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Abstract

Formation damage near the wellbore reduces permeability and limits well productivity,
with its effect commonly quantified by the skin factor. This parameter can strongly influ-
ence both the technical performance and the economic feasibility of oil recovery projects.
In Brazilian pre-salt carbonate reservoirs, acidizing is widely applied, often conducted
immediately after well completion. However, the long-term production and economic
implications of these treatments remain insufficiently quantified. In this study, synthetic
carbonate reservoir models were constructed using porosity and permeability profiles
derived from well data representative of pre-salt conditions. Ten models with flow capaci-
ties ranging from 3000 to 130,000 mD·m were simulated over 30 years of water injection,
considering skin factors from −3 to +20. The results show that wells with flow capaci-
ties below 10,000 mD·m exhibited the strongest response to stimulation, achieving up to
35% higher cumulative oil recovery and more than a 100% increase in net present value
(NPV) compared with unstimulated cases. For flow capacity values between 10,000 and
40,000 mD·m, production and economic improvements were marginal, with NPV dif-
ferences typically within 10%. At higher flow capacity (>60,000 mD·m), the stimulation
response became negligible, with NPV variations below 0.1%. These findings demon-
strate that stimulation effectiveness is primarily governed by reservoir flow capacity. The
integrated reservoir–economic evaluation framework developed in this study provides
quantitative guidance for optimizing acidizing strategies in carbonate systems representa-
tive of deepwater pre-salt environments.

Keywords: carbonate reservoirs; skin factor; flow capacity; well stimulation; reservoir
simulation; economic evaluation

1. Introduction
Formation damage refers to the impairment of the porous media surrounding

the wellbore, which results in a reduction in permeability and, consequently, the well
productivity [1,2]. This phenomenon is commonly associated with mechanical, chemical,
biological, or thermal alterations in the near-wellbore region that restrict fluid flow into the

Energies 2026, 19, 1039 https://doi.org/10.3390/en19041039

https://crossmark.crossref.org/dialog?doi=10.3390/en19041039&domain=pdf&date_stamp=2026-02-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2339-9865
https://doi.org/10.3390/en19041039


Energies 2026, 19, 1039 2 of 15

well. In low-permeability formations, even a modest degree of damage can lead to sub-
stantial productivity losses due to the formation of an additional pressure drop, typically
represented as a skin effect. The magnitude of this skin factor is critical in determining the
well performance and the economic feasibility of hydrocarbon recovery [2,3].

In broader terms, the interaction between stimulation fluids and the geological forma-
tion is critical not only for productivity but also for assessing environmental integrity and
energy recovery efficiency. Recent studies have highlighted these aspects, evaluating the
potential reservoir damage caused by chemical additives [4] and the influence of geological
factors and fluid properties on energy transmission [5].

In Brazil, pre-salt carbonate reservoirs represent one of the most prolific yet challenging
petroleum provinces worldwide [6]. These reservoirs are primarily composed of highly
heterogeneous carbonate rocks, exhibiting complex pore systems, variable mineralogical
composition, and intricate diagenetic histories [7,8]. The heterogeneity manifests at multiple
scales, from micro-porosity to vug and fracture networks, strongly influencing the flow
behavior and the effectiveness of stimulation treatments. Furthermore, the coexistence
of microporosity and tight matrix regions often leads to uneven fluid distribution during
production and stimulation operations [9–11].

One of the strategies to mitigate formation damage and enhance well performance in
carbonate reservoirs is acid stimulation, particularly matrix acidizing [12]. This technique
involves the injection of acid solutions, typically hydrochloric acid (HCl) or organic acid
blends, into the formation at pressures below fracturing conditions. The injected acid
reacts with the carbonate minerals, creating conductive channels known as wormholes.
These wormholes bypass damaged or low-permeability zones, establishing more efficient
pathways between the reservoir and the wellbore, thereby improving productivity. The
morphology and penetration depth of these wormholes depend on several parameters,
including acid concentration, injection rate, temperature, and rock heterogeneity [13].

