significantly impacts efficiency [25], a statement that provides a context
for this paper. This article aims to show how a change in the type of piping for these
geothermal district heating systems can lead to an improvement in thermal efficiency and,
consequently, affect the associated consumption. The experiment conducted at a laboratory
scale reveals a significant improvement even on a small scale, suggesting that on a larger
scale, it would result in considerable improvements in infrastructure cost, feasibility, and
overall energy consumption, making DH more efficient and sustainable.

The study of heat transfer in piping systems plays a critical role in the design of efficient
energy systems, particularly in industrial applications, where thermal management is
essential. Conventional pipe heat exchangers have been widely used due to their simplicity
and reliability in transporting thermal energy between two fluids. However, as systems
become more complex, new technologies such as coaxial pipes are gaining attention for
their potential to enhance heat transfer performance under certain circumstances.

Conventional pipe systems typically consist of two separate pipes, where hot and cold
fluids flow independently, allowing for basic heat exchange. While effective, this design
is often limited by surface area contact between the fluids, which can reduce the overall
efficiency of the heat transfer process [26]. The primary goal in improving heat exchangers
is to maximize the contact surface area and reduce thermal resistance, thereby improving
the rate of heat exchange. In contrast, coaxial pipes, which involve one pipe, placed
inside another, offer a more advanced geometry that can enhance thermal performance by
increasing the contact surface between fluids. Studies suggest that the coaxial design allows
for better temperature gradients and more efficient heat transfer compared to traditional
systems [27]. This design is increasingly used in applications where space is limited and
higher thermal performance is required [28].

Delving deeper into the heat transfer process in heat pipes, the most notable innova-
tions in the field include the use of heat accumulators, the application of new technical
solutions in the form of pre-insulated pipes, the modification of the heat source, or the
integration with other heating networks [29]. Of these solutions, the option of using
pre-insulated pipelines stands out, such as using steel pipes with polyurethane foam
polyethylene insulation [30]. Other attempts in the context of improving the thermal effi-
ciency of these processes are associated with the introduction of other working fluids with
improved thermodynamic properties or the use of other materials in the construction of
the distribution systems [31,32]. On the other hand, heat transfer in pipes is addressed by
carrying out flow simulations, where different variables and properties of the elements
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involved are modified, such as the roughness of the contact surface, flow rate, or outlet
pressure, among others [33-35]. All these approaches that are found in the current lit-
erature have the common objective of adapting the operating conditions to the optimal
performance of the exchange system. However, there are no similar models that refer to
the geometry of the heat transfer system in order to increase the overall performance of the
heat production facility.

This work presents an innovative coaxial pipe developed in a laboratory as a distribu-
tion network in a DH geothermal system. This study also aims to compare the heat transfer
performance of these coaxial pipes and the conventional pipe systems under similar con-
ditions. By analyzing their thermal efficiencies, we seek to identify the advantages of the
system proposed and provide recommendations for specific applications.

This paper is organized into five sections and four subsections. Section 1, the Introduc-
tion, provides the reader with an overview of the context in which this research is framed.
In Section 2, information about the methodology followed and the materials required for
the experiment to work is given; this section is internally structured with three subsections
to ease the reading. The results obtained from the experiment are shown in Section 3, which
are discussed in Section 4 with an example of a use case. Finally, Section 5 presents the
main conclusion of the paper.

2. Materials and Methods

The experimental methodology consisted of comparing the thermal performance
between two pipes designed for geothermal district heating distribution systems. These
two pipes, the subject of the comparison, are as follows:

e  Simple Pipe: this type of pipe corresponds to the conventional cylindrical pipes imple-
mented in the distribution network of a common geothermal district heating system.

e  Coaxial Pipe: This model was designed to be compared against the conventional one.
This type of pipe consists of two conventional pipes of different sizes but the same
inlet/outlet area, placed concentrically aligned on the same axis.

To perform this comparison, conditions were replicated as closely as possible for both
pipes. Consequently, both pipes were manufactured in the same way using 3D printing
with the same material.

The print parameters for the specified part are as follows: The selected material for the
3D printing process is ASA (Acrylonitrile Styrene Acrylate), known for its UV resistance and
mechanical properties. Table 1 shows ASA’s physical, mechanical, and thermal properties.

Table 1. Properties of ASA 3D filament.

Physical Properties
Value Units Standard
Density 1.17 g/cm3  ASTM D792 [36]
Mechanical properties
XY value ZX value Units Standard
Tensile Strength 35 155 Mpa ISO 527 [37]
Tensile Modulus 1378 2199.1 Mpa 1SO 527 [37]
Flexural Strength 75.7 394 Mpa 1SO 178 [38]
Flexural Modulus 2044.4 1953.8 Mpa 1SO 178 [38]
Elongation at Maximum Load 29 0.8 % 1SO 527 [37]
Tensile Elongation at Break 6 0.8 % 1SO 527 [37]
Flexural Elongation at Break 15.3 2.2 % 1SO 178 [38]
Charpy Impact Strength (Unnotched) ! 50.3 5 kJ/m? I1SO 179 [39]

