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ABSTRACT

This research pioneers the replication of Late Miocene sandstone porosity via 3D printing,
emphasizing its application in geothermal energy experiments. Our objective was to recreate the
porosity of Late Miocene sandstone accurately using selective laser melting (SLM) and evaluate its
effectiveness through comparison with original model from micro-CT imaging. We compared
porosity across natural, digitally modelled, and 3D-printed sandstone samples. Results indicated that
3D printing slightly alters porosity, primarily due to the presence of support materials resulting from
the printing process. The study highlights the need for enhanced printing materials, refined post-
processing methods, and printers with higher resolution to improve porosity replication accuracy.
Our findings also suggest considering alternative methods of manufacturing artificial Late Miocene
sandstone like sand compaction with calcium carbonate cement to broaden the artificial samples
applicability in lab experiments, thereby enriching our understanding of geothermal systems. This
investigation not only advances the field of geothermal research through 3D printing of Late
Miocene sandstone but also sets the stage for future studies focused on replicating geological
structures for sustainable energy exploration.



Njeru et al.

1. INTRODUCTION

Unlike other natural energies like coal, oil, gas, and minerals, geothermal energy cannot be
transported and can only be used for production development (Byrtus et al., 2022). Geothermal
energy can only be generated at certain times, needs to be reserved, and is not available everywhere
(Angumba et al., 2022). However, geothermal energy is a replenished source and can be utilized
throughout the year (Zafar et al., 2021). Therefore, the potential of geothermal energy needs to be
investigated and discovered (Harrouz et al., 2018).

Along with the increase in energy consumption and needs due to changes in population growth and
lifestyle (Esmaeili Shayan et al., 2021), the production of geothermal energy as alternative energy
needs to be increased to meet national energy targets. Geothermal energy provides opportunities to
meet the energy needs of future generations (Yudha, Tjahjono & Longhurst, 2022). Hungary has
shown a significant increase in geothermal district heating over recent years, which is mainly due to
two new large projects (Miskolc and Gyo6r). Geothermal district-heating systems and thermal water
heating cascade systems are available in 21 cities representing an installed capacity of approximately
210 MWth and an annual production of 350 GWhth/y. Individual space heating (mostly associated
with spas) is available at 35 locations representing an estimated installed capacity of approximately
28 MWth and annual production of approximately 63 GWhth/y (Toth & Toth, 2020). In developing
geothermal energy, several steps need to be carried out, including the preliminary 3G survey
(geology, geochemistry, geophysics), exploration 3G survey, exploration drilling, project review
and planning, field development, power plant construction, commissioning, and operation (Sofyan,
2024).

When geothermal energy is utilized, heat energy from the geothermal fluid that is released to the
earth’s surface is converted into electrical energy. (Sofyan, 2023). The fluid comes from the
geothermal reservoir layer, which is created as a result of conduction and convection heat transfer
from a heat source to its surroundings (Saptadji, 2001). In addition, the convection heat transfer
describes the process by which heat moves from the geothermal fluid to the production casing, while
conduction heat transfer refers to the movement of heat from the well casing to both the cement and
the formation (Sofyan, 2023). In the broader context of reservoir evaluation, each layer within the
earth’s subsurface has unique characteristics, including varying fluid and rock compositions, as well
as different levels of rock hardness. This diversity requires extensive research to identify the most
effective methods to overcome challenges at specific reservoir locations (Gunnlaugsson et al., 2014).

Sandstone formation is a sedimentary rock used in the oil and gas industry, geothermal energy,
building, and other sectors. Sandstone’s porosity, or the existence of void inside the rock, is an
important property that influences the characteristics and usages of the sandstone in various
industries like geothermal energy (Jakus et al., 2018). Porosity affects rock permeability because it
affects the flow of fluids such as geothermal fluids, oil, and gas through the rock (Lee & Heller,
1990). Consequently, proper porosity assessment is essential for estimating reservoir productivity
and improving recovery methods (Emanuel et al., 1989).

Recent advances in micro-CT scanning and 3D printing have opened up new avenues to properly
replicate sandstone porosity (Emanuel et al., 1989). Micro-CT scanning is a non-destructive imaging
technology capable of producing high-resolution three-dimensional images of the interior structure
of objects, including porous materials such as sandstone (James W. Jennings, 2002). In contrast, 3D
printing is a manufacturing process capable of producing physical objects with complicated
geometries, including porous structures (Emanuel et al., 1989). It may be possible to create precise
3D-printed copies of sandstone porosity by combining these two technologies.