In Brazilian pre-salt developments, anticipated acidizing has been established as a
common practice during the completion phase of production and injection wells. This
procedure is performed immediately after the well completion and before the start of
production, with the objective of minimizing the impact of potential formation damage.
This proactive approach is particularly relevant in heterogeneous carbonate reservoirs,
where near-wellbore permeability is highly variable, and natural flow barriers can develop
due to depositional or diagenetic features [8].

Nevertheless, despite the operational benefits, there is still limited understanding
of how this pre-production acid stimulation affects long-term recovery performance and
economic indicators. This lack of comprehensive evaluation underscores the need for
integrated studies that couple reservoir-scale simulation and economic analysis to assess
the true effectiveness of anticipated acidizing under pre-salt conditions [2,3,14].

Although acidizing is inherently a near-wellbore treatment, its effects extend to the
field productivity [15]. In numerical reservoir simulation, the improvement of near-wellbore
performance is commonly evaluated through the skin factor (S), a dimensionless parameter
that quantifies the additional pressure drop caused by flow restrictions in the immediate
vicinity of the well. The skin factor incorporates the combined effects of formation damage,
well completion characteristics, and stimulation operations into the calculation of well
productivity. A positive skin value (S > 0) represents additional resistance to flow, indicating
that the formation has been damaged or that the completion design has reduced flow
efficiency. In contrast, a negative skin value (S < 0) reflects enhanced flow conditions,
usually resulting from stimulation treatments such as acidizing or hydraulic fracturing,
which improve permeability near the wellbore and increase productivity or injectivity [2].
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Araújo et al. (2024) [15] investigated the economic impact of different acid treatment
techniques on oil recovery in formations with distinct petrophysical characteristics. Using
the Matrix software, the authors simulated matrix acidization processes and evaluated
the resulting damage profiles. Subsequently, through numerical simulations performed
with a black-oil reservoir simulator, they analyzed production performance and compared
the economic outcomes. Their findings indicated that reservoirs with low flow capacities
exhibit significant productivity gains from stimulation. However, for formations with
flow capacity values ranging from 20,000 to 40,000 mD·m, the net present value (NPV) of
stimulated wells may become equivalent to or even lower than that of untreated wells.

Although previous studies have provided valuable insights into the economic evalua-
tion of acidizing treatments, the direct relationship between skin factor variations, long-
term oil recovery, and economic performance remains insufficiently quantified. In this
study, we model a carbonate reservoir representative of Brazilian pre-salt conditions, using
permeability–porosity values obtained from actual completion data of pre-salt wells. This
approach allows the simulations to realistically capture the heterogeneity and flow capacity
typical of these reservoirs.

The objective is to evaluate how different skin factor values affect both oil recovery
and economic indicators over a 30-year production period under water injection. The
integration of reservoir simulation and economic analysis provides a realistic framework
to quantify the long-term impact of acid stimulation. The results are intended to serve as
technical guidance for optimizing acidizing operations and improving productivity and
injectivity management in carbonate reservoirs with characteristics similar to those of the
Brazilian pre-salt province.

2. Methodology
To evaluate the influence of the skin factor on oil recovery and economic performance,

ten synthetic reservoir models were constructed using a “layer-cake” representation. Each
model was based on porosity and permeability profiles from wells located in Brazilian
pre-salt carbonate reservoirs. The total flow capacity (k·h) values used in the simulations
were derived from actual well data, as shown in Table 1. This approach allows the models
to realistically represent the range of reservoir flow capacity found in pre-salt formations,
varying from 3000 to 130,000 mD·m.

Table 1. Characteristics of the reservoir intervals used in the simulation study.

