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Abstract

The study underpins the geothermal energy potential of Cambrian reservoirs in Lithuania,
which utilizes the use of reactive transport modelling to examine how different reinjection
temperatures and flow rates affect mineral changes. The results are then applied to design
field development plans, using petroleum engineering methods such as horizontal wells
and induced fracturing. The research study indicates that there are some changes in porosity
and permeability over time due to mineral dissolution and precipitation because of injection
rates, but no adverse effect of re-injection temperature was observed. Hence, a reinjection
temperature of 40 ◦C is geochemically stable and suitable for long-term operation, with no
significant effect on mineral behavior. Moreover, application of horizontal wells proves
that there is a significant increase in water production and power (thermal) output due
to improved reservoir exposure. Hydraulic fracturing further enhanced the performance
and flow rates, concluding that, among all the sites studied, Nausodis demonstrated the
highest thermal output, while Genciai showed the lowest potential due to limited reservoir
temperature and productivity. Thus, research aims to improve power output by studying
how well design, reinjection methods, and chemical reactions affect the reservoir, and it
shows that using horizontal wells, fracturing, and proper reinjection temperature can help
increase geothermal energy recovery in Lithuania.

Keywords: Cambrian; Devonian; horizontal wells; geothermal; reactive transport
modelling; reservoirs

1. Introduction
It is predicted that Earth’s temperature will rise by about 1.5 ◦C. To fight climate

change, the European Union and other countries aim to become climate neutral by 2050.
Renewable energy can help reduce emissions, but sources like solar and wind are weather-
dependent. Geothermal energy has an advantage because it can provide uninterrupted
source of energy to produce electricity and can also be used for district heating purposes,
which is useful in cold countries like Lithuania. Lithuania plans for 45% of its electricity
from geothermal power [1]. The country has unused geothermal potential, especially in the
southwest, where underground temperatures rise faster than normal due to hot granitoid
rocks buried under thick sediment layers. Lithuania has three hydrothermal complexes
with Cambrian reservoirs, which are currently being used for hydrocarbon production,
which is declining fast.
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In our previous study [2], we provided a detailed overview of geothermal energy
in Lithuania. Another study [1] described the workflow, the geothermal model, and the
heat that could be produced using vertical wells from the Cambrian aquifer. Later, we
improved energy output by using horizontal wells instead of vertical ones [3]. Furthermore,
a recent study [1] focused on using old, depleted oil and gas wells in the Cambrian rock
layers for geothermal energy. These wells were originally drilled for oil and gas starting
in 1990. We screened the top five promising sites based on water production, focusing on
wells that still produce a lot of hot water. Then, we built models to estimate how much
heat could be generated, assuming a re-injection temperature of 55 ◦C. The study found
that wells spaced about 1300 m apart could produce 38 to 187 GWh of heat per year. The
Nausodis site had the highest potential (187 GWh) because it has thick rock layers and
a high Net-to-Gross ratio. Diegliai, Vilkyčiai, and Siupariai also showed good potential.
The Genciai site had lower potential (38,400 MWh) due to cooler rocks and lower water
production rates [1,4]. This article revisits these sites to maximize heat production using
re-injection water temperature.

The consideration of re-injection water temperature was necessary because the en-
ergy production is a function of change in temperature between produced and injected
water [5–8]. In this study, we have looked at the effects of re-injection temperature. First,
we have analyzed the effect of re-injection of high saline on mineral precipitation and disso-
lution using reactive transport modelling, and then we revisited the plan using horizontal
wells to maximize the power production.

In our previous studies [1–4], we demonstrated that the Cambrian reservoir’s relatively
low porosity and permeability significantly limit the water production capacity of existing
vertical wells. Consequently, this work extends the analysis to evaluate the use of horizontal
wells as a means of enhancing water production and improving the overall performance of
the geothermal system.

Thus, the paper is organized as follows: First, we introduce the geological site and
present the characterization of the Cambrian reservoirs and their properties. Research
data gaps are highlighted in the next section. Next, we introduce the reactive transport
modelling approach, which is used to test the impact of geothermal fluid on the reservoir
properties. Subsequently, we proposed the field development plan of the screened sites
using horizontal wells. The outcome of the modelling approach used in reference [1] is
applied along with the hydrocarbon practice for evaluating high, mid, and low cases for
predicting average water production rates. Finally, we estimated the theoretical power
that can be obtained by the applying changes of the reactive transport modelling and field
development plan for all selected sites. The main conclusions are then summarized.

2. Geology of Cambrian Reservoirs
The Cambrian formation is one of the largest geological layers in the Baltic region,

covering Lithuania, Latvia, Estonia, Belarus, the Kaliningrad region, Poland, and the Baltic
Sea. It is an important zone for hydrocarbon exploration because it has good reservoir
properties (see Figure 1). The rocks were formed in shallow seas and included sandstones,
siltstones, and argillites. In Lithuania, the depth ranges from 300–500 m in the east to
2200–2300 m in the west, and the thickness increases from 90–100 m to 170–250 m offshore.
Moreover, the Deimena Group sandstone is the most important reservoir unit in the
Cambrian system. Quartz is the main mineral, but the rock also contains feldspar, clay,
carbonates, pyrite, apatite, and other minerals. Many minerals formed later and act as
cement. The sandstone’s quality depends on how quartz cement is distributed. Poor
grain sorting and clay reduce permeability. Apatite coatings can block quartz growth.
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Kaolinite and iron-rich dolomite also appear. Porosity and permeability vary widely across
the formation.