Based on the research conducted by Foldez (2004), if a rock sample is properly prepared, drained,
vacuumed out, and then saturated with liquid, its effective porosity can be determined by the CT
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measurement since the effective pore space of the cells (which can be filled up with liquid or gas)
can be measured in which the effective porosity of each cell can be quantified (Foldes et al., 2004).
Based on CT measurements, the internal structure of core samples, the geometry of framework
constituents, the porosity type and pore size distribution, as well as fracturing, can be described (Wu
et al., 2022; Zhang, 2018).

According to Ishutov (2015), the combination of X-ray computed microtomography, digital pore
network modeling, and 3D printing technology can transfer digital rock models into tangible
samples that can be manufactured in various materials (Ishutov et al., 2015). Another research
accomplished by Gomez (2019) investigated the mechanical behavior and permeability of 3D-
printed sandstone analogs under triaxial conditions and found that the use of silica sand as the
printing material has enabled the manufacture of specimens with a more rock-like porous structure
(Gomez et al., 2019). These studies demonstrate the potential of 3D printing from micro-CT data to
accurately reproduce the porosity of sandstone and provide tangible samples for further analysis.

Replicating sandstone porosity by 3D printing using micro-CT data is an exciting field of research
that is currently in its early phases. Although 3D printing has been quite successful in recreating
porosity, there are still many obstacles and limitations that must be overcome such as obtaining large
samples with high resolution to properly replicate the sandstone at its original scale. In recent
advances, Li (2021) successfully utilized two-photon polymerization 3D printing technology to
replicate the true pore-scale structure of Berea sandstone, demonstrating the potential of high-
resolution 3D printing in geosciences (Li et al., 2021). However, their approach produced only 500
um samples which were unusable for laboratory investigations. Our study innovates on this concept
by exploring the effects and implications of significant upscaling in 3D printing, specifically by 100
times the original size of the sandstone structure. This methodological shift is designed to provide
new insights into the accuracy and application of 3D-printed rock proxies, particularly for large-
scale geothermal reservoir simulations, and laboratory experiments. Future research should
concentrate on improving 3D printer accuracy and resolution, developing new 3D printing materials
and techniques to aid in the proper cleaning of the support materials used to support overhanging
parts of the 3D printed rocks during printing, and investigating the mechanical and permeability
properties of 3D printed sandstone analogs (Wu et al., 2022). Therefore in this study, we investigate
how the best steel can be used to reproduce sandstone porosity of the Late Miocene sandstone.

This research significantly advances the field of 3D printing to replicate sandstone porosity by
introducing a novel methodology involving a considerable 100-fold upscaling of the original
sandstone structure. While existing literature extensively explores the application of 3D printing in
geoscience and engineering, our innovative approach specifically addresses the challenge of
achieving large and high-resolution samples, thereby enabling a more accurate replication of
sandstone at its original scale. In contrast to prior studies, our focus on upscaling is geared toward
practical applications in large-scale geothermal reservoir simulations and laboratory experiments.
Our study builds on the foundation laid by Foldez (2004), Ishutov (2015), and Gomez (2019),
integrating their insights into a comprehensive methodology. Notably, our research introduces a
departure from existing studies by utilizing two-photon polymerization 3D printing technology and
exploring the use of steel as a printing material. This research is also different from research
conducted by Li's (2021) who replicated the true pore-scale structure of Berea sandstone using two-
photon polymerization technology. The advances in this research showcase a significant departure
from previous approaches, providing insights into the potential of high-resolution 3D printing in
geosciences. This research offers a technological and scientific convergence that has the potential
to expand our understanding of geothermal processes, contribute to sustainable energy generation,
and solve real-world difficulties in the sector. It exemplifies the inventive spirit of scientific inquiry
as well as its practical applications. While this research anticipates contributions to the field by
providing artificial sandstone samples for laboratory investigations, potential cost efficiencies, and
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advances in 3D printing technology, it is important to note that the specific impacts and cost
reduction claims depend on further research and development. Existing literature supports the use
of 3D printing in replicating sandstone porosity, but the extent of cost efficiency and widespread
applicability in various fields is still a subject for exploration. The current research focuses on the
methodology and findings within the scope of the Late Miocene sandstone replication, and any
extrapolations to broader applications require further empirical support (Filinich & Chibey, 2020).