N. Reservoir Model k·h (mD·m) h (m) No. of Layers Original Skin Average
Porosity (%)

Average
Permeability (md)

1 A 3221 73 30 11.6 21 57

2 N 3760 61 59 17.0 7 24

3 F 9152 260 38 18.0 11 44

4 H 12,201 116 76 19.9 8 29

5 L 13,145 50 46 26.9 7 11

6 C 15,085 110 44 19.2 11 30

7 J 42,039 125 60 27.4 14 936

8 Q 61,168 92 56 34.0 13 286

9 B 92,402 139 53 29.8 14 2132

10 E 128,557 77 39 46.4 15 1790

The models were designed with one production and one injection well, arranged as a
twin-well configuration. Each model contained between 30 and 76 layers, with varying

https://doi.org/10.3390/en19041039

https://doi.org/10.3390/en19041039


Energies 2026, 19, 1039 4 of 15

thicknesses (0.55 to 5.15 m), porosity values (0.09 to 0.28), and vertical permeability (3.33 to
192.47 mD). The vertical permeability was set as 10% of the horizontal permeability; this
value was set based on literature [16–18]. The grid was composed of 255 × 225 cells in
the i and j directions, covering an area of 5.74 × 106 m2 fully saturated with oil. Figure 1
shows the grid configuration for reservoir model A, including the arrangement of injector
and producer wells (left) and the vertical permeability distribution across 30 layers (right).
The color scale indicates permeability (mD), and the layered representation corresponds
to the “layer-cake” structure adopted to reproduce the heterogeneity of pre-salt carbonate
formations in the skin factor evaluation.

Figure 1. Reservoir model A used in the numerical simulations. Injetor—injector; produtor—producer.

In this study, homogeneous skin values were applied along the entire wellbore for all
simulated cases. This procedure isolates the effect of skin factor variation on oil recovery
and economic results. For each reservoir model, ten simulation cases were performed with
fixed skin factor values of −3, −2, −1, 0, +1, +3, +5, +10, and +20. The minimum skin
value was defined based on previous studies [15]. An additional case with a depth-variable
skin profile was included to represent the field-derived damage distribution based on
completion data. The simulations were conducted under constant boundary conditions
for a 30-year production period with water injection. For the injection well, the maximum
surface water rate (STW) was set at 10,000 m3/day and the maximum bottom-hole pressure
(BHP) at 780 kg/cm2. For the producing well, the maximum total fluid rate (BHF) was set
at 10,000 m3/day, with a maximum drawdown pressure (DWA) of 150 kg/cm2, limited by
the vertical flow performance of the wells.

To ensure the numerical reliability of the simulations, the cumulative material balance
error was monitored for all high-flow capacity cases and remained below 0.01%. This
level of numerical accuracy confirms that the small production differences observed are
associated with physically consistent reservoir behavior.

The economic assessment was performed using the Net Present Value (NPV) method
to quantify the financial impact of skin factor variations on reservoir performance. The
NPV represents the difference between the present value of future revenues and the total
investment or operational costs, discounted over the project lifetime. In this study, the NPV
was simplified to include only the revenue component, as the objective was to quantify
the incremental benefit associated with productivity changes resulting from skin factor
variations across reservoirs with different flow capacities. For future work, we recommend
incorporating CAPEX and operational costs to enable a more comprehensive economic
evaluation. The NPV for each simulated case was calculated according to Equation (1),
where Rt is the annual revenue at year t, i is the annual discount rate, and n is the total
project duration in years.

NPV =
n

∑
t=1

Rt

(1 + i)t (1)

The annual revenue was obtained from the simulated oil production multiplied by the
assumed oil price. A minimum discount rate of 9% per year and an oil price of USD 55/bbl
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were adopted. The economic horizon was set at 30 years, corresponding to the reservoir
production period used in the numerical simulations.

This approach provides a consistent basis for comparing the relative economic impact
of different skin factor conditions on oil recovery. The comparison of NPVs among cases
with distinct flow capacities (k·h) allows the identification of the operational ranges where
stimulation treatments are economically favorable.

3. Results
This section presents the results for models N (3760 mD·m), Q (61,168 mD·m), and

E (128,577 mD·m), followed by a summary of the main findings for all simulated cases.
These three models were selected as representative examples of low, intermediate, and high
flow capacities, respectively, allowing a comparative assessment of the skin factor influence
under different flow capacity conditions. Since the production and injection rates remained
consistent across cases where the productivity index allowed operation (limited by the
vertical flow performance of the wells), the observed differences in oil recovery among skin
factor scenarios are primarily attributed to variations in reservoir sweep efficiency.

