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1 Introduction

Integration of a Typical Brazilian
Pre-Salt Benchmark to a Topside
Base Case to Consider Energy
Demand and Carbon Dioxide
Emissions in Reservoir
Development and Management
Studies

The transition to sustainable energy and the goal of net-zero carbon dioxide (CO,) emis-
sions by 2050 highlight the need to optimize energy use and reduce emissions in the oil and
gas industry. Offshore platforms, especially in Brazil’s pre-salt fields, rely on energy-inten-
sive processes that contribute significantly to CO, emissions. This study integrates a rep-
resentative pre-salt reservoir with a topside energy model to evaluate energy demand and
emissions under different reservoir management strategies. A proxy embedded within the
reservoir model dynamically allocates gas between reinjection and fuel consumption, while
key separation stages ensure consistency with topside processes. Two production optimi-
zations were compared: full gas recycling and partial recycling, where part of the pro-
duced gas supplies platform energy. In the partial recycle case, the final solution
achieved a net present value only 0.2% lower than full recycling, while reducing energy
demand and CO, emissions by 9.3%. This approach is more representative of industry
practice and becomes increasingly advantageous when costs are assigned to fuel use
and emissions. The strategies also led to distinct well placement configurations and man-
agement outcomes: in the full recycle case, 70% of injectors operated with water-alternat-
ing-gas cycles of 366 days or less, whereas in partial recycling, 80% had cycles of 548 days
or more. These results underscore the importance of incorporating topside gas allocation
into reservoir optimization and highlight the value of integrating energy and environmental
considerations to support more sustainable decision-making. [DOI: 10.1115/1.4070077]

Keywords: numerical simulation, WAG-CO, injection, production integration, energy
efficiency, CO, emissions, optimization, carbon capture, energy resources, engineering
strategies, environmental aspect of energy sources, hydrocarbon recovery, oil
reservoirs, petroleum engineering, reservoir simulation, subsurface energy, underground
injection and storage

15% of total energy-related emissions globally, equivalent to 5.1
billion tons of greenhouse gases in 2022 [1].

The global imperative to transition toward sustainable energy
and achieve net-zero carbon dioxide (CO,) emissions by 2050
has intensified the focus on optimizing energy consumption and
reducing greenhouse gas (GHG) emissions in the oil and gas indus-
try. Offshore oil and gas platforms are significant contributors to
CO, emissions, with operations accounting for approximately
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In Brazil, the pre-salt offshore oil fields have emerged as a crit-
ical component of the Brazilian energy strategy, propelling the
country into the ranks of the world’s top oil producers. Throughout
2023, Brazil set record oil and gas production levels, averaging
3.4 MMb/d of oil and 150 MMm?>/d of natural gas [2]. Oil pro-
duction is projected to reach 4.4 MMb/d by 2034, peaking at
5.3 MMb/d in 2030, with the pre-salt region accounting for approx-
imately 76% of national production. Likewise, natural gas produc-
tion is exgected to reach 315 MMm®d by 2034, peaking at
316 MMm“/day in 2031, with the pre-salt fields contributing
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around 60% of Brazil’s total natural gas supply by 2034 [2]. These
fields are, for the most part, characterized by thick-depth lacustrine
carbonate rocks with high porosity and productivity [3,4]. The
extraction processes in these fields are energy-intensive, often
relying on floating production storage and offloading (FPSO)
units powered by gas turbines, which consume substantial fuel
and emit significant CO, [5]. Additionally, these pre-salt reservoirs
typically produce large volumes of CO,-rich gas, requiring the
implementation of advanced oil recovery techniques, such as gas
reinjection and water alternating gas (WAG) injection [6-8].
While these enhanced recovery techniques are critical for opti-
mizing hydrocarbon extraction, especially in conditions of
pre-salt reservoirs, their implementation further increases the
energy demand on offshore facilities, thus reinforcing dependence
on gas-powered turbines and contributing to the sector’s overall
carbon footprint.