Figure 1. Generalized geological cross-section throughout Lithuanian territory [1].

The Cambrian layer forms the base of the Baltic Basin’s sedimentary rocks and rests
on the older Precambrian basement. These sands, silts, and clays were deposited in
shallow seas. Cambrian rocks appear at the basin’s edges, while thickness increases toward
Southwest Poland, reaching about 5 km. This formation is important for hydrocarbons
and understanding regional geology. More information about the geology and mineral
specification can be found in reference [1,4].

Drilling and completing wells are very expensive in geothermal projects, often costing
30–40% of the total budget. A good solution is to reuse abandoned oil and gas wells,
since they already provide subsurface data. In West Lithuania, Cambrian sandstone
oil fields have detailed studies and depleted wells, making them good candidates for
geothermal use. Up to 19 reservoirs were included in the initial screening (see Table 1).
First, we identified sites with the highest amount of water extracted since the start of
production [1]. Water production data were collected from reports held by the Lithuanian
Geological Survey and from Lithuanian companies upon request (e.g., Klaipeda Energy and
Minijos Nafta). The presence of water production infrastructure was an important selection
factor. A higher number of wells increases the chance of extracting more water. The
screening process resulted in a list of the five most promising geothermal sites (see Table 2).
Subsequently, the petrophysical properties of each site were characterized, including
porosity, permeability, depth, average subsurface temperature, water salinity, injection
water temperature, reservoir pressure, expected flow rates, reservoir thickness, and net-to-
gross ratio (NTG). The property ranges were derived from oil exploration reports submitted
by operating companies to the Lithuanian Geological Survey [1]. These sites were then used
for a detailed analysis, which included uncertainty modeling of both dynamic and static
parameters. A probabilistic forecasting approach was applied to estimate the geothermal
energy production potential of the selected sites. This study aims to be a benchmark for
evaluating geothermal potential in similar reservoirs in Lithuania, Latvia, Kaliningrad, and
Poland. More details about the screening and methodology are provided in reference [1].
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Table 1. Water production history from all oil reservoirs [1].

Oil Reservoir Water Extracted from the Field
Since the Start of Production, m3

Water Produced in
2022, m3/y No. of Wells Temperature at the

Top of Cambrian, ◦C

Genciai 5,651,869.915 86,236.001 10 74

Vilkyciai 4,129,050.971 64,714.905 15 85.5

South Siupariai 2,955,872.771 0 10 83

Nausodis 2,107,141.674 42,946.523 14 75

Diegliai 1,623,752.633 0 6 82.9

Kretinga 1,319,346.659 8488.2 9 70.2

Siupariai 872,572.994 372.661 6 76.3

Pociai 559,226.701 8377.844 5 84.3

Vezaiciai 543,463.32 10,453.455 12 76

Girkaliai 370,381.596 8571.187 6 71.7

Liziai 365,821.766 3949.233 4

Sakuciai 152,549.824 3843.274 4 84

Ablinga 61,134.015 0 3 80.8

Agluonenai 45,666.05 419.345 2

Uoksai 10,358.773 0 1 84.3

Silale 3246.94 0 2 82.4

Auksoras 2522.611 0 1

Zadeikiai 1794.846 0 1

North Vezaiciai 1221.246 141.685 1 76

Table 2. Petrophysical parameters of the five screened sites [1].

Reservoir Parameters Genciai Vilkyciai South
Siupariai Nausodis Diegliai

Effective porosity, % 6–8–10 4.6–6.5–9.7 5.4–6.2–7.7 0.3–8–15 6–8.5–11.3
Permeability, mD 0.1–12–219 0.1–10.4–41.4 0.01–16.7–45.14 0.01–9.4–895.6 0.1–10.8–47
Depth, m 1800–1826.4 1975–1992.5 1958–1988 1765–1860.6 1940–1990
Average temperature, ◦C 73.64 88 83 75 85
Water salinity, mg/L 146,217.33 229,000 - 138,241.18 200,000
Injection water
temperature, ◦C 55 55 55 55 55

Reservoir Pressure, bars 191.66 222 216 190.491 213
Reservoir thickness, m 26.4; 16.19 68; 17.5 30; 16 95.6; 82.28 61; 25
NTG (Net-to-Gross), units 0.61 0.26 0.53 0.86 0.41

3. Identification of Data Gaps
Out of the 19 identified reservoirs, five were selected for detailed geothermal potential

analysis. These sites were chosen based on indications of high-water production and
elevated reservoir temperatures, which are favorable for geothermal applications. However,
several data gaps exist for these reservoirs, limiting a comprehensive assessment of their
geothermal potential. These limitations are discussed in detail in the following sections.
Despite these challenges, the available data are sufficient to proceed with the analysis and
allow meaningful insights to be extracted from the existing information.
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Seismic surveys are widely used to investigate geothermal, oil, and mineral resources,
as they provide essential information on reservoir depth, geometry, fault structures, and
support optimal well placement. Since geothermal energy exploitation relies on subsurface
heat, knowledge of rock thermal conductivity is critical. Thermal conductivity varies with
mineral composition, porosity, fluid saturation, and grain structure, and these properties
govern heat transfer through different geological layers [9].