Figure 2a–c show the grid representations of models N, Q, and E, respectively. Each
model consists of one injector and one producer well positioned diagonally across the
grid, with vertical heterogeneity represented by multiple layers of varying permeability.
The color scale indicates vertical permeability (mD), increasing from blue (low perme-
ability) to red (high permeability), illustrating the distinct flow capacity ranges of each
modeled system.

Figure 2. Grid configuration and vertical permeability distribution for the representative reservoir
models used in the simulations: (a) model N (3760 mD·m), (b) model Q (61,168 mD·m), and (c) model
E (128,577 mD·m). The color scale represents the vertical permeability (mD), increasing from blue
(low permeability) to red (high permeability). Injetor—injector; produtor—producer.

Model N (Figure 2a) represents a low-flow-capacity system, characterized by a to-
tal interval of 61 m distributed across 59 layers with thicknesses ranging from 0.442 to
1.202 m. The formation exhibits low heterogeneity, with permeability values varying
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from 3.55 to 698.57 mD, and a total flow capacity of 3760 mD·m, which is considered low
compared with the other analyzed intervals.

Model Q (Figure 2b) corresponds to a medium-flow-capacity system, consisting of a
92 m interval subdivided into 56 layers with thicknesses between 0.586 and 2.921 m. The
formation displays intermediate heterogeneity, with permeability values ranging from
14.99 to 5083.00 mD, resulting in a total flow capacity of 61,168 mD·m.

Model E (Figure 2c) represents a high-flow-capacity system, with an interval of 77 m
distributed among 39 layers, whose thicknesses vary from 1.033 to 2.967 m. This formation
exhibits high heterogeneity, with permeability values between 120.77 and 3665.26 mD,
yielding a total flow capacity of 128,577 mD·m.

3.1. Model N—Low-Flow-Capacity System (3760 mD·m)

Figure 3 presents the cumulative oil production curves for the different skin factor cases
in model N (−3, −2, −1, 0, +1, +3, +5, +10, +20, and the variable skin case representing the
initial damage). The results show a clear dependence of production performance on the skin
factor value. Wells with negative skin factors, representing stimulated conditions, achieved
significantly higher oil recovery compared to undamaged (S = 0) and damaged cases
(positive skin values). Conversely, wells with positive skin factors exhibited pronounced
productivity losses throughout the 30-year simulation period.

Figure 3. Cumulative oil production for the different skin factor cases in model N over a
30-year period.

After 10 years of production, the cumulative oil recovery for the most stimulated case
(S = −3) reached approximately 4.72 × 106 m3, compared to 3.50 × 106 m3 for the undam-
aged case (S = 0), corresponding to an increase of 34.7%. Over 30 years, this difference
narrowed slightly but remained significant, with respective cumulative productions of
6.21 × 106 m3 and 5.13 × 106 m3, yielding an improvement of 20.9%. In contrast, a damaged
well (S = +3) produced only 3.6 × 106 m3 after 30 years, about 30% less than the undamaged
case, demonstrating the strong sensitivity of low flow capacity to near-wellbore damage.

The production differences observed in Figure 3 are primarily attributed to variations
in injectivity under each skin condition. Figure 4 shows the corresponding water injection
rates over the 30-year period. Because of the low-flow-capacity of the formation, the in-
jection well rapidly reached its maximum bottom-hole pressure constraint, particularly
in damaged cases, which limited the injected water volume and consequently reduced
the displacement efficiency. For instance, the injection rate for the case with S = −3 sta-
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bilized around 8000 m3/day, while the damaged case (S = +3) was restricted to less than
2000 m3/day. This severe constraint demonstrates how injectivity loss compromises pres-
sure support and reservoir sweep, directly impacting oil recovery. The economic impli-
cations of these performance differences are illustrated in Figure 5, which depicts the net
present value (NPV) evolution considering only revenue (discount rate of 9% per year
and oil price of USD 55/bbl). The cases with negative skin factors presented markedly
superior economic results. After 10 years, the NPV for S = −3 reached approximately
USD 1.33 billion, compared with USD 657 million for S = 0, and only USD 326 million for
S = +3. This represents a relative increase of 102.8% between the stimulated and moderately
damaged wells, equivalent to an economic difference of roughly USD 674 million.

