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ABSTRACT

Geothermal energy is a vital energy resource for the evolving energy mix. This is especially true with the potential inherent in enhanced
geothermal systems to harness heat from hot rocks that do not have sufficient permeability and working fluids. This study presents a
preliminary evaluation of EGS feasibility in sedimentary formations. We investigate the Schuler formation in the Brazos Basin. This
formation is estimated to have temperatures between 200 and 250 °C. Preliminary petrophysical data indicated that the targeted layers
have very low porosity with no natural fractures, low permeability, and no hydrocarbons, thus making them candidates for EGS. This
study includes geological modeling, reservoir modeling, and production-reinjection scenarios simulation. We examined the impact of well
spacing, well perforation at different levels, number of producers, and production time. Preliminary results indicate that more production
wells resulted in better thermal performance. The wells with the same perforation level between the injector and producer resulted in
better heat extraction.

1. INTRODUCTION

The growing demand for low-carbon and sustainable energy sources has led to increased interest in geothermal energy extraction (Wu
and Li. 2020). Traditional/conventional geothermal systems often rely on high-temperature magmatic heat sources to supply the thermal
energy source (Sutra et al., 2021). A geothermal field designated for a power plant must possess certain characteristics, including high
porosity and permeability (Lund, 2010), within a depth of 1000 — 3000 m (Bertani, 2006), and having enough and consistent working
fluids. Furthermore, a heat source is essential, with research suggesting that temperatures of at least 70°C (Lund, 2016) can be utilized for
geothermal energy. Some sites may have adequate temperatures but lack the necessary permeability and working fluid to be utilized as
conventional geothermal systems (Santos et al., 2022). In such cases, enhanced geothermal systems (EGS) can address this limitation
(Sekar and Okoroafor, 2024). The EGS approach involves extracting heat from hot, low-permeability rock by creating or expanding
fractures to improve permeability and then injecting water as a working fluid to capture the heat (Gallup, 2009).

Sedimentary basins are increasingly being targeted for geothermal energy development due to their widespread distribution, favorable
thermal gradients, and the presence of highly porous and permeable formations that facilitate fluid circulation (Bielicki et al., 2023). It
can provide moderate-temperature geothermal resources at economically viable drilling depths, making them suitable for direct-use
heating and power generation (Norden, 2011). Many of these basins already host extensive oil and gas infrastructure, allowing for cost-
effective repurposing of existing wells and data to assess geothermal potential (Duggal et al., 2022). Additionally, the presence of deep
saline aquifers and naturally fractured reservoirs enhances heat exchange and fluid mobility, key factors in optimizing geothermal
production (Pandey et al., 2018). Advances in Enhanced Geothermal Systems (EGS) and closed-loop technologies further improve the
feasibility of extracting geothermal energy from sedimentary settings. As a result, sedimentary basins represent a scalable and accessible
alternative for expanding geothermal energy deployment in both new and existing energy markets.

One of the key challenges in developing geothermal resources in sedimentary basins is the optimization of well placement and reservoir
management to maximize heat extraction efficiency (Zhang et al., 2021). A study conducted by Sun et al. (2024) investigated the effect
of well spacing on temperature drop after 30 years of production. The results of this study concluded that longer well spacing will reduce
the temperature drop of the reservoir, but when the well spacing is over 600 m, the temperature drop is similar to 600 m well spacing.
Apart from well spacing, we hypothesize that variations in perforation depth between the injector and producer wells, along with the
number of wells, will also influence the reservoir's temperature decline. Understanding the impact of different well configurations on
thermal performance is crucial for designing efficient geothermal extraction strategies.