Despite the crucial role of energy consumption in offshore pro-
duction, studies on production optimization through reservoir
simulation that also accounts for energy efficiency, CO, emissions,
and other operational aspects of topside processes remain scarce
[9,10]. For instance, a portion of the produced natural gas is
often allocated to meet the energy needs of the platform itself—a
common practice in Brazil’s offshore exploration and production
(E&P) operations, as can be seen in Fig. 1. This approach
reduces dependence on external energy sources and optimizes
the use of available resources. Neglecting these aspects in reservoir
management studies can result in analyses that do not accurately
reflect operational realities, potentially leading to suboptimal
field development plans and hindering efforts to improve energy
efficiency and reduce emissions.

Addressing this gap requires an integrated approach that com-
bines reservoir and surface production system modeling, enabling
a comprehensive analysis of energy demand and CO, emissions

100 I I I
2020 2021 2022 2023 2024
m Exportation/Supply
= Absorption in natural gas processing units (GPUs)
® Consumption in E&P
Flaring and Loss
B Reinjection

produced in Brazil (%)
3

Balance of natural gas

Fig. 1 Natural gas production balance in Brazil (data from
Ref. [25])
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[11]. However, the direct coupling of distinct software tools for
this purpose can be technically complex and computationally inten-
sive, potentially leading to a significant increase in computational
effort. To mitigate these challenges, proxy models have been
widely applied for different objective functions in reservoir simu-
lations [12—14]. In this context, proxy models are simplified math-
ematical functions used to provide fast and efficient responses,
making them valuable tools for optimization and decision-making
with reduced computational cost. However, they may lack accu-
racy in representing complex reservoir dynamics and rely heavily
on the quality of the training data. To the best of our knowledge,
this work is the first to embed a proxy model within a reservoir
simulation to estimate energy demand. This approach offers a
promising alternative, enabling more efficient and realistic assess-
ments of energy consumption and emissions in reservoir manage-
ment studies.

The motivation for this work stems from the importance of inte-
grating reservoir and topside analyses, particularly in the context of
Brazil’s pre-salt fields and the global push for net-zero emissions. A
typical Brazilian pre-salt reservoir benchmark was integrated with a
topside process model, in which part of the produced gas is used as
fuel on the platform through a proxy embedded in the reservoir
model. This benchmark serves as a base case for future studies,
enabling reservoir development and management with consistent
reservoir-topside integration while incorporating energy demand
and emissions analysis. The proposed methodologies are applied
in a simplified life-cycle production optimization study, consider-
ing variables such as well placement, WAG cycle time, and
gas-to-oil ratio (GOR) limits, and comparing full and partial gas
recycling strategies. Research of this kind can support decision-
making aligned with global sustainability goals, while improving
operational efficiency and reducing environmental impact.

2 Methodology

Considering that the objective of this work is to develop and
provide a benchmark integrating reservoir production with
topside energy demand and CO, emissions, the methodology and
applications are presented together. Section 2.1 describes the
development of a simplified platform model for a benchmark res-
ervoir representative of Brazil’s pre-salt region. Section 2.2
details the facilities and models implemented in ECALc™, an open-
source software used to estimate energy demand and CO, emis-
sions, with further specifications provided in Sec. 3.2. Section
2.3 presents applications of the base case, developed using the pro-
posed methodologies, to incorporate energy demand and CO,
emissions into reservoir development and management studies.
Figure 2 illustrates the structure of this work.

2.1 Design of the Platform Model. There are several types of
offshore platforms, each one designed to meet specific aspects and

Energy demand calculation (Proxy vs eCalc)
Vfalidation of the proxy embedded in the reservoir simulation
model through comparison with eCalc results.

®

* Process simulation (CMG vs NeqSim)
Validation of the incorporation of separation stages into the
reservoir model through mass balance analysis

VEIEE

+ Sensitivity analysis
Impact of energy demand and CO: emissions cost on field
indicators and NPV

+ Life-cycle optimizations
Impact of energy demand in a hierarchical optimization study
considering reservoir development and management variables.

Fig. 2 General structure and brief description of each step developed in this work
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functions. These platforms vary in structure, size, and configura-
tion, depending on factors such as water depth, environmental con-
ditions, reservoir characteristics, and operational requirements.
Their designs aim to optimize production efficiency, ensure
safety, and minimize environmental impact while meeting the spe-
cific demands of each offshore operation.