Hardness 81.5 1SO 7619-1 [40]
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Table 1. Cont.
Thermal properties
Value Units Standard
Glass Transition Temperature (Tg) 2 107 °C 1SO 11357 [41]
VICAT B (50 N 50 °C/h) 3 95 °C ISO 308 [42]
HDT B (0.45 MPa) * 95 °C ISO 75 [43]

! Value that measures a material’s resistance to fracture when subjected to a sudden impact. > Temperature at
which a polymeric material transitions from a rigid state to a more flexible state. 3 Standard test method used to
determine the temperature at which a thermoplastic material begins to deform under a specific load. In this case,
itis a VICAT test type B with a load of 50 N and a heating rate of 50 °C per hour. * Heat Deflection Temperature
(HDT) is the temperature at which a plastic material begins to deform under a specified load. In this case, it was
tested with the B method with a pressure of 0.45 MPa.

The layer height has been set to 0.2 mm, providing a balance between the surface
finish and print time efficiency. A nozzle with a diameter of 0.4 mm is utilized, which is
standard for achieving both precision and a reasonable print speed. The infill pattern is
concentric, which enhances strength and ensures uniform material distribution. The infill
density is set to 100%, ensuring a fully solid structure, which maximizes the mechanical
performance of the printed part. Support structures are employed where necessary to
ensure overhangs and complex geometries are printed without defects. The estimated
print time for the coaxial tube part is 5 h and 20 min, with a total material consumption of
195.51 g. The estimated print time for the simple tube part (Figure 1b) is 4 h and 12 min
with a total material consumption of 78.24 g.

Figure 1. The 3D printed pieces: (a) model of the coaxial pipe; (b) model of the simple pipe; (c) model
of the cap-style return piece; (d) model of the double-entry piece; (e) model of the U-shaped return.
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The measurements of the pipes are the result of calculations based on the needs of
the optimal area for geothermal district heating in Avila, Spain [44]. This DH system
represents a total demand of 14,078 MWh across 18 buildings. Assuming January’s demand
as the peak demand (2182.09 MWh), the necessary flow rate must be calculated to meet
the daily demand in January (70.39 MWh). Using the following expression, which relates
the amount of heat (Q) exchanged by a substance with mass (m), specific heat (C,), and
a known temperature change (AT), it can be determined that approximately 12,110 kg of
water would be necessary to meet the estimated daily demand.

Q = m-Cy-AT (1)

where Q is the amount of heat (2.53-10!! J); m is the mass of the substance; c is the specific
heat of the substance (4186 J/g-°C); AT is the temperature change (5 °C).

To ensure the development of the test, the following characteristics and conditions of
the circulating fluid, pipes, and surroundings in the cases tested have remained
under control:

(@) Thermophysical properties of the fluid:

Density: affects convection behavior.

Specific heat capacity (Cp): determines how much heat the fluid can absorb
or release.

Thermal conductivity (k): influences the fluid’s ability to conduct heat.
Viscosity: impacts the flow dynamics and, consequently, the convective
heat transfer.

(b) Flow conditions:

e  Flow velocity: affects the flow regime (laminar or turbulent), which significantly
impacts the heat transfer coefficient.

e  Flow type (laminar or turbulent): the flow regime can be determined using the
Reynolds number.

e Velocity profile: can be fully developed or developing, which influences heat
transfer along the pipe.

(c) Temperature conditions:

Inlet temperature of the fluid: defines the initial thermal energy of the fluid.
Temperature gradient along the pipe: important for analyzing heat transfer in
different sections.

e  Temperature distribution of the surrounding environment: should be considered
if there is external flow or air around the pipe.

(d) Pipe wall properties:
e  Thermal conductivity of the pipe material: affects the heat transfer between the

inner and outer fluids.
e  Wall thickness: impacts the total thermal resistance of the system.

(e) Pressure:
e  Fluid pressure: affects the density and other thermophysical properties.
(f) Boundary conditions:

o  Type of heat transfer at the walls: constant temperature, constant heat flux, or
un-insulated exterior walls.
e  Heat exchange with the environment: forced convection.

All these conditions are crucial to achieving accurate and realistic results in a heat
transfer simulation like the one performed in this work.

Therefore, a flow rate of 1513.75 L/h or 0.42 L/s is assumed, which, according to
the pressure drop table for PVC pipes, corresponds to a pipe with an internal diameter of
38 mm. To ensure that the conditions on the return of the flow are similar, the areas have
been kept constant, resulting in an internal diameter of 54 mm for the outer pipe.
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In summary, the base coaxial tube part (Figure 1a) has an interior diameter of the
central piece of 38 mm and an interior diameter of the exterior piece of 58.14 mm. Both
pieces have a 3 mm thickness to ensure a solid structure. The simple pipe (Figure 1b) has
an interior diameter of 38 mm with a 3 mm exterior wall. For both pipes, the base piece
length is 20 cm.

Three additional pieces were necessary for the proper functioning of the experiment.
The U-shaped return piece (Figure 1le) for the single pipe has an estimated printing time
of 3 h and 24 min and a material consumption of 101.88 g. The cap-style return piece
(Figure 1c) for the coaxial pipe has an estimated printing time of 1 h and 16 min and
a material consumption of 46.80 g. And, lastly, the double-entry piece (Figure 1d) has
an estimated printing time of 3 h and 41 min and material consumption of 113.39 g.