2. REVIEW OF SANDSTONE POROSITY AND 3D PRINTING ADVANCES
2.1. Sandstone Porosity

Sandstone, a sedimentary rock composed of sand-sized grains of mineral, rock, or organic material,
exhibits varying levels of porosity. Porosity refers to the fraction of pore space in a rock volume
expressed as a percentage. The Berea sandstone, for instance, exhibits a porosity range of 19% to
26% (Gomez et al., 2019). Experimental analysis of Upper Pannonian sandstones from the
Hungarian Szentes Geothermal Field was performed to understand the formation properties
affecting injectivity and productivity in these sandstone layers. Research on these sandstones
showed varying levels of porosity, with certain samples showing porosity of up to 30% (Békési,
2022; Koroncz et al., 2022).

In both the geothermal and petroleum industries, there is a need for innovative technologies that can
improve the economic viability of exploration and production. Understanding the geomechanical
and transport properties of rocks is crucial for geoscience and engineering disciplines as they provide
insights into how these properties respond to external stresses and subsurface flow regimes (Hodder
et al., 2022).

According to Abutaha (2021), X-ray computed tomography (CT) can reveal the internal three-
dimensional details of objects in a non-destructive way and provide high-resolution quantitative data
in the form of CT numbers (Abutaha et al., 2021). The sensitivity of the CT number to changes in
material density means that it can be used to identify lithological changes in cores of sedimentary
rocks.

Porosity in sandstone can be characterized by several methods, including mercury intrusion
porosimetry, nuclear magnetic resonance, and micro-CT (Siregar, 2020). Micro CT scanning has
become a popular method for quantifying the porosity of rock samples due to its high resolution and
non-destructive nature (Arandjelovic, 2015).

In the context of this study, micro-CT scanning was used to obtain high-resolution 3D images of the
sandstone samples, which were then used to create a 3D-printed replica of the sample's porosity.
The accuracy and quality of the 3D-printed replica were then compared to the original sandstone
sample, as described in the following sections.

2.2. The 3D Printing Technology Advances

3D printing is a fabrication technique that constructs a three-dimensional object by depositing
materials layer by layer, guided by a computer-generated design (Tamir et al., 2022). In the field of
bioprinting, 3D printing has been used to create scaffolds for tissue engineering purposes (Qasim et
al., 2019). Similarly in the petroleum industry, the application of 3D printing technology has
facilitated the creation of sandstone replicas for investigating their mechanical behavior and
permeability under triaxial conditions (Gomez et al., 2019).

Ishutov (2015) used 3D printing technology to create sandstone porosity models in their study
(Ishutov et al., 2015). However, the resolution of the ZPrinter 650 3D printer used for this purpose
was too poor (30 um for pore space and 16 um for grain matrix) to duplicate the Idaho Gray
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Sandstone at its original scale. Therefore, upscaling was required. The procedure consisted of
applying a binder material to a layer of sandstone powder and then curing the binder using UV light
(Xie et al, 2021; Kim et al., 2019). This method produced strong sandstone models with substantial
structures. These models were useful for studying the permeability properties of sandstone (Wang
et al., 2022).

The difficulties in 3D printing sandstone models are various. One of the difficulties is getting the
proper distribution of porosity and particle size of the sandstone analog. Researchers used sand
powder and organic binder (Hodder et al., 2022), two-photon polymerization 3D printing technology
(Li et al., 2021), and isotropic consolidated drained triaxial tests to accomplish this (Gomez et al.,
2019). Another difficulty is getting the necessary resolution to properly replicate the sandstone at its
original scale (Ishutov et al., 2015).

Researchers also experienced difficulties in post-processing and removing the support material used
in the printing process without causing damage to the printed sample. Post-processing is essential to
remove extra powder and binder material (Ishutov et al., 2015). The support material is difficult to
remove and requires careful handling to prevent damage to the printed sample. Therefore, whenever
possible, it is recommended that the support material be made easily removable without damaging
the printed sample during removal. The scale of the printed models is also an issue because
researchers have to print models of various sizes to explore the uniaxial compressive characteristics
of rocks (Hodder et al., 2022; Wu et al., 2022).