In addition, well logging during drilling records temperature, pressure, and rock
properties at various depths. However, these measurements may be affected by drilling
fluids and tool response times, requiring corrections to obtain reliable geothermal and
pressure gradients. Well logs and core samples further supply information on porosity,
permeability, and grain characteristics, which are essential for understanding reservoir
formation and quality. Despite this, such detailed information is not fully available in the
present study.

Furthermore, dynamic data—such as fluid production history, temperature, and
pressure variations during reservoir operation—are lacking. In particular, bottom-hole
pressure data, which are crucial for evaluating remaining reservoir pressure and well
performance, are unavailable [10–21]. In geothermal systems, the reinjection of cooler
fluids can also trigger geochemical reactions with reservoir rocks. Accurate prediction
of these processes requires detailed fluid and rock property data. Reactive transport and
coupled thermo-hydro-mechanical-chemical (THMC) modeling are, therefore, essential
tools for understanding heat transport, fluid flow, geochemical interactions, and long-term
rock behavior.

Economic analysis is important in geothermal projects because they require high
upfront costs and risks. Profitability depends on low operating costs, good ROI and
NPV, and a business plan that considers reinjection and long-term closure costs. Together,
collecting and correcting all these data types is key to accurately evaluating geothermal
resources and designing efficient, safe, and sustainable energy systems. Therefore, Table 3
summarizes the research gaps that are present in our study.

Table 3. Research gaps in the study.

Sr. No Research Items Description

1 Seismic (4D) Nature of reservoir, Temperature front monitoring, Depth &
Thickness maps.

2 Thermal conductivity Heat calculations, Heat Flow.

3 Well logs Reservoir description, Temperature corrections, Geothermal
temperature, and pressure gradient analysis.

4 Core samples Reservoir Description, Laboratory analysis.

5 Dynamic field data Production, Temperature, and Bottom hole pressure history for
history matching and predictions.

6 Reactive Transport Modelling (RTM) Mineral changes, study dissolution and precipitation of minerals

7 Thermal-Hydraulic-Mechanical-
Chemical (THMC) Modelling

Study mechanical behavior of rocks during production and
injection of fluids.

8 Economic Modelling To develop business case model.

4. Reactive Transport Modelling (RTM) for Cambrian Reservoir
To understand deep subsurface, geology is essential for successful energy projects.

Thus, a multi-disciplinary approach is needed, combining geology, geochemistry, and
geothermal science. RTM helps simulate fluid flow, minerals, and temperature interaction
change, along with fluid composition changes over time. In Cambrian sandstone aquifers,
RTM helps explain quartz growth, clay changes, and cementation that affect reservoir
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quality. It also predicts long-term mineral and fluid changes during heat extraction and
reinjection, helping understand geothermal reservoir behavior and stability.

Thus, reactive transport modelling not only enhances the predictive capability of
subsurface models but also supports the development of more sustainable and scientifically
informed strategies for resource extraction and subsurface management. In our study, we
utilized this RTM technique to study the effect of produced water re-injection temperature.
This analysis was carried out on a large scale using TOUGHREACT_rel_V413_exe_011122
simulations [22] through the development of a two-dimensional (2D) model designed to
predict how a reservoir evolves over time when saline, different low-temperature water is
re-injected. For the same, we defined two scenarios as Model 1 and Model 2, and to study
the effect of the injection parameters, we created a 2D radial model with six uniform layers,
each 2.4 m thick, extending 1000 m from the injection well, as shown in Figure 2. Initial
reservoir properties used in TOUGHREACT simulation for the axis–symmetric model, e.g.,
porosity and permeability, are shown in Figure 3. The heat transfer between the reservoir
and the permeable rocks above and below it is an important process. These confining
layers are modelled as endless half-spaces, and the heat exchange is calculated using a
semi-analytical method [22]. The model setup can be found in detail in reference [23].

Figure 2. Conceptual representation of the injection well in the Cambrian complex used for
TOUGHREACT simulations.

Figure 3. Plots of initial reservoir properties used in TOUGHREACT simulation for the axis–
symmetric model 1, porosity, and permeability plots.
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The reservoir produced water composition is elaborated in Table 4, and mineral
composition, along with reaction parameters, is described in Table 5. While the reservoir
properties of Model 1 and Model 2 are described in Table 6. The only difference in both
models is the different injection rates because we consider a hypothetical case with a high
injection rate to see the effect of injection rate and varying temperatures. The low case
injection rate is defined as per the desired rate from the reservoir field development plan
(Base case production rate).

Table 4. Primary aqueous composition of Cambrian aquifer.