2. STUDY OBJECTIVE

This study examines the impact of well placement, perforation location, and the number of wells on the thermal performance of EGS
production and injection. The objective is to determine an optimal well placement strategy for geothermal energy extraction from a specific
site: the Texas A&M University RELLIS Campus. The RELLIS Campus is situated within the Brazos Basin in Bryan, Texas, as illustrated
in Figure 1. The Greater East Texas Basin, which includes the Brazos Basin, has been identified as a promising candidate for geothermal
development (Weijermars et al., 2018) due to its deep sedimentary sequences and favorable thermal gradients. Within this region,
formations such as the Schuler Sandstone and Knowles Limestone present varying degrees of heat retention properties that could influence
geothermal energy production potential (Ewing, 2011). Based on offset well data, the Brazos Basin has a geothermal gradient of
approximately 37.6°C/km (Weijermars et al., 2018).
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Figure 1: Location of the RELLIS Campus within Texas’ temperature profile at a depth of 5.5 km (Blackwell D, 2011)
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Figure 2. Stratigraphic Correlation Chart of the East Texas Basin and Brazos Basin, Compiled from Various Authors. The Red
Square Represents the Formations Under Study (Adapted from Davidoff, 1993)

This study focuses on two formations within the Brazos Basin: the Schuler Sandstone and the Knowles Limestone (Figure 2). According
to Davidoff (1993), the Bossier Shale forms the lowermost unit, primarily consisting of prodelta sediments. The Schuler Sandstone, which
was deposited concurrently in some areas, represents a transition from open marine to fluvial environments. This regressive sequence is
capped by Knowles Limestone, a carbonate ramp deposit characterized by localized patch reef development. These formations belong to
the Cotton Valley Group.
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3. METHODOLOGY

3.1 3D Geological Model

A three-dimensional model was constructed using the petrophysical and geological properties of existing wells in the Brazos Basin. The
overall geometry of the model is detailed in Table 1. The Carrabba 1 well served as the reference well, with its well logs displayed in
Figure 3. The petrophysical model indicates that the well intersect four formations: Knowles, Schuler, Gilmer, and Bossier (Figure 4). For
simplicity, the formation is assumed to be homogeneous. The porosity and permeability of all formations, except the Knowles formation,
are set at 0.01 and 0.1 mD, respectively. The Knowles formation, however, is assigned a permeability of 10 mD. This permeability is used
to simulate the effect of hydraulic stimulation in the formation, assuming that the average permeability could increase to 10 mD if EGS
is applied.

Other properties, such as heat capacity, are also assumed to be homogeneous throughout the entire formation. The reservoir pressure is
estimated using an average hydrostatic pressure gradient of 1 Mpa/Km, while the temperature is calculated based on a standard geothermal
gradient of 37.6°C/km.

Table 1: RELLIS Reservoir grid parameters
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Figure 3. Well logs obtained from existing wells on RELLIS Campus

1

3.2 Simulation

In this study, a numerical reservoir simulation (thermohydraulic model only) was conducted for five cases, with Case 1 serving as the
base case. All cases involve two wells—one injection well and one production well—operating simultaneously from day 1 of the
simulation, except for Case 5, where two production wells are placed with one injection well positioned between them. The well locations
for these simulations were selected based on the general depth of the reservoir, ensuring uniformity across the reservoir. As shown in
Figure 1, the reservoir has both deeper and shallower sections, so to avoid any impact from dip variations, the wells were positioned
accordingly (Figure 5). In Case 1, as the base case, the production and injection wells are spaced 150 m apart, with 15 m of perforation at
depths of 4969 — 4984 m. Further details for each scenario are provided in Table 2.
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Figure 4: RELLIS 3D geological model

4. RESULTS

This section provides a comprehensive summary of the results obtained from all five cases. The five cases evaluated different well
configurations and spacing, revealing variations in temperature behavior and water production rates.

Case 1 serves as the base case for this study. In this scenario, the wells are positioned at the same depth, with a well spacing of 150 m.
The temperature of the produced water initially decreases slightly from 208°C to 206°C during the first 20 days of production, then returns
to its original temperature and remains stable at 208°C for the next 7 months. After that, the temperature begins to decline exponentially,
reaching 178°C by the end of the first year. The water production rate decreases steadily after the first 20 days, then experiences a slight
exponential increase starting at month 6, coinciding with the temperature decline, eventually reaching 2,400 m®/day.

Case 2 features a well spacing of 150 m like case 1 but with the perforations of the two wells positioned at different depths, creating a 60
m depth difference between them, with the injection well located at a deeper level than the production well. The performance of this
configuration differs noticeably from Case 1. The temperature of the produced water remains relatively stable at 208°C, with only a slight
decrease to 206°C by the end of the first year of production. However, the water production rate declines significantly compared to Case
1. At the end of the first year, the production rate drops to 700 m*/day in this case compared to 2,400 m*/day in case 1.