Finally, using reconstructed image-processed CT scans, researchers must evaluate the correctness
of the printed models by comparing them to the original sandstone (Almetwally & Jabbari, 2021).
Despite these obstacles, 3D printing technology has demonstrated significant promise in replicating
sandstone porosity and has been applied in a variety of disciplines, including geoscience and
engineering, bioprinting, and the fashion industry (Abdallah et al., 2019).

3. SAMPLE MATERIAL & METHODOLOGY
3.1 Determination of Natural Sample Porosity

The sample studied in this research was a sandstone rock from the delta plain (Ujfalui Formation)
in the Pannonian Basin. Because of its high porosity and permeability, this deposit is a viable
resource for geothermal extraction in Hungary (Willems et al., 2021). The natural core sample was
carefully sliced into a cylindrical shape with diameters of 33 mm (approximately 1.3 inches) and 40
mm (approximately 1.57 inches). Two methods were used to determine the porosity of the natural
sample, namely the helium pycnometry method and the Archimedes-Triple weighing method.

First, the cut-out samples were dried to remove any moisture content. The helium pycnometry
method was then used to determine the porosity of the sample. The measurement was carried out
twice and the average value was taken.

The Archimedes (triple weighing) method was used as the second approach. The dry sample was
weighed to get a dry mass value. Then, the sample was fully saturated with tap water with a density
of 1 g/cm3, and then it was weighed to get a saturated mass value. The mass of the sample was
measured once more with buoyancy. Each mass measurement was done three times, and the average
value was calculated. The Archimedes equation 1 was used to calculate porosity.

saturated mass—bouyant mass

Porosity = (1 - ) 100 (D)

saturated mass—dry mass

This equation allowed determining the porosity of the sample by considering the difference in mass
between the saturated state, the buoyant state, and the dry state of the sample.
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3.2. Digital Rock Porosity Determination (Micro-CT Imaging and Analysis)

The natural sample was further reduced to approximately 3 mm in size to allow for high-resolution
imaging. The sample was imaged at a resolution of 1.15 um. After that, the Avizo 2019 program
was used to calculate the total and effective porosity of the resulting digital rock sample (Avizo,
2019).

To create a 3D printing model, the grains and voids in the digital sample were separated by applying
the interactive thresholding module available in Avizo 2019 Software. It is crucial to note that the
choice of the threshold value in this procedure is based on the investigator's discretion, which may
result in some variation in the results across investigators. The result of this approach was a model
that represented all grains. The model was cleaned to remove any tiny, disconnected grains caused
by segmentation faults. Based on the study of the 500-voxel cube, this resulted in a linked grain
cube model with a geometric size of 572.5 pm.

To create a mesh file, the resulting model was exported to the Dragonfly program, Version 4.1.0.647
for Windows, software from Object Research Systems (ORS) Inc., Montreal, Canada, accessible at
http://theobjects.com/dragonfly. This mesh file was then exported in STL file format. This model
was then sent to the 3D printer (Dragonfly software, 2021).

3.3 The 3D-Printing (Post-Processing and Quality Control) of the Artificial Sample

The 100-fold magnified replica of a cubic volume of the digital model was 3D printed. This
magnification was chosen to guarantee that the voxel resolution of the printing process should match
the geometric details of the sample, as resolved by its micro-CT measurements. Selective laser
melting (SLM) was chosen and used to manufacture the sample from 316L stainless steel powder
(nominal powder size distribution of 20-65 um) on an EOS M290 metal printer (EOS GmbH). The
choice of 316L stainless steel was influenced by logistical considerations in our lab setup. While
differing from natural sandstone in mechanical and thermal properties, 316L stainless steel was the
most feasible option available, balancing ideal requirements against practical availability.

Before printing the digital file was carefully checked to support printing that would ensure the least
support material. However, no orientation was found that was able to fully achieve this goal, in
which some supporting structures were printed and remained inside the printed sample, representing
approximately 7% of the entire volume of the printed sample. In addition, the mixed/partially closed
nature of the pore structure of the sandstone sample made it inevitable that some unused metal
powder also remained inside the closed pores after printing. Therefore, the part was printed in the
optimum orientation using a layer thickness of 40 um, a hatch distance of 100 um, a laser power of
214 W, and a scanning speed of 928 mm/s (equivalent to an energy density of 57.65 J/mm3) in a
protective Argon atmosphere.