Component Ionic Composition (mol/kg of Water)

Ca+2 1.03 × 10−3

Mg+2 1.66 × 10−6

Na+ 1.27 × 10−1

Cl− 1.42 × 10−1

SiO2(aq) 1.22 × 10−2

HCO3− 1.04 × 10−3

So4
2− 2.63 × 10−4

K+ 1.59 × 10−2

AlO2− 1.08 × 10−5

Ba2+ 1.50 × 10−5

Sr2+ 1.09 × 10−4

Fe2+ 1.02 × 10−2

NH4+ 8.10 × 10−3

I− 2.83 × 10−3

Br− 8.26 × 10−1

B(OH)3 2.00 × 10−2

HFeO2 2.63 × 10−4

Table 5. Mineral and reaction parameters for reactive transport modelling.

Minerals Minerals Mineral Initial Volume Rate Constant Activation Energy

Primary Precipitation/Dissolution Fraction (mol/m2·s) (kJ/mol)

Anhydrite Equilibrium 0.000
Gypsum Equilibrium 0.000
Anorthite Equilibrium 0.131

Calcite Kinetic 0.004 1.60 × 10−9 41.87
Illite Kinetic 0.054 3.16 × 10−13 58.6

Quartz Kinetic 0.654 1.04 × 10−14 87.7
Kaolinite Kinetic 0.051 1.78 × 10−13 58.6

Muscovite Kinetic 0.000 3.16 × 10−13 58.6
Dolomite-2 Kinetic 0.020 2.95 × 10−8 52.2

Celestite Kinetic 0.000 0.00 × 100 0
Barite Kinetic 0.000 1.26 × 10−8 30.8

K-feldspar Kinetic 0.056 3.89 × 10−13 38
Hematite Kinetic 0.011 2.51 × 10−15 66.2

The reactive transport modelling using TOUGHREACT [22] predicts changes in the
reservoir’s properties—especially porosity and permeability—by comparing the final val-
ues to the starting values. This is done using the color scale shown on the right side of
each simulation image, which shows how concentrations have changed. In addition, the
mineral legend helps explain where minerals have dissolved (shown as negative values) or
formed (shown as positive values) during the simulation period. The impact of operating
conditions on the reservoir properties is described below.
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Table 6. Model properties used for reactive transport modelling.

Low Case Hypothetical High Case

Parameters Model 1 Model 2

Reservoir Parameters
Porosity (%) 6.5 6.5
Permeability (mD) 11 11
Specific heat of rock (J/Kg·◦C) 2.4 2.4
Layers 6 6
Thickness of layer (m) 2.4 2.4
Density of water (Kg/m3) 1129 1129

Boundary Conditions
Reservoir Temperature (Produced water
temperature) (◦C) 88 88

Re-injection water temperature (◦C) 55/40/30/20/10 55/40/30/20/10
Water re-injection rate (sm3/day) 349 5800

Time Steps
Simulation Time period (years) 50/40/30/20/10 50/40/30/20/10

4.1. Effect of Time and Re-Injection Temperature on Reservoir Properties of Model 1

In Model 1, the injection rate considered is the base case water production rate of Vilkyčiai
field. The results obtained from the RTM are elaborated in Figures 4 and 5. Figures 4 and 5
show that both porosity and permeability change over time, as the amount of mineral disso-
lution and precipitation in the reservoir also increases from year 0 to year 50. The porosity
near the well increases by 6%, and away from the well, (20 m) it decreases by 10%. While
permeability near the well increases by 53%, away from the well (20 m), it decreases by 83%.
In addition to that, there is no effect of re-injection temperature on porosity and permeability.

Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Effect of operation time and injection temperature on reservoir property–porosity of Model
1, changes shown for reservoir porosity at 100 and 1000 m from injection well. Results are shown for
10, 30, and 50 years.

Figure 5. Cont.
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Figure 5. Cont.

https://doi.org/10.3390/pr14020203

https://doi.org/10.3390/pr14020203


Processes 2026, 14, 203 12 of 35

Figure 5. Effect of operation time and injection temperature on reservoir properties–permeability of
Model 1, changes shown for reservoir porosity at 100 and 1000 m from injection well. Results are
shown for 10, 30, and 50 years.
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4.2. Effect of Time and Re-Injection Temperature on Reservoir Properties of Model 2

For Model 2, the initial porosity and permeability are shown in Figures 6 and 7. In
Model 2, a hypothetical water injection rate has been considered, and the results from the
modeling show that both porosity and permeability increase over time, as the amount of
mineral dissolution and precipitation in the reservoir also increases from year 0 to year 50.
The porosity near the well increases by 16%, and away from the well (40 m), it decreases
by 9%. Meanwhile, permeability near the well increases by 92%, and away from the well
(400 m), it decreases by 16%. In addition to that, there is no effect of re-injection temperature
on porosity and permeability like Model 1. Moreover, it is also observed that the rate of
decrease in permeability in Model 2 is low as compared to Model 1 because the fines
have migrated over a large distance in the reservoir, which impairs the reservoir quality
due to high water injection rates. Additional figures of Figures 4–7 are provided in the
Supplementary Materials.