Once both pipes are prepared, the experiment involves the recirculation of water
under conditions similar to those that a DH distribution system would operate under.

The following sections describe the components used to replicate the DH distribution
system as well as the methodology employed for conducting the experiment.

2.1. Components Used

To replicate the DH distribution system on a laboratory scale, the following compo-
nents have been used:

e A boost pump. The pump used 3 W of power. This pump allowed the circulation of
the fluid in a constant volume of flow of 6.91 L/h. A clear tube of 2.20 m was used to
feed the pump onto the pipeline.

e A 3D printer. Any filament 3D printer capable of high thermal resistance filaments can
be used. The print size is not limiting; more parts can be produced. In this study, the
Original PRUSA MK4 3D Printer model has been used (Figure 2a).

e AZ3D filament. As mentioned in Section 2, the material used for 3D printing was ASA
filament. ASA filament properties are presented in Table 1.

e  Assembly material. Waterproof tape for pipe joints to ensure no critical leaks among
the pipelines.

Water. The fluid used for the recirculation is water with no special specification.

A water tank. A tank to set the water for the experiment is needed to have enough
flow through the pipeline during the recirculation. The measurements of the tank
used were 0.60L x 0.20W x 0.45H m.

e A resistant heater. The heater was set onto the water tank to establish and maintain
a certain work temperature. The resistance range falls within 10 °C to 100 °C.

e  Thermocouples. Inlet and outlet temperatures of the fluid were controlled by thermo-
couples connected to a measuring device (thermometer). The inlet temperature was
taken by measuring the temperature of the water tank, and the outlet temperature was
measured at the end of the pipeline. In this experiment, the thermocouples used were
constituted by chrome and aluminum alloys (type K), had an accuracy of +0.01 K,
and were calibrated according to the International Law ASTM E220 [45].

e A thermometer. As a measuring device, a multichannel digital contact thermometer
model PCE-T390 was used. This model allows for a measuring range for K-type
thermocouples from —100 to +1370 °C.

e Ice. Atray of 0.39L x 0.39W x 0.056H m was filled with ice to help increase the gradient
between the inlet and outlet.

o A flowmeter: The flowmeter employed was the model PCE-TDS-200 from the PCE
Instruments company (Albacete, Spain), which has a measuring range of 32 m/s and
a resolution of 0.001 m/s, for diameters exceeding 50 mm, and an accuracy of +1.5%
of the value (v > 3 m/s). The device is suitable for use in a fluid temperature range
from —30 °C to +160 °C. The pipe materials can be diverse, such as polyethylene and
polyvinyl chloride (PVC). It can be used in a wide range of media, like water, oil, diesel
ethane, and others [46].
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(b)

Figure 2. Resources used for the experiment: (a) professional 3D printer used for this test; (b) sample
of the test pipes. The simple pipe can be seen on the right side, and the studied pipe, the main subject
of comparison, is placed on the left.

Using the 3D printer with the ASA filament, the pipeline can be printed. For this
experiment, a total of 1.2 m of pipeline for both types were printed. Figure 3 shows the
schematic model of the coaxial pipeline, whereas Figure 4 shows the schematic model of
both pipelines with measurements for easy replicability.

Figure 3. Model of the coaxial pipeline (patented).

(a) (b)

Figure 4. Model of the simple pipeline (a) and coaxial pipeline (b) with measurements for replicability.
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2.2. Theoretical Base

In district heating systems, energy efficiency and heat recovery are key aspects for
optimizing overall system performance [47,48]. The comparison between coaxial and con-
ventional pipelines focuses on how these structures can influence heat recovery and thermal
efficiency in the boiler room. When designing heat exchangers, in this case involving coax-
ial and conventional tubes, several initial conditions must be kept in mind. The following
known conditions are critical for guiding both the design and subsequent calculations:

e  Fluid properties: the thermal conductivity, specific heat, viscosity, and density of
the working fluid often vary with temperature, requiring the use of average or
temperature-dependent values during the design process.

e  Flow rates: The mass flow rate of the fluids plays a significant role in the heat transfer
process. The flow can be either laminar or turbulent, depending on the Reynolds
number, and this greatly influences the heat transfer coefficients and pressure drops
within the system.

e Inlet and outlet temperatures: The inlet temperatures of both the hot and cold fluids,
along with their desired outlet temperatures are the key to the performance compari-
son. The difference in temperature between the fluids at different points affects the
overall heat transfer rate and is the measure selected to compare the different systems.

e  Pressure conditions: In some cases, the system must also meet certain pressure require-
ments. These constraints can impact the selection of pipe materials and dimensions,
particularly in high-pressure environments where failure could lead to safety con-
cerns. In this study, this is not the case, and the only measure is to maintain the same
pressure conditions.

e  Geometry constraints: Space limitations and installation requirements also influence
the design. For example, coaxial pipes are often chosen for their compact geometry,
making them suitable for applications where conventional tube bundles would take
up too much space

Apart from the initial conditions above, several other considerations have been taken
into account in the design phase:

e Maximizing heat transfer efficiency: The goal is to maximize the amount of heat
transferred between fluids for a given size and configuration of the system. Coaxial
pipes, with their increased surface area contact, are often chosen for applications
requiring high thermal efficiency.

e  Minimizing pressure losses: Pressure losses lead to higher pumping costs and reduced
system performance. Designers aim to minimize these losses while maintaining
adequate fluid velocity to support effective heat transfer.

e  Material and cost efficiency: The selection of materials is influenced by both thermal
conductivity and cost considerations. Engineers must balance performance require-
ments with material costs, while also considering the durability of the chosen materials.