After printing, the sample underwent minimal post-processing, involving removal from the platform
and milling off the support structure remnants. The use of 3D-printed models in our study reflects
an effort to minimize environmental impact compared to extracting natural rock samples.
Economically, it presents long-term benefits such as reduced fieldwork and consistent sample
production. However, these advantages are balanced against the costs and sustainability of advanced
3D printing technologies, making it a crucial aspect in the evolution of geothermal research
methodologies.

3.4. Porosity Measurements of the artificially manufactured sample

To determine the porosity of the artificial sample, Archimedes equation 2 was employed.
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Pskeletal

Here, p_bulk represents the bulk density of the sample, determined as the ratio of mass to volume.
The mass of the sample was measured using a scale. The bulk density values were obtained through
the application of three different methods, resulting in three distinct porosity values for comparison.

3.4.1 Volume determining by water displacement method

The volume of the sample was calculated by immersing the sample in a precisely measured quantity
of water and measuring the volume of water displaced. To eliminate errors that could come from
water entering the macropores of the sample, the sample was first sealed using vacuum sealing
equipment. To improve accuracy, nine independent measurements were carried out, and the values
of displaced water volume were averaged. Using this information, the bulk density (mass/volume)
of the sample was calculated.

3.4.2 Volume calculations based on precise measurements of sample dimensions.

The dimensions of the sample were calculated by averaging 21 independent measurements using a
pair of Vernier calipers with an error margin of 0.017 cm. The average volume was then calculated
based on the measurements. Again the bulk density was determined from this method of volume
determination.

3.4.3 Volume measurement using a 3D scanner

For this purpose, the SCAN in a BOX FX 3D scanner with IDEA 1.1 SR 8 FX software, available
at Geochem Ltd., was used. This particular 3D scanner employs “structured light” technology. The
sample was scanned from five different sides with a 72° rotation, including the top and bottom.
Subsequently, the software generated a 3D digital model of the sample and computed the volume
and surface parameters. This volume was used to calculate the sample’s bulk density.

3.5 The theoretical volume

According to the precision of the micro-CT scan, the digital model represented a cube of 500 voxels,
with each voxel measuring 1.14551 um. The volume of the simulated sample was properly
determined using this information and then multiplied by an upscale factor of 100 for each side of
the sample. This gave a theoretical volume of the printed sample.

In addition to the theoretical volume from the digital image, the laboratory determined volume
values from the three laboratory methods used in which each method resulted in different bulk
densities. Equation 2 was utilized to calculate the four porosity values of the sample according to
the method used.

The skeletal density (p_skeletal) was obtained by calculating the average density of the sample
composition, as defined in Equation 3.

Pskeletal = 7-77xmetal + 3-99xpowder bed + 6-9xsupport (3)

Here, Xmetal > Xpowder bed> 314 Xgyppore TEPresent fractional compositions of the pure metal part,
the powder bed, and the support material of the sample, which were 90%, 3%, and 7% respectively
as reported by the printing laboratory. It should be noted that XpetaitXpowder bed Xsupport €quals
1, indicating the combined density of the sample composition.
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4. Results and discussion

4.1 Natural Sample Porosity

The porosity values of the natural samples through the Helium Pycnometry and Archimedes-Triple
Weighing Methods were 28.1% and 27.74% (Table 1), respectively. These values served as a
baseline for comparing the porosity values of the artificial samples. Helium pycnometry is known
to provide very accurate results for total porosity, exceeding the accuracy achievable by other
methods. Hence, these two methods were expected to produce the highest porosity values in this
study.