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. Effect of operation time and injection temperature on reservoir properties–porosity of
Model 2, changes shown at 500 m and 1000 m from injection well. Results are shown for 10, 30, and
50 years.
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Figure 7. Cont.
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Figure 7. Cont.
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Figure 7. Effect of operation time and injection temperature on reservoir properties–permeability of
Model 2, changes shown at 500 m and 1000 m from injection well. Results are shown for 10, 30, and
50 years.

4.3. Mineral Dissolution and Precipitation

Figure 8 shows the temporal evolution of mineral dissolution and precipitation in
the Cambrian complex for both Model 1 and Model 2 over 50 years. The improvement in
reservoir quality near the well is mainly caused by early-stage mineral dissolution driven
by chemical disequilibrium between the injected fluid and the reservoir rock. Illite initially
dissolves due to changes in temperature and fluid composition, particularly variations
in pH and potassium activity, and later precipitates as the system approaches chemical
equilibrium. Anorthite, kaolinite, and dolomite-2 remain in a dissolution phase under
the prevailing geochemical conditions. Calcite precipitation is primarily controlled by
cooling-induced changes in carbonate equilibrium and CO2 speciation, while quartz pre-
cipitation results from silica supersaturation caused by decreasing temperature. These
trends are consistent with the temperature- and chemistry-dependent reaction mechanisms
implemented in TOUGHREACT.

From the above-described results, it is concluded that re-injection temperature (from
55 ◦C to 10 ◦C) has a negative impact on the reservoir properties. Hence, we conclude
that a 40 ◦C re-injection temperature can be well suited for operating conditions and for
power calculations.
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Figure 8. Cont.
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Figure 8. Mineral dissolution (negative values) and mineral precipitation (positive values) at 40 ◦C,
over a 50-year period for both Model 1 and Model 2.
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5. Field Development Plan (FDP) of the Screened Cambrian Sites
To prepare the FDP, we have used Multiphysics simulator T-NAVIGATOR (version:

v24.3) [24] for modelling and simulation purposes. In our screening study [1], we defined
how vertical wells can produce thermal energy (heat) of 37 to 187 GWh. Therefore, in this
section, we enhanced the heat energy output by revisiting the field development plan for
all of the five screened sites utilizing horizontal wells while considering the re-injection
temperature of 40 ◦C. The preparation of field development plan started with consideration
of the mid-case model as the base reference, and both injection and production wells were
placed in the water leg, considering different operational scenarios.

5.1. Placement of Horizontal Well
5.1.1. Scenario 1 (Both Injector and Producer at Same Depth)

To find the best spots for horizontal injection and production wells, a long horizontal
borehole, 2500 m in length, was drilled in the model. In this setup, both the injector and
producer wells were placed at the same depth. Four different locations were tested, as
shown in Figure 9. Figure 10 and Table 7 provide details about the well specifications
and the average water production and injection rates for mid-case models from all five
screened sites.

Table 7. Average water production and injection rate for all screened sites (mid case model).

Horizontal Well Length of 2500 m Long-Depth Sensitivity

Sr. No Reservoirs Depth Z (m) Grid Block Avg. Water Injection
Rate (sm3/day)

Avg. Water Production
Rate (sm3/day)

1

Nausodis

37 53 481.69 604.31
2 50 71 529.26 786.28
3 63 89 428.74 700.26
4 76 107 475.62 751.68

1

Diegliai

24 53 204.48 250.61
2 32 71 219.46 277.14
3 40 89 195.2 328.12
4 48 107 176.37 331.85

1

Vilkyciai

30 53 122.9 182.06
2 40 71 133.88 235.45
3 50 89 112.24 223.15
4 60 107 108.92 208.04

1

Siuparai

13 53 170.93 234.76
2 17 71 174.24 279.06
3 22 89 188.36 257.45
4 26 107 204.18 294.15

1

Genciai

10 53 124.7 219.58
2 14 71 162.71 226.35
3 17 89 92.03 88.53
4 21 107 81.68 185.71

From Table 7, it is found that Nausodis, Vilkyciai, and Genčiai have water production
and injection rates higher at a depth of 50 m, 40 m, and 14 m (71 grid blocks), respec-
tively. Meanwhile, Siuparai has the highest water production and injection rates at 26 m
(107 grid blocks). Furthermore, Diegliai shows that the highest water injection rate is 32 m
(71 grid blocks), and the highest water production rate is 40 m (89 grid blocks), which con-
cludes that there can be an effect of vertical segregation to maximize the water production
and injection rates. To observe the vertical segregation effect, we created scenario 2.
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Figure 9. Horizontal Well Placement (Injector (blue) and Producer (red) at same depth) (green box
represent aquifer zone).

Figure 10. Average water production and injection rate of screened sites (Mid-case model).
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5.1.2. Scenario 2 (Lower Injector and Upper Producer)

To maximize the water production and injection rates, we have also analyzed the
situation of vertical segregation using horizontal wells. In this setup, the injector is placed
below the producer (bottom) and the producer at the top of injector. Like the earlier scenario
1, we have classified three different patterns, as shown in Figure 11. Table 8 provides details
about the well specifications and the average water production and injection rates for
mid-case models from all five screened sites.

Figure 11. Vertical segregation of horizontal Well (Injector (blue) at bottom and Producer (red) at
top)–Scenario 2 (green box represent the aquifer zone).