2.2.1. Heat Recovery in the Boiler Room

Heat recovery is the process by which residual heat from the heating system is captured
and reused, thus improving energy efficiency and reducing heat loss. In a district heating
system, this process can be optimized through the use of different pipeline designs [49,50].

2.2.2. Conventional Pipelines

In a conventional system, the supply and return pipes are separate, meaning the
residual heat from the return water is not directly used to heat the supply water. The heat
loss in these pipes can be described by Equation (2), which takes into account the heat loss
by conduction, convection, and radiation [51]:

Qloss = U-A-AT (2)
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where Qs is the amount of heat lost; U is the overall heat transfer coefficient that includes
the inside and outside convective heat transfer coefficient, the thermal conductivity of
the material, the radiative heat transfer coefficient, and the thickness of the pipe; A is
the surface area of the pipe; and AT is the temperature difference between the inlet and
outlet fluids.

In this sense, heat is transferred by convection from the inlet fluid to the wall of the
pipe, by conduction through the pipe wall, and then by convection from the pipe wall
to the outlet fluid. It must be clarified that, considering the orders of magnitude of the
temperatures on the pipe surface of the analyzed study case, the loss due to radiation will
not be included in the corresponding calculations.

2.2.3. Coaxial Pipelines

Coaxial pipelines integrate the supply and return lines within a single structure. The
coaxial design allows for better heat recovery because the return water circulates around
the supply water, capturing some of the heat that would otherwise be lost. The global heat
transfer in a coaxial pipe can be modeled using the same Equation (2), but the constructive
peculiarities of this system must be taken into account. Thus, in this case, heat is transferred
by convection from the inlet fluid to the wall of the pipe, by conduction through the inlet
pipe wall, by convection from the pipe wall to the outlet fluid, again by conduction through
the outlet pipe wall, and finally, by convection from the outlet pipe to the external fluid
(radiation is considered in the same way as in the conventional pipe case) [52].

2.2.4. Heat Transfer Evaluation

As stated before, heat transfer in a piping system such as those presented here is
subjected to heat losses from the internal fluid by thermal conduction (through the pipe
wall) as well as by convection to the outside air. Thus, the conduction and convection heat
calculated in a cylindrical pipe are shown in Equations (3) and (4).

27tk
=— _— _(IZ-T 3
q 2.310g(g§>( 1—Tz) 3)
q= hT[Dz(Tz — Ta) (4)

where k is the thermal conductivity of the pipe material in W/m-K, h is the convective
coefficient in W/m?K, D, and D are the external and internal pipe diameters (m), and Tj,
T, and T, are the internal and external pipe temperature and the ambient temperature,
respectively, in K.

Combining the previous equations in a single expression that reflects the global heat
flow throughout the entire transfer area, the final expression, Equation (5), is as follows:

_ 7T(T1 - Ta)
237,00 1
(ﬁ logp; + m)
In the case of estimating the heat loss in the case of the conventional system, Tz would
correspond to the conditions of the fluid outside the piping system, while the calculation

of this loss in the coaxial pipe (heat recovery in the return fluid) would take as Ta the
temperature of the fluid circulating through the outer section.

)

2.2.5. Heat Recovery Efficiency

The heat recovery efficiency (r.) in a coaxial pipe can be defined as the ratio of the
recovered heat to the total heat available in the return water:

Fo = Qrecovered (6)

Qreturn
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where Qrerirn is the total heat of the return water, given by the following:

Qreturn - mcp(Treturn - Tambient)

where 71 is the mass flow rate of the return water; C, is the specific heat capacity of water;
Treturn is the temperature of the return water; and T,y is the ambient temperature
(25°Q).

2.2.6. Efficiency Comparison

To compare the efficiencies between coaxial and conventional pipelines, the efficiency

of each system can be calculated, and the differences in terms of heat recovery and energy
losses can be analyzed.

For a conventional pipe,
Qloss
re=1-— (8)
‘ Qtotal

where Q)5 is the amount of heat lost, and Qy,; is the total heat supplied to the system.
For a coaxial pipe,

fo=1— Qloss - Qrecovered (9)
Qtotal

where Qs is the amount of heat lost; Q,,covered 1S the recovered heat; and Qyy,; is the total
heat supplied to the system.

These equations show how the coaxial design can potentially improve heat recovery
efficiency compared to conventional pipes.