Deepwater exploration poses significant operational challenges,
making floating production systems (FPS) preferable for their
lateral mobility under strong ocean forces. Among FPS configura-
tions, single-point anchor reservoir and tension leg platform are
widely used, while FPSO units dominate in Brazil’s pre-salt due
to their autonomous operation in remote offshore areas. On
FPSOs, strict space, weight, and safety constraints require opti-
mized layouts, often incorporating modular, compact technologies,
such as vertical separators, membrane-based CO, separation units,
and integrated compressor systems, along with heat recovery for
energy efficiency and automation to reduce onboard personnel [15].

The design of the platform model in this study considered tech-
nical criteria, such as pressures and the arrangement of unit opera-
tions, available in the literature for standard FPSO platforms
operating in Brazil’s pre-salt fields [16]. However, given the objec-
tive of this work, which is to present an integrated benchmark for
academic studies conducted by different research groups, certain
simplifications were necessary to ensure that the integrated
model is feasible, easy to understand, and practical to use.

The topside process presented in Fig. 3 shows the produced fluid
from the reservoir being directed to the platform’s separation
process, which consists of a three-phase stage followed by a two-
phase stage. The original premise of the reservoir benchmark
used assumes that all the gas produced on the platform is reinjected
into the reservoir. However, in practice, part of the platform’s
energy demand is often met by the produced gas itself. Therefore,
in this study, the model is adapted so that the gas used as fuel is
subtracted from the amount of produced gas. The gas phase from
the separators passes through a splitter, where part of the gas is
recovered and used as fuel for the turbines, according to their
energy demand. The remaining gas is compressed and reinjected
into the reservoir using the enhanced recovery method known as
WAG injection. Water treatment, gas recovery from the oil
phase, and CO, removal were not considered in this case, along
with other intermediate process stages that do not require high-
energy consumption. Further details on the platform configuration
are provided in Sec. 2.2.

CO, emissions

|
Gas turbine - 1
power generator |

1

2.2 Energy Models in ECALc™". The eECaLc™ software is an
open-source tool developed by Equinor for calculating energy
demand and CO, emissions from oil and gas production processes
[17]. This section provides a brief description of the facilities, oper-
ational settings, and energy models implemented using this soft-
ware, in alignment with the topside process illustrated in Fig. 3.
In FPSOs operating with WAG injection, such as the case
studied here, energy demand is significantly dominated by com-
pressors and pumps, which consume substantially more power
than other process units. Therefore, in this configuration, phase
separators, heat exchangers, and other smaller energy consumers
are grouped under a broader category referred to as the “base
load.” This base load is assumed to be constant at 12 MW and
is considered independent of variations in production or injection
rates. An overview of the ECALC™ model setup is presented in
Fig. 4. The modeling of the gas and water injection systems
and the power generator is detailed in Appendix A, along with
the performance of the facilities and energy models in
ECAaLc™. The simulation file is provided as supplementary
material.

2.3 Proxy Model for Energy Calculation on Reservoir
Simulation. To allocate a portion of the produced gas as fuel for
the platform, it is necessary to calculate the energy demand in
the topside process during the reservoir simulation. Fixing a frac-
tion of the produced gas for fuel is not a realistic option, as it
may lead to an excess of gas in some production periods and a
shortage in others. Therefore, this calculation must be performed
iteratively alongside the simulation, meaning the fraction of gas
designated for fuel must be updated throughout the reservoir pro-
duction model simulation. To achieve this, a proxy was developed
to estimate the calculations performed by ECaLc™ without the
need to execute it directly. Figure 5 illustrates the iterative
process in the reservoir simulator, which updates the input vari-
ables at each time-step, applies actions according to specified con-
ditions (triggers), correlations, and equations, and finally calculates
the output variable (gas injection rate), which is then used in the
subsequent time-step.

The proxy for estimating the volume of gas to be reinjected at
each time-step relies on correlations that predict the energy
demand of the platform’s facilities based on gas and water
flow rates. These correlations were developed using a hypothetical

3 Compression
trains in parallel

Seawater I

v
| ol ibia m‘“

|ID1. Turbo-compressors . Water pumps :| Gas scrubbers

20 to 550 bar

— O]

Gas === Fuel gas

Hydrocarbon condensate  ssse=- Recycling gas

Fig. 3 Simplified scheme of topside process proposed for the reservoir benchmark considering a fraction of produced gas

used as fuel to meet energy demand
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Fig. 4 Energy model developed for the topside based on eCa.c™. Gas compression and water pumping systems are con-

sidered the most energy-demanding units in this study.