Case 3 features a well spacing of 650 m, with perforations at the same depth level as Case 1. The water production rate remains stable
during the first few weeks of production, then begins to decline starting on day 45 gradually. Unlike Case 1, the production rate does not
recover, instead continuing to decrease until it reaches 14 m*/day. The temperature behavior in this case is similar to Case 1, initially
dropping after the first day of production, then rising again before starting to decline toward the end of the first year. The key difference
between Case 1 and Case 3 is that, after the temperature returns to its initial level, the second fluctuation is smaller, with the temperature
only dropping by 2°C. By the end of the first year of production, the temperature of the production well is 206°C.

Table 2: Detail of Scenario 1 to 5.

#Case Well Perforation Well Spacing Number of Time of Production
Location (m) Production Wells (Years)
1 Same Level 150 1 1
2 Different Level 150 1 1
3 Same Level 650 1 1
4 Different Level 650 1 1
5 Same Level 325 2 1
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Figure 5: Case 1 scenario’s well location. The blue line is the injection well, and the green line is the production well
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Figure 6: Temperature and water production rate of production well 1 of case 1 to 5.

Case 4 has a well spacing of 650 m, with the production and injection well positioned similarly to Case 3, but with perforations placed at
different depths, similar to the configuration in Case 2. In this case, the injection well is located at a deeper depth than the production well,
with a 60 m depth difference. The results of this case are generally similar to those of Case 2, with the temperature remaining relatively
stable throughout the year, fluctuating between 208°C and 206°C. However, the water production rate drops significantly. The key
difference between Case 2 and Case 4 is that the water production rate in Case 4 declines even further, reaching 500 m*/day by the end of
the first year.
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Case 5 involves two production wells, each with a well spacing of 650 m and identical perforation levels. Between these two production
wells is an injection well, positioned at a spacing of 325 m from both production wells. Due to the homogeneous reservoir and the similar
well placement of the two production wells, both exhibit identical behavior during the simulation. As a result, only Well P1 is represented
in the results. In comparison to Case 1 and Case 3, Case 5 exhibits temperature drop behavior similar to that of Case 3, while its water
production behavior mirrors that of Case 1. By the end of the simulation, the water production rate in Case 5 stabilizes at 178°C.

5. DISCUSSION

The results are further analyzed to assess the impact of different well placements, perforation depths, and well configurations on the
efficiency of geothermal energy extraction. Additionally, trends observed from each case are discussed to offer a better understanding of
the optimal conditions for EGS performance. The temperature and water production rate of production well 1 of cases 1 to 5 is shown in
Figure 6.

In Case 1, the initial temperature drops on the first day of production were caused by the large volume of water (34,000 m*/day) produced
near the wellbore, leading to a rapid pressure drop. This pressure drops caused cooler water from the injector well, located only 150 m
away, to flow toward the production well. Since the injected water had a temperature of 18.3°C, it was produced before having enough
time to heat up to the reservoir temperature of 208°C. The temperature evolution of Case 1 during different times is shown in Figures 7
and 8.

As shown in Figure 6, the left-hand side depicts the reservoir temperature before injection begins. On starting production and injection,
the near-wellbore area cools, while other regions of the reservoir are heated by water from deeper formations with higher pressure and
temperature, as seen in the upper right-hand side of Figure 7. Over time, the temperature in the near-wellbore area continues to drop, while
the rest of the reservoir heats up until day 11. After 20 days, the water production rate decreases due to the pressure drop from ongoing
production, resulting in slower water flow. This allows sufficient time for heat exchange, which gradually raises the temperature of the
flowing water in the near-wellbore area closer to its initial temperature, as illustrated on the bottom right-hand side of Figure 6. After day
20, the production well temperature remains constant until month 7, as shown in Figure 8. During this period, from day 20 to month 7,
cold water is injected into the reservoir, increasing the volume of cold water within it. This results in reduced heat exchange between the
cold water and the surrounding reservoir, causing the cold-water region to expand. Once thermal breakthrough occurs, the temperature of
the produced water begins to decrease.