Figure 4. Water injection rate evolution for model N, highlighting injectivity constraints under
different skin conditions.

Figure 5. Net present value (NPV) as a function of time for model N (discount rate = 9% per year, oil
price = USD 55/bbl).

These results indicate that, in low-flow-capacity carbonate systems, even moderate
formation damage can substantially compromise injectivity and oil recovery, leading to
significant financial losses. Conversely, stimulation treatments that effectively reduce the
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skin factor can yield large gains in both cumulative recovery and project value, highlighting
the economic justification for acidizing operations in low-flow-capacity intervals.

3.2. Model Q—Intermediate-Flow-Capacity System (61,168 mD·m)

Figure 6 presents the cumulative oil production for the different skin factor scenarios
in model Q during the 30-year simulation. In contrast to the behavior observed in model N,
the oil recovery profiles for cases with skin factors ranging from −3 to +10 showed almost
complete overlap, indicating minimal sensitivity of production to the skin factor within
this flow capacity range. After 30 years, the cumulative oil production remained between
11.8 × 106 m3 and 11.9 × 106 m3, corresponding to a difference of less than 1%, which is
within the numerical uncertainty of the simulation.

Figure 6. Cumulative oil production for model Q under different skin factor scenarios over 30 years.

Only the cases with severe formation damage (S = +20) or initial damage (variable skin)
presented notable deviation, with cumulative production around 9.7 × 106 m3, representing
an 18% reduction compared with the undamaged case (S = 0). This behavior suggests that
for reservoirs with intermediate flow capacity, small improvements or moderate damage
near the wellbore do not substantially affect the global reservoir performance.

The limited variation among the production curves can be attributed to the higher flow
capacity of this system, which prevents the injector from reaching the maximum bottom-
hole pressure constraint during the project lifetime. Consequently, injection remained
stable even in slightly damaged conditions, maintaining efficient displacement and high
sweep effectiveness. Only extreme positive skin values restricted injectivity enough to
influence recovery.

The corresponding economic results are shown in Figure 7, which depicts the evolution
of the Net Present Value (NPV) over time. The cases between S = −3 and S = +10 displayed
nearly identical NPV trajectories, differing by less than USD 10 million—equivalent to
0.02% of the project value. In contrast, the highly damaged case (S = +20) exhibited
an NPV reduction of approximately USD 180 million compared with the undamaged
case. Interestingly, the stimulated case (S = −3) presented a slightly lower NPV (around
USD 6 million) relative to S = 0, suggesting that in formations of this flow capacity range,
stimulation may not generate measurable economic benefits.
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Figure 7. Net Present Value (NPV) evolution for model Q, assuming an oil price of USD 55/bbl and a
9% annual discount rate.

The results for model Q indicate that in intermediate-flow-capacity carbonate systems,
the impact of the skin factor on both recovery and project economics is minor unless the
formation experiences severe damage. Under such conditions, performing stimulation
treatments might not be economically justified, as the reservoir’s natural productivity and
injectivity are already sufficient to sustain efficient long-term performance.

3.3. Model E—High-Flow-Capacity System (128,577 mD·m)

Figure 8 presents the cumulative oil production for the different skin factor scenarios
in model E over a 30-year period. In this high-flow-capacity system, the results reveal an
almost complete overlap among all simulated curves, regardless of the applied skin factor.
The cumulative oil production after 30 years shows a difference of only 0.03% between
the analyzed cases, confirming that the skin factor has negligible influence on reservoir
performance under such favorable flow conditions.

Figure 8. Accumulated oil production from well E over a period of 30 years.

Even the case representing initial damage (variable skin) exhibited no significant
deviation from the others, and the small variation observed was within the numerical
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uncertainty margin of the simulation. It is noteworthy that all cases, from S = −3 to S = +20,
whether representing stimulated or damaged wells, achieved nearly identical cumulative
oil production over the 30-year period.