Input variables Proxy Output variables
+ Gas production rate + Triggers + New gas injection
+ Gas injection rate + Correlations rate to be applied in
+ Water production rate » Equations the next timestep
« Water injection rate

Fig. 5

Iterative process incorporated into the reservoir simulation model to set the gas injec-

tion rate at each time-step based on the platform’s energy demand

production scenario that accounts for the platform’s maximum gas
and water processing capacity (see Table 3 in Appendix B). The
energy demand for this scenario was determined through an
ECaLc™  simulation, establishing correlations for various
flow rate ranges according to the number of compressor trains
and pumps in operation. The operating conditions and correspond-
ing correlations for each energy-consuming system are presented
below using step functions. Since these correlations follow the
operating diagrams of compressors and pumps, which in turn
were designed according to the maximum gas and water handling
capacities of the platform, applying the model under conditions that
exceed these limits leads to underestimated energy demand.

e Gas compression system, where x represents the gas injection
rate (Sm>/d)

Fuel usage (Sm®/d)

63,8259, x<1.45x10°
0.02473x + 28, 168.28485, x<2.83x 10°
0.02449x + 57, 563.77154, x<5.66 % 10°
0.02464x + 85, 101.88879, x > 5.66 x 10°

e Production water pump, where x represents the water produc-
tion rate (m?/d)

Power (MW)

0, x<15x%x10°
3, x<6.0x%x10°
0.0001720661x + 2.0432716374, x > 6.0 x 10°

011007-4 / Vol. 2, FEBRUARY 2026

o Seawater pump, where x represents the seawater rate (m>/d)

Power (MW)

3, x<6.0x%x10°
0.0001720661x + 2.0432716374, x<1.9x 10°
0.0001618741x + 4.3973627106, x> 1.9 x 10°

e Generator set, where x represents the total power usage (MW)

Fuel usage (Sm3 /d)

37,766.13, x<2.38
= 5427.71874x + 25,019.87593, x<21.42
5463.51962x + 49, 525.25240, x > 21.42

These correlations are called according to the specified condi-
tions (triggers), after which the total power usage, total fuel con-
sumption, and gas injection rate are computed based on Eqgs.
(1)-(3). A more advanced approach would involve coupling
ECaLc™ with the reservoir simulator, enabling both to operate
simultaneously. However, this method would significantly increase
computational time, and integration between these software tools is
not yet available.

Total power usage (MW) = 12 + Production water pump

+ Seawater pump (1)
Total fuel usage (Sm®/d) = Gas compression system usage
+ Generator usage 2)

Transactions of the ASME



Gas injection rate (Sm>/d) = Gas production rate

— Total fuel usage 3)

2.4 Separation Stages in the Reservoir Simulation Model.
The phase separation stages in the topside process are essential
for defining the flow rates and compositions of the final oil and
gas phases. If the main separation stages are not properly consid-
ered in the reservoir model according to platform conditions, this
will result in inconsistencies between the reservoir model and the
topside process in terms of flow rates and compositions. These dis-
crepancies can significantly compromise the accuracy of the
results regarding reservoir fluid dynamics, especially in cases
involving gas reinjection. Therefore, this work proposes a method-
ology to incorporate the separation stages of the platform into the
reservoir model, considering the resources available in the simula-
tor used.

Figure 6 illustrates different separation stages that the produced
fluid from each reservoir well undergoes. The separation process
consists of a three-phase separator (1), a two-phase separator
(2), and three scrubbers (3-5) each preceding a compression
stage. According to Fig. 3, the liquid phase from the scrubbers
flows back to the three-phase separator. The reservoir simulator

Well production
data

_ 20 bar® 50°C
i Separator 2P
—

Scrubber
stage 2**

Scrubber
stage 1*

Scrubber
stage 3"

|

|

I <
1

[ ™

Gas phase <

* Scrubberstage 1: 20 bar/ 25 °C
** Scrubber stage 2: 60 bar/ 25 °C
*** Scrubber stage 3: 182 bar /25 °C

Fig. 6 Illlustration of the separation stages incorporated into
the reservoir simulation model for the produced fluid from
each well, mimicking the separation steps in the topside
process