2.3. Methodology

To conduct the laboratory experiment, the setup schema presented in Figure 5 must
be followed. The first step is filling the water tank to the necessary level that covers the
working limit of the heater. Once filled, the heater can be placed and started. On the other
hand, the pipe pieces must be assembled (Figure 6). The flow inlet piece of the pipeline
must be connected to the boost pump tube. For the proper flow of water, it is necessary

that the pipe is positioned in such a way that the flow outlet piece is aligned with the water
tank. In this way, continuous water flow is ensured.

I PIPELINE ICE m, P)
\ SIMPLE PIPELINE
HEATER A - —_—— — —
i | ——— —
p:Cprk;anwél,: ‘t‘ ,:
i COAXIAL PIPELINE
A —
N
| ware|
MEASURING / / _
e THERMOCOUPLES

Figure 5. Experiment setup schema.

When the pipeline is set, and the water has reached the desired temperature, the boost
pump can be started and placed inside the water tank. Figure 7 shows the experiment
with the boost pump placed. It might be considered that, given that the water tank is not
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sealed, evaporation due to temperature may occur, and it may be necessary to add water to
maintain the level.

Figure 7. A sample of the experiment setup with the pipe and the water circulation pump.

Since the length of the pipe has been reduced to 1.2 m for a laboratory scale, ice has
been used on the pipe to ensure a sufficient thermal gradient for measurement. This ice
simulates the heat loss in the distribution network at the laboratory level.

Once the experiment is set up and running, with a continuous flow of hot water, the
measurement equipment should be prepared. As presented previously, a thermocouple
will be used to continuously control and record the temperature of the inlet and outlet. For
the inlet temperature, the thermocouple was placed inside the water tank, near the boost
pump. The outlet temperature was measured by placing the thermocouple at the end of
the pipeline, just when the water was released into the water tank (Figure 5 for reference
of placement). Once the water tank temperature was stable (71.5 & 1.5 °C), both inlet and
outlet temperatures began to be registered.

3. Results
3.1. Fluid Temperature Evolution
The temperature measurements of the experiment are presented in the following

graphs. Both pipelines, simple and coaxial, had their temperature measurements taken
every 2 s, which resulted in 600 measurements in 20 min.
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The initial presentation of the results is based on the original measurements obtained
from the thermocouple readings. Firstly, the results of the inlet and outlet temperatures
of the pipe were obtained for both experiments (coaxial and simple pipelines). Once
recorded, the temperature difference between the inlet and outlet was calculated, resulting
in the temperature gradient. This gradient has been represented on the Y-axis, while the
measurement number is represented on the X-axis. These graphs serve to broadly observe
the stability of temperature variation and discern the overall trend. Thus, Figure 8, for the
simple pipeline, and Figure 9, for the coaxial pipeline, show the temperature gradients for
each measure taken.
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Figure 8. An overview of the temperature gradient from the measures taken (simple pipeline).
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Figure 9. An overview of the temperature gradient from the measures taken (coaxial pipeline).

In Figures 10 and 11, the same concept is presented but with an adjustment on the
Y-axis to facilitate detailed viewing. In the previous figures, the Y-axis covered a range of
up to 5 degrees of temperature difference. However, after the initial review of the data,
this range can be narrowed down to 2 degrees for the single pipe and 1.2 degrees for
the coaxial pipe. This change allows for a better visualization of the results, as a total
of 600 measurements are shown. Additionally, these graphs have been presented with
a line depicting the average of the results (orange dotted line). The addition of this line
visually indicates the average value around which the measurements cluster. A preliminary
observation confirms that the coaxial pipe shows lower values, which aligns with the
design that enhances heat transfer from the inlet to the outer jacket of the outlet. However,
the numerical details are presented in Table 2.
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Figure 10. Results of the temperature gradient from the measures taken in an adjusted Y-axis

(simple pipeline).
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Figure 11. Results of the temperature gradient from the measures taken in an adjusted Y-axis
(coaxial pipeline).

Table 2. Data comparison between the simple pipeline and coaxial pipeline (K).

Pipeline Type Mean Median Mode Max. Value Min. Value
Simple 1.45 1.50 1.50 1.90 1.10
Coaxial 0.88 0.90 0.90 1.10 0.60

In Table 2, the most representative statistical measures of the central tendency that
describe the distribution of the sample set are presented. As can be observed, the simple
pipeline shows higher values compared to the coaxial pipeline, which is an expected
result since the coaxial pipe promotes heat transfer along its length, allowing for a smaller
temperature loss between the inlet and outlet. It should be noted that these measurements
are subject to the intrinsic error of the thermocouple and meter calibration (+0.01 K) as
well as random errors such as unpredictable variations, which may include thermocouple
movement caused by water flow, among other factors. Therefore, as a mitigation measure,
the measuring instrument has been calibrated according to the International Law of the
“Standard Test Method for Calibration of Thermocouples By Comparison Techniques”
ASTM E220 [45], as mentioned in 2.1 Components used. Moreover, multiple measurements
have been conducted, which are visible in the graphs.
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Given that the experiment involves the analysis of measurement data, the standard
deviation (SD) (Equation (10)) has been calculated to assess the dispersion of the values
around the mean of the dataset.

o= \/Nl—l Zfil(xi — Y)z (10)

where o is the SD; N is the number of data points in the population; x; represents each data
point; and ¥ is the population mean.