Table 8. Average water production and injection rate from vertical segregation (Scenario–2).

Vertical Segregation of Horizontal Well-2500 m Long Without Fracturing

Sr. No Reservoirs Depth (m) Length (m) Avg. Water Injection
Rate (sm3/day)

Avg. Water Production
Rate (sm3/day)

Injector Producer

1

Nausodis

50 50 2500 529.26 786.28
2 50 37 2500 489.79 605.82
3 63 50 2500 438.45 754.33
4 76 63 2500 468.17 713.08

1

Diegliai

32 40 2500 227.26 335.46
2 32 24 2500 216.38 252.66
3 40 32 2500 188.73 271.28
4 48 40 2500 175.26 323.33

1

Vilkyciai

40 40 2500 133.88 235.45
2 40 30 2500 129.65 182.81
3 50 40 2500 112.88 231.87
4 60 50 2500 109.95 222.85

1

Siupariai

26 26 2500 204.18 294.15
2 17 13 2500 167.32 233.61
3 22 17 2500 192.98 285.01

1

Genciai

14 14 2500 162.71 226.35
2 14 10 2500 163.49 232.52
3 17 14 2500 106.64 208.46
4 21 17 2500 72.09 85.42
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From Table 8, it is concluded that there is no substantial effect of vertical segregation on
Nausodis and Vilkyciai. Meanwhile, Diegliai still shows that vertical segregation influences
the water production rate and water injection rate, which is due to property distribution.
For Siupariai, the highest water injection rate is observed at 26 m (107 grid block), while
the highest water production rate is 17 m (71 grid block), but that increase is not that
substantial as compared to a water production rate of 26 m (107 grid block). Furthermore,
Genciai has the highest water production rate of 10 m (53 grid block), which is due to
heterogeneous distribution in the model, and the highest water injection rate is observed at
14 m (71 grid block). So, for future study of all screened sites, we have prepared the field
development plan as per scenario 1.

5.2. Study of Horizontal Length

The horizontal length of a well is important because longer sections reach more reser-
voir rock, improving fluid production, recovery efficiency, and overall cost-effectiveness,
making better use of the reservoir. Figure 12 depicts the effect of horizontal length on water
production and injection rates of all screened sites. From Figure 12, it is observed that
water production and injection rates vary linearly with the horizontal length for all the
screened sites.

Figure 12. Effect of horizontal length on water production and injection rates (without fracturing–
Mid case).
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5.3. Enhancing Production and Injection Rates Through Fracturing (500 m Intensity)

Fracturing creates artificial cracks in rocks, helping oil, gas, or water flow into wells. It
increases production and allows injection wells to maintain pressure and improve recovery
from nearby production wells. Overall, fracturing boosts the efficiency and performance of
wells. In our case, to boost the geothermal outputs, we have fractured both the injector and
producer. Figure 13 shows the effect of fracturing on water production and injection rates.
From Figure 13, it is observed that fracturing elevates the water production and injection
rates for all the screened sites and varies linearly with horizontal length.

Figure 13. Effect of fracturing on water production and injection rates (Mid-case model).

5.4. Effect of Fracture Intensity for Enhancing Production and Injection Rates

Fracture intensity refers to how many fractures are present and how well they are
connected within the reservoir. Higher fracture intensity creates more pathways for fluids
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to flow, which can significantly boost production and injection rates. In production wells,
more fractures allow oil, gas, or water to reach the wellbore faster and more easily. In
injection wells, increased fracture intensity helps injected fluids spread more efficiently into
the reservoir, maintaining pressure and improving overall recovery. However, if fracture
intensity is too high, it can sometimes cause issues like early water or thermal breakthrough
or loss of control over fluid movement. Therefore, optimizing fracture intensity is key to
maximizing performance without causing unwanted problems. In our study, we increased
the fracture intensity for both producer and injector and limited our intensity rate to
125 m. Figure 14 depicts the effect of fracture intensity on water production and injection
rates. Figure 14 concludes that water production and injection rates have an exponential
relationship with the fracture intensity for all the screened sites.

Figure 14. Effect of fracture intensity on water production and injection rates (Mid-case model).

5.5. Comparative Analysis of Low, Mid, and High Cases for Screened Sites

Comparison of low, mid, and high cases for screened sites is important to understand
the full range of possible outcomes under different conditions. This comparison helps us in
identifying how site performance might vary with changes in various operating conditions
and key factors such as flow rates, pressure, or fracture intensity. It also allows for better risk
assessment and decision-making by highlighting both the best- and worst-case scenarios.
By studying all three cases, we can design more flexible and reliable development strategies,
ensuring that the selected sites perform well under a variety of real-world conditions.
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Water Production and Injection Rate Without and with Fracturing (500 m Intensity)

Figures 15 and 16 show the comparison of water production and injection rate for low,
mid, and high cases for scenarios without and with fracturing for all screened sites. In the
low case, both water injection and production rates are 23% lower than in the mid case. In
the high case, these rates are 27% higher than in the mid case. Meanwhile, in the case of
vertical wells, both water production and injection rates are 10% lower compared to the
mid case, while in the high case, these rates are 13% higher than the mid case [1].