+ Total production
molar rates for
each component

*  Production and

rates

_.m
injection volumetric —»m

allows specifying a sequence of separators for each production
well. However, it does not permit the output of a separator to
return to a previous separation stage. To address this limitation,
an additional three-phase separator (6), identical to the first
one and operating under the same pressure and temperature
conditions, was added at the end, as illustrated in Fig. 6. For this,
it is necessary to assume that the gas exiting this mirror separator
(6) is directed to the final gas phase. Since this involves a small
amount of fluid, this assumption should not impact the results.
One limitation of the reservoir simulator used is that separation
stages can only be specified for individual wells, not for the fluid
flowing from the manifold. This requires the assumption that the
fluid flowing from each well has a composition similar to that pro-
cessed by the platform separator. If the composition of the fluid at a
well differs significantly, the pressure—temperature envelope and
flash calculations for the well separation stages may vary from
those at the platform separators.

2.5 Validation of Integration Methodologies. The integra-
tion methodologies presented in the previous sections were vali-
dated by comparing reservoir simulation results with outputs
from the energy demand simulator (ECALc™) and the process
simulator (NEQsM), as described in detail in Sec. 3.2. Figure 7
summarizes the key inputs and outputs for the NeQSmM and
ECaLc™ simulations. In brief, the inputs to the process simulator
are the total molar flow rates of all seven pseudo-components
present in the produced fluid from the reservoir simulation. The
validation of the separation stages integration methodology is
performed by comparing the oil and gas (reinjected and fuel)
mass flow rates obtained from the reservoir simulation with
those from the topside process simulation. The inputs to the
energy demand simulator are the volumetric flow rates of pro-
duced and injected gas and water. Similarly, the proxy is vali-
dated by comparing its outputs with the energy demand curves
obtained from ECaLc™.

2.6 Evaluation of the Impacts of Energy Demand and
Carbon Dioxide Emissions on Reservoir Development and
Management. While the primary aim of this study is to present
a base case that consistently integrates reservoir, topside, and
energy models using efficient methodologies, sensitivity analyses
and optimizations were conducted to demonstrate practical appli-
cations of such integration. In this context, the objective of the
present section is to evaluate the influence of energy demand and
CO, emissions on reservoir development and management, consid-
ering the field’s economic and production indicators. The impact of
energy demand is implicitly assessed through its correlation with
the volume of fuel gas required for platform operations. Accord-
ingly, two gas recycling strategies were examined for comparison:

(1) Full gas recycling, where all produced gas is reinjected into
the reservoir.

(2) Partial gas recycling, in which part of the produced gas is
used to meet the platform’s energy demand before reinjec-
tion, starts immediately after all wells are opened.

+ Production and injection mass rates
for oil, gas and water phases after all
separation stages in the topside

» Gas molar weight in compressors

Energy demand and CO, emissions
for each facility and the entire
platform installation

Fig. 7 Workflow with inputs and outputs of the software used for the topside process simula-

tion and energy demand simulation
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STEP 1: Optimization of
developmentvariables (G1)

STEP 2: Sensitivity Analysis
of management variables (G2)

Varying the WAG
cycle time equally for

Number wells
+ Positions of wells

all injectors
+  Type of injection fluid Varyi imi
. ying the GOR limit
(gas / water) equally for all
»  Opening schedule producers

Fig. 8

STEP 4: Optimization of
management variables (G2)

STEP 3: Sensitivityanalysis
considering CO, emissions cost

+  WAGcycle time for
each injector

+  GOR limit for each
producer

+  Similar to previous
step, but considering
CO, emissions cost
of 100 USD / ton CO,

Methodology applied to assess the impact of energy demand on CO, emissions in reservoir development and man-

agement. Optimizations were performed without considering CO, emission costs.