Additionally, the confidence interval (CI) has been calculated using the following
equation (Equation (11)). A confidence interval is understood as the range of values used
to estimate the true parameter of a population based on sample data. The confidence levels
used are 90%, 95%, and 99%.

Cl=% izm.% (11)

where CI is the confidence interval; ¥ is the population mean; Z,, is the critical value
corresponding to the desired confidence level (£1.645 for 90%; +1.96 for 95%; +2.576 for
99%); 7 is the DS; and N is the number of data points in the population.

The standard deviation values and the confidence interval are presented in Table 3.

Table 3. Statistical data comparison between the simple pipeline and coaxial pipeline.

Pipeline Type Dif. Max. Dif. Min. SD CI 99% CI95% CI90%
Simple 0.45 —0.35 0.135 +0.0142  40.0108 +0.0091
Coaxial 0.22 —0.28 0.071 +0.0075  £0.0057 +0.0048

As can be observed, the standard deviation is low, indicating that the measurements
are quite clustered around the mean. The confidence intervals for the three confidence levels
are considered appropriate, as such narrow intervals are very precise. However, as seen
from the difference between the maximum and minimum values of both pipes (calculated
as the mean value minus the peak value), there is significant variation, suggesting the
presence of some outlier values due to indirect measurement errors. In order to minimize
this error, a modification of the previously presented data has been made. This modification
involves grouping the measurements into 1 min intervals, with the value assigned to each
interval being the average of all the values recorded during that minute. The new values are
presented in Figures 12 and 13. Therefore, these graphs represent the temperature gradient
over time in minutes with the averaged data from the measurements taken each minute.

AT - Simple pipeline (over time)
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time (min)

Figure 12. Results of the temperature gradient from the measures taken based on 1 min time intervals
(simple pipeline).
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Figure 13. Results of the temperature gradient from the measures taken based on 1 min time intervals
(coaxial pipeline).

With the adjustment completed, it is evident that there is a very noticeable stabilization
period, especially in the single pipeline. For an accurate evaluation of the results, the first
and last 3 min of the measurement have been excluded, and the new representations
of this approach can be seen in Figure 14 for the simple pipeline case and in Figure 15
for the coaxial pipeline case. Additionally, Figure 16 shows both pipeline results for an
easy comparison.

AT - Simple pipeline (stable)
2.00

1.80
1.60

1.40 - = —_—

Temperature (K)

1.20

1.00
4 5 6 7 8 9 10 11 12 13 14 15 16 17

Time (min)
Figure 14. Results of the temperature gradient from the measures taken based on time without the
stabilization (simple pipeline).

With these new adjustments, the values presented in Table 2 have changed. Table 4
shows the new values to take into consideration.

Table 4. Data comparison between the simple pipeline and coaxial pipeline after adjustments (K).

Pipeline Type Mean Median Mode Max. Value Min. Value
Simple 1.40 1.41 1.45 1.45 1.35
Coaxial 0.88 0.88 0.89 0.97 0.82

Difference —0.52

Decrease 37.14%
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Figure 15. Results of the temperature gradient from the measures taken based on time without the
stabilization (coaxial pipeline).
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Figure 16. Comparison between the temperature gradients of the simple pipeline (SP) and coaxial
pipeline (CP).

This difference between models results in a decrease of 37.14%.
Following Equations (10) and (11), the SD and CI have been recalculated with the new
adjusted values. Table 5 shows the results obtained.

Table 5. Statistical data comparison between the simple pipeline and coaxial pipeline
after adjustments.

Pipeline Type Dif. Max. Dif. Min. SD CI99% CI95% CI90%
Simple 0.05 —0.05 0.034 +0.0179 +0.0235 +0.0150
Coaxial 0.09 —0.06 0.037 +0.0193 +0.0254 +0.0162

As can be observed with the new adjustment, the difference between the maximum
and minimum values of both pipes is now under £0.1 K compared to the +0.5 K of the
original values (Table 3). This means that the occasional measurement errors have been
smoothed out, and the adjusted values can be considered more precise and clustered around
the mean. This last point can be verified with the new values obtained from the calculation
of the standard deviation, where both pipe models show lower values, especially in the
single pipe after adjusting for the exclusion of stabilization data. Regarding the confidence
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interval, a minimal variation can be observed due to the reduction in the number of samples
considered for the calculation, 600 measures against 14 for the adjusted model.

3.2. Heat Transfer

In order to thoroughly evaluate the difference in heat exchange between the tested
systems, this section presents an analysis of the heat losses in each of the pipes developed
under the conditions of the laboratory experiment. It is worth mentioning that, in the case
of the coaxial system, this heat transfer from the internal fluid is considered a contribution
to the fluid circulating through the external envelope.

Applying Equations (3)—(5), the heat loss and the heat recovered can be estimated. All
the values of these equations are known, except for the convective coefficient, which must
be calculated for the conditions of the tests. In the case of the simple pipe, this would be
the convective coefficient of the outside air, and in the coaxial pipe, it would correspond to
the convective coefficient of the fluid circulating in the outside branch.