In Case 2, where the injector well and production well are perforated at different levels, water tends to flow horizontally. It is unlike Case
1, where the injector well is at the same level as the production well, and the injected water in Case 1 pushes the reservoir water towards
the production well, increasing pressure near the well and causing a gradual pressure to drop due to production. In Case 2, however, water
cannot flow upward due to gravity and the reservoir dip, preventing most of the injected water from reaching the upper part of the reservoir.
Figure 9 illustrates this vertical view, showing that the water from the deeper injector well (lower white box) finds it difficult to flow
toward the production well (upper white box), creating a significant drop in the water production rate. The slight temperature decrease in
Case 2 is due to the lack of effective heat exchange, as the volume of water flowing is not enough to extract heat from the formation.

In Case 3, the water production rate behavior is similar to that of Case 1. In Case 1, due to the short distance between the wells, water
breakthrough occurs quickly, which causes the production well to lose pressure. The significant temperature drop in Case 1 is evidence
of this water breakthrough. In contrast, in Case 3, while the injected waterfront helps support the pressure in the production well, not a lot
of water flows toward the production well, leading to a pressure drop due to reduced pressure support. The slight temperature drops of
2°C is attributed to the fact that the injected water has not yet reached production well, resulting in minimal heat exchange.

Case 4 produces similar results to Case 2, but with a lower final water production rate. This drop is due to the increased distance between
the injector and production wells. In Case 4, the injected water takes longer to reach the production well because it tends to spread
horizontally within the reservoir, delaying its effect on the production well's near-wellbore area.

In Case 5, the final water production rate is larger than in Case 3. The well spacing between the injection and production wells in Case 3
is twice as large as in Case 5. This results in the waterfront propagation in Case 5 reaching the near-wellbore area of the production wells
earlier than in Case 3, leading to a higher production rate in Case 5.

The energy produced over one year of production is shown in Figure 10 for all cases. From the graph, it is evident that Case 5, with two
production wells and one injection well placed 325 m apart, generates the largest energy. This is due to simultaneous production from
both wells. Cases 1, and 3 show similar energy production over the year, with these two cases having both production and injection wells
at the same level. Case 1, with shorter well spacing, produces more energy compared to Case 3 and 5, which have 540 m of well spacing.
In contrast, Case 2 and 4, where the production and injection wells are at different levels, produce the least energy, with Case 4, having
650 m well spacing, yielding the lowest energy production. Table 3 shows the thermal energy produced and the electricity that can be
produced by each case.
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Figure 7: Temperature evolution of Case 1 during the first temperature fluctuation wave. The range of the temperature on this
figure is 178 — 208 °C. The small range of temperature is to get a detailed explanation of why a small temperature drop
happens on the first 11 days of production. Upper left-hand side is day 1. Upper right-hand side is the day 2. The left-hand
side is day 11. Bottom right-hand side is the day 20.
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Figure 8: Temperature evolution of Case 1 during the second temperature fluctuation wave. The range of the temperature on this
figure is 178 — 208 °C. From left to right to bottom day 21, day 60, day 210, and day 36S.
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Figure 10: Temperature and cumulative energy produced for the 5 cases investigated.

Table 3: Thermal and electricity energy produced assuming a 9% conversion efficiency (based on the work of Zarrouk and Moon,

2012).
#Case Thermal Energy Produced (MW) Electricity Produced (MW)
1 23 2.07
2 9 0.83
3 20 1.80
4 6 0.50
5 37 3.36

6. CONCLUSION

From these results, we can conclude that the number of wells significantly impacts the energy produced. While Case 1 shows the second
highest energy output, it also experiences the greatest temperature drop compared to the other cases. Over a longer production period,
Case 1 is likely to produce the least energy due to the temperature decline. This warrants further investigation. Based on these findings,
well perforation at different levels is not recommended for this formation.

For future research opportunities, it is recommended to explore the use of horizontal wells, consider the heterogeneity in the reservoir,
and utilize actual stimulated reservoir volumes (including fractures) in the model. These modifications could reduce uncertainties in the
estimated thermal performance of the basin in the RELLIS campus and provide a means to optimize geothermal energy production. Also,
performing a technoeconomical analysis over longer time scales would help determine the value of additional wells (vertical or horizontal)
and pumps compared to the electrical power generated.
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