Figure 17 shows that increasing fracture intensity gives similar results in the low
and high cases. Moreover, the water production and injection rates have an exponential
relationship with the fracture intensity. Additionally, none of the cases show thermal
breakthrough at the producer during the 50-year simulation, and the temperature front
remains within a maximum distance of 700 m from the injector, as shown in Figure 18.

Figure 15. Cont.
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Figure 15. Comparison of low, mid, and high case without fracturing for screened sites.

Figure 16. Cont.
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Figure 16. Comparison of low, mid, and high case with fracturing (500 m intensity) for screened sites.

Figure 17. Cont.
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Figure 17. Fracture Intensity comparison of low, mid, and high cases for screened Sites.

Nausodis

Diegliai

Figure 18. Cont.
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Vilkyciai

Siupariai

Genciai

Figure 18. Thermal breakthrough profile of screened sites (High-case model–125 m fracture intensity–
50 years).

6. Theoretical Power Assessment of Screened Sites (25 Years History)
Theoretical power assessment is a critical step in the development of geothermal

energy projects. Meanwhile, design power assessment determines how the power plant
can be operated to minimize the loss of power. Thus, both involve estimating the amount
of energy that can be sustainably extracted from a geothermal reservoir over time. This
assessment helps determine the technical and economic viability of the project by providing
essential data on expected power output. It supports the design and sizing of geothermal
plants, informs investment decisions, and helps minimize risks associated with uncertain
subsurface conditions. Furthermore, a reliable power assessment is often required by
regulatory authorities and financial institutions before granting permits or funding. Overall,
power assessment lays the foundation for the successful planning, development, and
operation of geothermal energy systems. Thus, in this study, we compare the theoretical
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power that can be extracted from the given site over time using theoretical equations, which
are described as follows.

Q = m × Cp × ∆T (1)

Pth = Q/t (2)

where Q is the Energy (heat flow in Watts), m is mass flow rate kg/h with density of water
1129 kg/m3, Cp is the specific heat of water is 4200 J/kg·◦K, and ∆T is the temperature
difference and Power (Pth) in KW, with t as time in hours.

To compare power output results, we present the example of the Vilkyčiai reservoir.
In our earlier study [1], the high-case model showed that a vertical well could produce
242 m3/day of water, generating 0.44 MW of power with a temperature difference of
33 ◦C. In our subsequent study [3], we increased water production by using horizontal
wells. The mid-case model with horizontal wells produced 339 m3/day of water—a 40%
increase—resulting in 0.61 MW of power, a 38% increase, while maintaining the same
temperature difference of 33 ◦C. In the present study, we further enhanced power output
by lowering the reinjection temperature to 40 ◦C, achieving a temperature difference of
48 ◦C. This resulted in a power (thermal) output of 0.89 MW, a 46% increase compared
to the study [3]. Thus, the resulting enhanced power outputs from all screened sites are
summarized in Table 9.

Table 9. Power (Thermal) calculation for the screened sites using horizontal wells.

Horizontal Well Length (2500 m Long)—With Fracturing Sensitivity-25 Years

Sr. No Reservoirs Fracture
Intensity (m) Case

Avg. Water
Injection Rate

(sm3/day)

Avg. Water
Production Rate

(sm3/day)

Heat Energy
(W)

Heat Energy
(GWh)

Power
(MWth)

1

Nausodis

125 Low 1232.59 1442.77 2.187 × 1015 607.36 2.77
Mid 1676.1 1955.71 2.964 × 1015 823.29 3.76
High 2212.37 2574.46 3.902 × 1015 1083.77 4.95

2 250 Low 857.25 1073.07 1.626 × 1015 451.73 2.06
Mid 1166.59 1454.96 2.205 × 1015 612.49 2.80
High 1541.84 1916.16 2.904 × 1015 806.65 3.68

3 500 Low 637.83 851.96 1.291 × 1015 358.65 1.64
Mid 867.69 1155.33 1.751 × 1015 486.36 2.22
High 1147.38 1521.98 2.307 × 1015 640.71 2.93

1

Diegliai

125 Low 511.19 639.23 1.246 × 1015 345.98 1.58
Mid 637.34 800.36 1.559 × 1015 433.19 1.98
High 776.02 978.41 1.906 × 1015 529.56 2.42

2 250 Low 357.68 474.21 9.240 × 1014 256.66 1.17
Mid 448.63 599.87 1.169 × 1015 324.68 1.48
High 550.04 740.57 1.443 × 1015 400.83 1.83

3 500 Low 276.93 382.63 7.456 × 1014 207.10 0.95
Mid 347.58 486.79 9.485 × 1014 263.47 1.20
High 426.8 604.14 1.177 × 1015 326.99 1.49

1

Vilkyciai

125 Low 339.34 469.22 9.752 × 1014 270.89 1.24
Mid 408.8 573.6 1.192 × 1015 331.16 1.51
High 495.84 704.28 1.464 × 1015 406.60 1.86

2 250 Low 233.81 350.45 7.284 × 1014 202.33 0.92
Mid 280.43 428.69 8.910 × 1014 247.50 1.13
High 339.08 527.17 1.096 × 1015 304.35 1.39

3 500 Low 173.02 276.64 5.750 × 1014 159.71 0.73
Mid 206.22 338.42 7.034 × 1014 195.38 0.89
High 247.82 416.4 8.654 × 1014 240.40 1.10
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Table 9. Cont.