To determine the convective heat transfer coefficient (h) of both fluids, parameters
about the flow behavior, such as the Nusselt, Reynolds, or Prandtl number as well as the
flow rate, density, dynamic viscosity, and thermal conductivity, have been considered.
From the calculation of these parameters, the results of the convective coefficient and the
heat transfer for both systems are presented in Table 6.

Table 6. Convective coefficient for the air (h,) (in the case of the simple pipe), the water (hy) (for the
coaxial pipe), and the heat transfer per unit of pipe length (q).

Pipeline Type ha/hy, (W/m?K) q (W/m)
Simple 66.25 279.64
Coaxial 2374 14.28

As derived from the above, the selection of the coaxial geometry for heat distribution
reduces the heat loss in the internal distribution pipe, achieving in turn that this loss
becomes useful in the return of the fluid to the generation plant. The heat loss of the simple
pipe with the exterior is similar to that which will occur on the exterior of the coaxial pipe
in the case of not selecting the correct insulation for them.

4. Discussion

Beyond the above and in order to evaluate how the design of the coaxial system
would affect a geothermal district heat network, this section presents a comparison of this
design with respect to the conventional one in a specific case study. For this, the network
shown in Figure 17 is selected, which includes three large buildings located in the region of
Salamanca, Spain (Figure 18).

To carry out the planned evaluation, the following Table 7 includes information on the
construction date of the buildings and their associated energy demand.

Table 7. Construction date and energy demand per building selected.

Building Construction Date Energy Demand (MWh)
1 1980 5984.18
2 2007 5099.45
3 1999 10,098.50
Total energy demand (MWh) 21,182.12

In addition, Table 8 shows the principal parameters considered for the calculation of
the geothermal system.
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Figure 18. The location of the buildings selected in Salamanca, Spain.

Table 8. Design factors considered for the geothermal system selected.

Design Factors—Principal Parameters

Thermal conductivity of the terrain 1.6 W/mK

Working fluid 67% Water—33% Monopropyleneglycol
Volumetric capacity 2.4 MJ/(m3-K)

Geothermal heat flow 0.09 W/m?

Heat exchangers Double-U polyethylene 32 mm

Filler thermal conductivity 1.47 W/mK

It is convenient to clarify that all the previous information is the same for the two
scenarios (coaxial and simple), but, given the difference in ranges in the operating tempera-
tures (inlet and outlet), there is a difference in the performance that involves the heat pump
taking over the generation of the same amount of requested energy. Typically, a geothermal
district heating system with a traditional distribution system has an associated thermal
jump of about 27.5 °C [47]. This type of installation with high-power heat pumps usually
operates with a Coefficient of Performance (COP) of around 3.3 for a thermal jump, as
indicated [53].
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Taking this into account, this section aims to analyze how the replacement of the
simple distribution system affects the coaxial one based on the variation in the thermal
jump (as has been experimentally seen to be lower in the coaxial design). To do this, the
percentage of thermal jump reduction obtained in the laboratory (Table 4) is considered
to be one of the maximum possible, and the benefit obtained from this compared to other
scenarios with a smaller difference in thermal range will be observed. Based on previous
studies, it is known that for a temperature increase of 10 °C, a geothermal heat pump COP
of six is associated, while for an increase of 20 °C, the COP of the system would be four [50].
Considering all the previous information, the relationship between the thermal jump in the
distribution branch fluid and the COP performance of the high-power heat pump has been
estimated. Thus, the calculated values for each of the assumptions related to the different
thermal decreases are presented in Table 9. Table 9 also presents the estimated economic
and environmental benefits derived from the reduction in the thermal jump in this kind of
geothermal installation. It is important to notice that, in the conventional system, inlet and
outlet temperatures have been estimated as 65 °C and 40 °C, respectively.

Table 9. An evaluation of the working parameters associated with each scenario of thermal decrease
and economic and environmental annual factors.

Thermal Difference

Thermal CO,

Heat Pump Heat Pump Energy  Saved Energy Economic

Decrease (%) le(foe (rje;nce cor Power (kW) Demand (MWh) (MWh) Savings (€) Rl;:?tiizlc‘l)(rll(sg)
37 15.75 4.70 1877.66 4506.38 1911.80 167,148.67 497,068.00
30 17.50 4.38 2014.84 4835.67 1582.51 138,358.85 411,452.60
20 20.00 4.00 2206.25 5295.00 1123.18 98,199.63 292,026.80
10 225 3.69 2391.60 5739.84 684.34 59,831.85 177,928.40
5 23.75 3.57 2471.99 5932.77 485.41 42,439.40 126,206.60
0 (simple design) 25.00 3.30 % 2674.24 6418.18 -- -- --

* According to the curve fit, the tabulated value is 3.46, but 3.3 is used since a real reference value is available.

Since the use case is located in Spain, the value of the kWh and the kg of CO,
per electric kWh are based on the Spanish market. In 2023, the emission factor was
0.260 kgCO, /kWh for the electric mix [54]. As for the price, the mean market price for 2023
was 87.43€/MWh [55].