In economic terms, the results follow the same trend. As shown in Figure 9, the maxi-
mum difference in Net Present Value (NPV) among all cases at the end of the simulation
was approximately USD 0.36 million, equivalent to just 0.03% of the total project value.
This minimal variation demonstrates that, for systems with high flow capacity, changes in
skin factor (positive or negative) do not translate into meaningful economic impacts.

Figure 9. Difference between cases with negative skin versus case with zero skin (revenue only) for
cases studied in well E (interest rate = 9% year; USD 55/barrel).

Although these results may appear counterintuitive from a theoretical standpoint,
they highlight an important practical implication: as reservoir flow capacity increases, the
sensitivity of production performance to skin effects diminishes drastically. Consequently,
stimulation treatments in such systems would likely provide no tangible production benefit,
and any additional intervention cost would merely reduce the project profitability.

3.4. Comparative Analysis of Reservoirs with Different Flow Capacities

Figure 10 presents the variation in the Net Present Value (∆NPV) after 30 years
as a function of the skin factor for all simulated reservoirs, grouped according to their
flow capacities (k·h). This unified representation highlights the transition in stimulation
effectiveness across different flow capacity regimes. The horizontal axis was inverted, so
movement to the right indicates increasing stimulation intensity (i.e., lower skin values).
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Figure 10. Variation in the Net Present Value (∆NPV in MM USD/m) after 30 years as a func-
tion of the skin factor for reservoirs with different flow capacity (k·h): (a) low-to-intermediate
(3000–15,000 mD·m) and (b) high (40,000–130,000 mD·m).

For low-flow-capacity systems (k·h < 10,000 mD·m), ∆NPV exhibits a strong depen-
dence on the skin factor. Reducing skin values significantly improves project economics,
with gains exceeding USD 600 million compared with damaged conditions (S ≥ +5).
This response reflects the high sensitivity of injectivity and productivity to near-wellbore
improvements in tight formations, where small permeability enhancements yield large
production and economic benefits.

As k·h increases (approximately 10,000–40,000 mD·m), the response to stimulation
becomes progressively less pronounced. The ∆NPV curves flatten, indicating that the
economic benefit of stimulation falls within the margin of uncertainty (typically below
±5%). In this intermediate regime, stimulation remains technically viable but economically
marginal, suggesting that treatment decisions should consider operational risks and cost
variability.

For high-flow-capacity reservoirs (k·h > 60,000 mD·m), the ∆NPV approaches zero
across all skin values, indicating negligible production and economic impact. These reser-
voirs already possess sufficient injectivity and productivity to sustain efficient pressure
support without near-wellbore enhancement.

Figure 10 highlights that the economic impact of stimulation progressively decreases
with increasing reservoir flow capacity. Acidizing provides significant gains in tight for-
mations, becomes marginal in intermediate systems, and shows no measurable benefit in
highly transmissible reservoirs, reinforcing the role of flow capacity as a key screening pa-
rameter for stimulation design and candidate selection in pre-salt carbonate developments.

Figure 11 summarizes the overall relationship between reservoir flow capacity, the
economic impact of stimulation, and the corresponding optimum skin factor for each
modeled case. The results indicate a sharp decrease in ∆NPV as flow capacity increases,
with stimulation providing substantial economic gains only for low-permeability systems
(k·h < 10,000 mD·m). In this range, acidizing yields the highest incremental NPV and the
most negative optimum skin values, confirming that production and economic performance
are strongly constrained by near-wellbore damage.
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Figure 11. Relationship between reservoir flow capacity (k·h), ∆NPV (USD MM) after 30 years, and
optimum skin factor for each model.

As flow capacity increases to intermediate values (10,000 < k·h < 40,000 mD·m), ∆NPV
rapidly converges toward zero, and the optimum skin approaches neutral values. For
high-flow-capacity systems (k·h > 60,000 mD·m), both ∆NPV and the optimum skin remain
close to zero, indicating that further changes in skin have negligible impact on production
or economic performance.