Horizontal Well Length (2500 m Long)—With Fracturing Sensitivity-25 Years

1

Siupariai

125 Low 432.68 519.69 9.676 × 1014 268.78 1.23
Mid 530.29 640.97 1.193 × 1015 331.50 1.51
High 637.51 775.14 1.443 × 1015 400.90 1.83

2 250 Low 310.76 395.22 7.359 × 1014 204.40 0.93
Mid 380.08 487.88 9.084 × 1014 252.33 1.15
High 456.33 590.56 1.100 × 1015 305.43 1.39

3 500 Low 241.6 321.79 5.991 × 1014 166.43 0.76
Mid 294.76 397.37 7.399 × 1014 205.52 0.94
High 353.41 481.33 8.962 × 1014 248.94 1.14

1

Genciai

125 Low 301.36 353.71 5.152 × 1014 143.12 0.65
Mid 416.5 483.26 7.039 × 1014 195.53 0.89
High 556 638.29 9.297 × 1014 258.26 1.18

2 250 Low 217.35 269.88 3.931 × 1014 109.20 0.50
Mid 303.11 372.3 5.423 × 1014 150.64 0.69
High 408.45 496.2 7.228 × 1014 200.77 0.92

3 500 Low 169.5 219.99 3.204 × 1014 89.01 0.41
Mid 237.05 305.15 4.445 × 1014 123.47 0.56
High 320.52 408.75 5.954 × 1014 165.39 0.76

From Table 9, based on the mid-case evaluation, it is concluded that, among the sites,
Nausodis has the highest power output. This is because it has a very high production
rate. Diegliai stands second because of production rate as compared to the remaining sites.
Vilkyciai and Siupariai have almost similar thermal outputs because they share similar
geological properties. Genciai ranks fifth, with lower power potential due to its lower
reservoir temperature and poor production rate.

7. Discussion
This study highlights the importance of enhanced water and power production using

an uncertainty-modelling workflow published in earlier studies [1–3,23] to evaluate the
geothermal potential of depleted hydrocarbon reservoirs. The study demonstrates that
horizontal wells can increase water production and injection rates, which leads to higher
power output from potential geothermal development sites in Lithuania.

A mechanistic model was used to develop the Field Development Plan (FDP) for the
selected sites. In the reservoir model, the maximum horizontal well length is limited to
2500 m. This limitation was addressed by studying the effect of horizontal well length
on water production and injection rates, and the observed relationship is linear, using the
same well spacing of 1200 m, consistent with previous studies [1–3,23].

The maximum fracture intensity that can be included in the simulation model is
125 m. This limitation was addressed by analyzing the effect of fracture intensity on water
production and injection rates. An exponential relationship was observed, indicating a
strong influence of fracture intensity on these rates. The study also shows that vertical
segregation has a minimal effect, while reservoir heterogeneity has a significant impact.

8. Conclusions
To study the geochemical effect on the screened sites of Lithuania, a reactive transport

model has been developed. Re-injection temperature ranges of 10 ◦C to 55 ◦C were assumed.
The reactive transport modelling shows that there is an effect of mineral dissolution and
precipitation within the reservoir. It also shows that mineral dissolution and precipitation
are not affected by re-injection temperature from 55 ◦C to 10 ◦C, but they are result of the
injection pressure rate. Modelling work also shows that 40 ◦C re-injection temperature
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could be applicable for the field development plan for all screened sites and can help to
maximize the power output while minimizing reservoir cooling over time.

Modelling work also shows that the horizontal wells have better efficiency compared
to vertical wells in terms of operation and reservoir exposure. The application of horizontal
wells not only maximizes the water production but also enhances the power (thermal)
output by having a linear relationship between the water production and injection rates.
Furthermore, fracturing to increase the permeability also enhances the water production
and injection rate. In addition to that, increasing the temperature differential between
production and reinjection points (e.g., from 33 ◦C to 48 ◦C–Vilkyciai reservoir) led to a
significant increase in power output. Nausodis is ranked first, followed by Diegliai on
second position, followed by Siupariai and Vilkyciai. Genciai further acquires fifth place
because of low reservoir properties and temperature.

Thus, this study underpins, overall, the above integrated approach to support the
optimized development of geothermal resources in Lithuania. While thermal, hydraulic,
and geochemical analyses help to evaluate the performance of geothermal systems under
various operating scenarios, they are constrained by site-specific geological characteristics
that greatly influence production potential.
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//www.mdpi.com/article/10.3390/pr14020203/s1, Figure S1: Effect of operation time and injection
temperature on reservoir properties–porosity of Model 1; Figure S2: Effect of operation time and
injection temperature on reservoir properties–permeability of Model 1; Figure S3: Effect of operation
time and injection temperature on reservoir properties, porosity, of Model 2; Figure S4: Effect of
operation time and injection temperature on reservoir properties, permeability, of Model 2.
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