From the above Table 9, it can be deduced that significant energy saving occurs the
greater the decrease in thermal difference. Analyzing these scenarios with a view to a
useful life period of 25 years, the amount of energy that can be saved for this district
heating system is quite significant. This variation is shown in the following graph of
Figure 19, where differences of approximately 40,000 MWh can be seen between the most
extreme cases.

Saved Energy
(MWh)

60,000 -
50,000 -
40,000 -
30,000 -
20,000 -
im
[
37% 30% 20% 10% 5%
Thermal difference decrease

Figure 19. The saved energy associated with each thermal difference decreases for a useful life period
of 25 years.
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5. Conclusions

The present study aims to present and evaluate a novel experimental distribution
network as an improvement to geothermal district heating systems. Currently, the main
advances for these systems, as stated in Section 1, are applied to the design, the heat pumps,
supervising and monitoring, or pipelines. It is in this last area that this study applies an
improvement by proposing a new type of distribution pipeline. In this specific case, it is
proposed to replace the traditional single-pipe system with a novel coaxial pipe system.

For the study of this comparison at a laboratory scale, certain simplifications have
been made, and the following points should be highlighted:

e  Both pipes have been 3D printed with the same material, under the same conditions,
and have the same length in meters.

e To simulate at a laboratory scale, the gradient generated by the use of the system
in distribution and the same ambient and cooling conditions have been applied in
both studies.

e  The same conditions have been maintained for the measurement of both pipes.

Under these circumstances, a 37% improvement (37.14%) in the thermal exchange
has been achieved with the new coaxial model. This percentage is obtained from the
average comparison between the inlet and outlet temperatures of both systems, showing
that at a laboratory scale, a significant improvement in the thermal exchange is achieved.
Furthermore, calculations on both systems show that the heat loss associated with the
coaxial system from the internal fluid represents an additional energy contribution to the
fluid that returns to the generation plant, thus demonstrating that the proposed distribution
system represents an improvement in the overall performance of the installation.

In addition, and although it is very challenging to apply this value to a real-world case
(as laboratory conditions are considered ideal), to validate the advantages of this change in
the pipe type, a simple geothermal district heating system has been modeled for the city of
Salamanca, Spain. The technical specifications, system design, and data used are detailed
in Section 4.

Based on the results obtained, different scenarios have been evaluated, where the most
optimistic scenario reflects the 37% improvement observed in the laboratory, while the most
pessimistic scenario ranges from no change to a 5% improvement. Various percentages
between these two positions have been assessed, as shown in Table 5. In summary, in the
most pessimistic scenario of a 5% improvement, the annual economic savings based on
energy savings amount to approximately €42,000, with a related reduction in emissions
of about 126,000 kg of CO,. In the best-case scenario, these figures increase to €167,000
in savings and a reduction of 497,068 kg of CO,. Therefore, not only is the economic and
energy savings of significant value but, in terms of emissions reduction (kg of CO,), it
represents a considerable improvement.

In future research, the coaxial pipe model will be tested with other types of materials
and different parameters according to the needs of real cases, including variations in
diameter, increased length, and even different inflow and outflow rates. To this end,
various scenarios will be studied to facilitate new data collection for a reassessment of the
obtained results.

6. Patents

The coaxial pipe is under patent protection “Tuberia Coaxial para sistemas de recircu-
lacién” under University of Salamanca.
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Nomenclature

Acronyms

4GDH 4th Generation District Heating
5GDH 5th Generation District Heating

ASA Acrylonitrile Styrene Acrylate

CI Confidence Interval

COP Coefficient of Performance

DH District heating

GHG Greenhouse Gas Emissions

HDT Heat Deflection Temperature

PCV Polyvinyl chloride

SD Standard Deviation

Formulae

Te Recovery efficiency

o Standard Deviation

A Surface drea, m?2

G Specific heat capacity, ] /kg-K,J/g-°C
D Diameter, m

Dy Internal pipe diameter, m

D, External pipe diameter, m

h Convective heat transfer coefficient, W/m?-k
ha Convective coefficient for air, W/m?2-k
hw Convective coefficient for water, W/m?-k
k Thermal conductivity, W/m-K

P Density, kg/m3

n Viscosity, kg/m-s

L Length, m

m Mass flow, kg/s

N number of data points in the population
Q Heat transfer, W

Qloss Amount of heat lost, W

Qrecovered Recovered heat, W

Qreturn Heat of the return water, W

Qtotal Total heat supplied to the system, W
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q Heat transfer per unit of pipe length, W/m
r Radius, m

To Outer radius of the inner pipe, m

7 Inner radius of the outer pipe, m

u Overall heat transfer coefficient, W/m?2-K
T Temperature, °C, K

AT Temperature difference between the inlet and outlet fluids, °C, K
Tompient» Ta ~ Ambient temperature, °C, K

Treturn Temperature of the return water, °C, K

T Internal pipe temperature, °C, K

T, External pipe temperature, °C, K

X Data point

x Population mean

Zop Critical value of confidence level
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