It is important to note that these results are derived from deterministic simulations
based on synthetic layer-cake reservoir models representative of pre-salt carbonate systems.
Field-scale geological complexity, including fracture networks and heterogeneity, may
introduce additional variability in optimum skin behavior. Therefore, the trends identified
in this study should be interpreted as screening-level guidance rather than direct predictive
thresholds for field applications. Nonetheless, the overall trend indicates that, at sufficiently
high flow capacity, well performance becomes largely insensitive to the skin factor, making
stimulation economically unjustified under these conditions.

3.5. Model Limitations and Applicability

The results presented in this study are subject to limitations associated with the
adopted modeling framework. The reservoir description is based on synthetic layer-cake
models constructed from well-derived petrophysical data, which allow controlled evalua-
tion of flow capacity and skin effects but do not fully represent the geological complexity
typically observed in field-scale carbonate reservoirs. In addition, a uniform skin factor was
applied along the wellbore to isolate first-order stimulation effects, whereas actual reser-
voirs may exhibit depth-dependent skin variations associated with facies heterogeneity,
fracture distribution, and completion efficiency.

The economic analysis was intentionally simplified and based exclusively on pro-
duction revenue, without explicit consideration of stimulation, completion, and opera-
tional costs. Furthermore, the evaluation was performed using a single oil price and
discount rate, which introduces uncertainty in long-term economic projections. Al-
though this approach provides consistent comparison among cases, future studies in-
corporating cost modeling and economic sensitivity analysis are recommended to enhance
decision-making applicability.

The simulations conducted in this study do not explicitly model reactive transport
processes associated with wormhole formation, nor do they account for temporal variations
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in skin factor during production. The inclusion of these mechanisms could improve the
physical representation of stimulation behavior and provide a more realistic assessment
of long-term reservoir performance. However, it is important to recognize that wormhole
formation occurs at a near-wellbore scale, involving complex reactive flow dynamics
that differ significantly from reservoir-scale displacement processes. Coupling reactive
acidizing models with full-field reservoir simulations remains numerically challenging due
to the strong scale contrast and computational requirements. Therefore, future research
integrating reactive flow modeling and time-dependent skin evolution is recommended to
strengthen the predictive capability of stimulation performance analyses. Despite these
simplifications, the study provides robust first-order screening trends demonstrating the
dominant role of flow capacity in controlling stimulation effectiveness. The results should
therefore be interpreted as guidance for candidate selection rather than direct quantitative
prediction of field performance.

4. Conclusions
This study investigated the influence of the skin factor on oil recovery and economic

performance using synthetic reservoir models constructed from well-log data representative
of Brazilian pre-salt carbonate formations. Ten models were generated, covering a range
of flow capacities (k·h) from 3000 to 130,000 mD·m and skin factors between −3 and +20,
simulating 30 years of water injection under deepwater production conditions.

The results demonstrate that the effectiveness of acid stimulation is strongly controlled
by reservoir flow capacity. In low-flow-capacity systems (k·h < 10,000 mD·m), stimulation
increased cumulative oil recovery by up to 35% and improved the net present value (NPV)
by more than 100% relative to untreated or damaged wells. For intermediate flow capacity
(10,000 < k·h < 40,000 mD·m), the incremental gains became marginal, typically within
±5%, while at high flow capacity (k·h > 60,000 mD·m), the NPV difference was below
0.03%, indicating that stimulation provides no measurable technical or economic advantage
under such favorable flow conditions.

In summary, the simulations reveal a consistent trend in which both the necessity and
the effectiveness of stimulation diminish as reservoir flow capacity increases. These findings
highlight flow capacity (k·h) as a robust and practical screening criterion for assessing
the technical and economic viability of acidizing operations in carbonate reservoirs. The
integrated reservoir–economic evaluation framework developed in this work provides
a quantitative and reproducible basis for optimizing stimulation strategies in deepwater
carbonate systems representative of pre-salt environments.
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The following abbreviations are used in this manuscript:

BHP Bottom-Hole Pressure
BHF Bottom-Hole Flow (rate constraint)
DWA Drawdown Pressure
HCl Hydrochloric Acid
k Permeability
k·h Flow Capacity (permeability–thickness product)
mD Millidarcy
mD·m Millidarcy meter
MM million
NPV Net Present Value
S Skin Factor
STW Surface Total Water rate
USD United States Dollar
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