Based on these two approaches, this study consists of four steps,
as illustrated in Fig. 8, designed to explore the impact of energy
demand and CO, emissions on development variables (G1) and
production management variables (G2). In the first step, an optimi-
zation of reservoir development variables (G1) is performed. The
development variables considered in the optimization of Step 1
were the number and placement of wells, along with the type of
initial injected fluid, while management variables (G2) were kept
constant. Before proceeding with the optimization of management
variables, sensitivity analyses were conducted in Steps 2 and 3. In
Step 2, the first analysis focused on the WAG cycle time variable,
assigning the same values to all injector wells and maintaining the
maximum GOR limit for shut-in wells at 1500 m*m? for all pro-
ducers. Then, a sensitivity analysis was carried out for the
maximum GOR limit in the production wells, assigning the same
values to all producers and keeping the full WAG cycle time at
365 days. In Step 3, the economic calculations from the simulations
in Step 2 were repeated, incorporating a CO, cost of 100 USD per
ton in the OPEX of the cash flow [18]. Finally, in Step 4, the man-
agement variables were optimized, considering: (1) the WAG cycle
time for each injector well and (2) the GOR limit for each producer
well. The GOR limit serves as a monitoring constraint, ensuring
that producer wells are shut in when the specified threshold is
reached.

Selecting a production strategy is complex due to the numerous
variables involved. Optimizing all parameters simultaneously
would greatly expand the algorithm’s search space and often
prove impractical, especially in computationally intensive simula-
tions. Factors such as the compositional model’s complexity,
sequential shut-in of injection wells for WAG fluid changes, and
dual-permeability/dual-porosity systems further increase simula-
tion runtime. Given these challenges, the life-cycle optimization
(LCO) adopted in this study consists of an assisted method in
which variables are grouped according to their role in field devel-
opment and management [19,20]. Variables defined before the start
of production are treated as development parameters (G1), while
those that dictate operational strategies during production are con-
sidered control parameters (G2). This hierarchical organization
supports a more systematic decision-making process throughout
the project lifecycle.

A simplified LCO approach, adapted from Menezes et al. [21],
was employed in this study. The procedure reduces the number
of optimization steps, selecting variables and bounds based on
their impact reported in previous benchmark analyses [22]. Apply-
ing the same simplifications to both LCO scenarios ensures a con-
sistent basis for comparing differences in economic and production
indicators, as well as key development and management variables.
The platform configuration was kept fixed to focus on proposing
reservoir-topside integration methodologies for a base case,
rather than on the optimization process itself. Nonetheless,
topside elements could be incorporated as optimization variables
in future applications, provided the corresponding energy correla-
tions are generated for each configuration.

The optimizations consider only the impact of energy demand on
fuel consumption, excluding CO, pricing, reflecting the current
Brazilian context, where the carbon market is still developing

011007-6 / Vol. 2, FEBRUARY 2026

and no CO, emission tax is enforced. Nevertheless, a sensitivity
analysis on CO, cost was conducted as a complementary study
to demonstrate that carbon pricing can significantly influence net
present value (NPV) and require adjustments in reservoir manage-
ment strategies. The proposed base case thus provides a foundation
for future research with broader applications, including more
detailed optimization strategies that incorporate CO, emission
costs.

3 Applications

3.1 Description of the Case Study. The UNISIM-II bench-
mark is the second publicly released model by the UNISIM
research group, representing a fractured carbonate reservoir
typical of Brazilian pre-salt fields [23]. In this study, we use the
UNISIM-II-D-CO case, a variant specifically designed for decision
analysis. The suffix “D” refers to its focus on the field development
phase, while “CO” indicates the use of a compositional reservoir
model.

The UNISIM-II-D-CO model consists of a structured grid with
95,220 cells, of which 64,110 are active. It is a dual-permeability
dual-porosity simulation model that has a corner-point grid with
46 x 69 x 30 cells measuring, on average, 100 x 100 x 8 m, allow-
ing for a detailed geological representation of the subsurface reser-
voir. The reservoir is located at a depth ranging from 5000 m to
5500 m below sea level. Initial reservoir pressure is approximately
54,917 kPa, and the temperature is 59 °C. The oil exhibits a viscos-
ity of 1.14 cP, while the associated gas contains 8.24% CO, in the
deterministic scenario. The fluid model is represented by a Peng—
Robinson equation of state with seven pseudo-components.

This case provides a robust framework for evaluating oil recov-
ery strategies through two distinct decision-making methodologies:
a nominal approach and a probabilistic approach. These methodol-
ogies support decision-makers in assessing alternative develop-
ment scenarios and making informed choices based on predicted
outcomes. Additional details regarding the operational constraints
and economic assumptions of the UNISIM-II benchmark are pro-
vided in Appendix A. The case is publicly available and thoroughly
documented.”