Table 1: Results of porosity of the natural sample

Sample Porosity (%) Porosity (%)
(Helium (Archimedes
pycnometry) method)

Natural 28.1 27.74

sample

4.2 Digital Sample Porosity

For the digital sample, porosity determination through imaging and analysis yielded a porosity value
of 24.8%. It is important to acknowledge that this value is limited by various factors, including the
resolution of the scanner used. This limitation means that features smaller than three times the
scanner’s resolution could not be clearly imaged and were hence eliminated from the final value.
Additionally, the segmentation process relied on the operator's judgment, introducing the possibility
of errors that could be propagated to the printed sample. The 2D slice of the sample and the grayscale
distribution histogram are shown in Fig. 1. Furthermore, since the primary objective was to print a
sample that would offer the same flow paths as the natural sample, only effective porosity was
considered for printing. These factors collectively explain why the digital sample exhibited a lower
porosity compared to the natural sample.
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Figure 1: The 2D slice of the sample and the respective grayscale histogram showing the threshold for
segmentation

4.3 Artificial Sample

The 3D model of the digital sample prepared for printing and the artificial printed sample are shown
in Fig. 2. The mass of the printed sample was 1164.45 g. skeletal density was 7.7175 g.cm-3.
Different porosity measurement techniques were used for the artificial sample, resulting in varying
results based on the volume measured. The water displacement, Vernier caliper, 3D scanner, and
theoretical methods were used to determine the sample volume, resulting in porosity values of
19.85%, 19.84%, 16.53%, and 19.59%, respectively. Detailed data are presented in Table 2.
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Support material

Figure 2: The 3D model of the sample prepared for printing (A) and the artificial printed sample (B) showing
some visible support structures.

Table 2. Bulk Volume, Bulk Density, and measured Porosity
Method Volume Bulk Measured
(cm3) density porosity
Water 188.25 7.57 19.85
displacement
Vernier caliper 188.23 6.19 19.84
3D Scanner 180.79 6.44 16.53
Micro-CT 187.64 6.21 19.59
theoretical Vol.

4.4. Enhanced Comparison of Porosity Values and Implications

The porosity values of natural, digital, and 3D-printed sandstone samples are closely examined, as
presented in Fig. 3. The digital sample's porosity was determined to approximately 25%. In the case
of the 3D-printed sample, the porosity ranged from about 16.5% to about 19.9% subject to the
porosity determination method applied as shown in table 2. For instance, the 3D scanning method
produced the lowest porosity value. The presence of an uneven sample surface in the printed version
explained this. Surface pores were perceived as surface imperfections by the scanner, which treated
them as non-porous features (Kumar. 2011). As a result, the measured volume was smaller than the
real volume, resulting in an underestimation of porosity. Broadly, the porosity variation between the
digital and the artificial sample is primarily linked to the presence of the support structures as well
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as the complexities of the 3D printing process involving Selective Laser Melting (SLM). Factors
influencing this include layer thickness, laser precision, and the properties of the metal powder.
Using the 3D printer’s software algorithms, we determined that approximately 7% of the total
volume of the 3D-printed samples was occupied by support material.

Comparing Porosity from different
Measurement Techniques

Key
- Natural sample
J Digital sample
' Artificial sample
< g & 4
& f-,wf“ \Q&* 3

Measurement Method

Porosity (%)

Figure 3: Comparison of porosity values between natural, digital, and artificial samples

By recalculating the porosity of the 3D-printed samples to account for the removal of this support
material, we find an adjusted porosity range. If we consider the support material volume as void and
add it to the total void volume, the adjusted porosity value is theoretically closer to the 25% porosity
of the digital sample. This adjustment highlights the effectiveness of our 3D printing method in
replicating sandstone porosity, although slight variations are present due to inherent limitations and
challenges in 3D printing technology.

4.5 Comparative Analysis and Implications for Geothermal Reservoir Simulations

In our study on replicating Late Miocene sandstone porosity for geothermal energy applications, we
align with the broader advancements in 3D printing technology in geosciences. Our use of Selective
Laser Melting (SLM) is informed by the work of pioneers like Chia & Wu (2015) and Ishutov et al.
(2021), who have laid the groundwork in precision and scalability in 3D printing. Comparative
studies by Li et al. (2021) and Ishutov et al. (2015) further illustrate the evolving capabilities of these
technologies in reproducing geological structures, a key focus of our research.

Our application of SLM technology marks an advancement in this field. We sought to achieve a
high degree of accuracy in replicating complex sandstone porosity, crucial for understanding
geothermal systems. However, this advanced approach brought to light certain challenges. Notably,
there were discrepancies in porosity between our 3D-printed samples and their natural counterparts.
These differences, influenced by support structures, trapped powder and printing parameters, echo
the findings in the wider geoscience community, especially as seen in the work of Gomez et al.
(2018) and Ibrahim et al. (2021). These researchers explored the mechanical behavior and
permeability of 3D-printed sandstone analogues, shedding light on the complexities involved in 3D
printing and simulation.

The synthesis of our study with these scholarly contributions highlights the importance of ongoing
advancements in 3D printing technology for geothermal reservoir simulations. Addressing the
challenges identified in our research is critical for the continued development of this field. This
would call for advanced post processing procedures that will ensure removal of the support material
from the final product. By ensuring that 3D-printed geological models are both technologically
advanced and scientifically reliable, our work contributes to the understanding and exploration of
geothermal energy resources. This approach not only aligns with the current technological trends
but also paves the way for future innovations in geosciences.



Njeru et al.

Conclusions, Recommendations & Outlook

Conclusion

This study strategically addresses key limitations in 3D printing technology for replicating sandstone
porosity. This study focuses on improving the accuracy of porosity replication by overcoming the
challenges associated with achieving the desired porosity and grain size distribution, optimizing
post-processing to remove support material, exploring alternative molding materials such as silica
sand to better mimic the behavior of natural sandstone, and improving resolution and accuracy in
3D printing. This study also emphasizes the need to improve the reproducibility of artificial samples
for cost-effective and repeatable laboratory experiments. By overcoming these important obstacles,
this research aims to contribute to the advancement of 3D printing methods, making artificial
sandstone samples more reliable and applicable for geothermal research in the laboratory.

Evaluation of the successes and challenges of the 3D printing process is crucial in determining the
feasibility of using the artificial sample for laboratory geothermal water flooding experiments. The
process has demonstrated significant successes, including the ability to accurately reproduce
sandstone porosity with >79% accuracy. The proposed methodology offers a cost-effective and
efficient method to create artificial sandstone samples for laboratory experiments, overcoming the
high costs associated with obtaining natural samples. In addition, the reproducibility of artificial
samples allows for repeated experiments, especially in cases where samples are destroyed after a
single use. In laboratory flooding tests to simulate reinjection of geothermal water, repeated
experiments must be conducted, but the samples cannot be reused. This explains the need for
reproducible samples at a more environment friendly and faster method without having to go
through the expensive drilling process.

Nevertheless, challenges still exist in the 3D printing process. These challenges include; ensuring
proper post-processing and removal of support materials as well as trapped powder. These
challenges need to be addressed to further improve the 3D printing process and increase the
reliability of artificial samples. A viable solution would be to use different material for the support
to make it easier to clean the support material from the printed geometry.

The suitability of the artificial sample for laboratory geothermal water flooding experiments depends
on its ability to accurately mimic the flow behavior of natural sandstone. Considering that the
artificial sample was printed on stainless steel, its mechanical properties, such as strength, stiffness,
and toughness, are significantly different from those of natural sandstone. Therefore, exploring
alternative printing materials, such as silica sand, that can better mimic the behavior of sandstone
would provide a more suitable sample and yield valuable insights for geothermal research.
Furthermore, we managed to achieve the desired porosity and grain size distribution although not at
the digital model scale.

Overall, the 3D printing process has shown promise in replicating sandstone porosity and offers
potential benefits in terms of cost-effectiveness and reproducibility. Further advances in the printing
process, including material selection and post-processing techniques, will increase the reliability and
applicability of artificial samples for geothermal water reinjection simulations.

Recommendations for Further Research

Based on the findings and limitations of this study, future research directions include exploring the
use of different materials for printing, improving post-processing methods, and utilizing higher-
resolution printers to achieve a more accurate sandstone grain and pore size distribution. In
addition, alternative manufacturing methods, such as sand compaction with calcium carbonate
cement, will be considered for the continuation of this work.
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Outlook

This work is an ongoing PhD project, dealing with the physical clogging of geothermal reservoirs
in the Pannonian Basin, Hungary. The knowledge gained from this study will be used for the
development of a new methodology for manufacturing artificial samples that mimic the Late
Miocene sandstone for repeated laboratory flooding experiments to investigate physical clogging
under controlled environmental conditions. This will support the promotion of the sustainable
development of geothermal energy.
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