3.2 Simulation Procedure. All reservoir simulations in this
work were based on compositional models run in the software
cMG GEM V. 2024.30. The production indicators were compiled
and NPV calculated using MERO 2024.6. NEQSIM version 3.0.12
was used for topside process simulations. This open-source soft-
ware features a comprehensive library for fluid behavior calcula-
tions, phase equilibrium, and process simulation. In this study, it
was utilized to assess the consistency of flow rates between reser-
voir and topside process simulations. Additionally, ECaLc™
version 9.10, an open-source tool, was employed to calculate
energy demand and GHG emissions from oil and gas production

2https://wwwunisim.cepetro.unicamp.br/benchmarks/br/unisim—ii/unisim—ii—d
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and processing. It was used both to generate data for constructing
the proxy model and to validate its results.

For the implementation of WAG injection, two distinct wells at
the same location are defined in the reservoir simulation model, one
dedicated to gas injection and the other to water injection. The
WAG process is modeled by periodically alternating the opening
and closing of these wells, triggered according to the injection
cycle time specified for each injector. Production strategy optimi-
zation employed the iterative discrete Latin hypercube sampling
method, implemented in the in-house software MERO [24]. In this
work, the algorithm was configured to maximize the NPV as the
objective function.

4 Results and Discussion

4.1 Performance of the Proxy for Estimating Energy
Demand Throughout Reservoir Simulation. This section exam-
ines the performance of the proxy to validate it as an alternative
method for energy calculations during reservoir simulation.
Figure 9 validates the proxy used to calculate the reinjected gas
volume based on the estimated energy demand. There is strong
consistency between the results obtained from the correlations
used in the proxy, %enerated throughout the simulation, and the
results from ECaLc™, computed using data after the reservoir
simulation. Small deviations are observed in flow rate ranges
where there is an alternation in the number of compressor trains
or pumps in operation. The largest deviation of the proxy was
—23% in the gas compression system’s energy demand, observed
between Jan. 2042 and Feb. 2042. This corresponds to a —12%

(a) Energy usage in gas compression system

deviation in the total energy demand. Such deviations could be
minimized by refining the correlations. It is possible by generating
functions based on smaller flow rate intervals in the generic case.
These refinements were considered unnecessary in this case as
the deviation in the total accumulated energy demand was only
—0.11%. Thus, the proxy’s performance is deemed satisfactory
for the energy model developed for this benchmark.

The use of the proxy eliminates the need to run ECaLc™ simul-
taneously with the reservoir simulation to calculate energy
demand. The proposed methodology is generic and can be
applied in various reservoir-platform integration studies.
However, it is important to note that the correlations presented
in Sec. 2.3 are valid only for the specific platform design consid-
ered. If a different configuration of compressors and pumps is
employed, or if the platform’s processing capacity differs, new
correlations must be generated following the same methodology
to cover the corresponding operating ranges and characteristics of
the new case. Additionally, special attention is required when
compression trains operate under variable suction and discharge
pressure conditions. In such cases, compressor energy demand
may depend on both flow rate and polytropic head. Therefore,
the correlations must adequately respond to variations in both
variables.

4.2 Consistency of Phase Separation Between Reservoir
and Topside Simulations. The importance of maintaining consis-
tency in phase separation stages between the reservoir and topside
simulation models is illustrated by comparing Figs. 10(a) and
10(b). In both cases, the NEQSim simulations are aligned with the
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Fig. 9 Performance of the proxy used to estimate energy demand, validated through similarity
with results obtained directly from eCac™. Small deviations are likely to occur when the
number of compressor trains or pumps in operation changes.
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process pressures and temperatures. The difference lies in the res-
ervoir simulation, where phase separation processes are often
neglected. In Fig. 10(a), separation stages are not included in the
reservoir model. Instead, the simulator assumes a single separator
under standard conditions (1 bar and 288.7 K), leading to discrep-
ancies in the mass balance between reservoir and topside simula-
tions. This occurs because, under these standard conditions, oil
production is underestimated and gas production is overestimated.
In contrast, when phase separation stages are incorporated into the
reservoir model by replicating the pressure and temperature condi-
tions of the topside process, the results show closer alignment,
ensuring consistency between simulations, as illustrated in
Fig. 10(b). The use of a mirror separator proved effective, with
its impact on the overall mass balance being negligible. Further-
more, it is reasonable to assume that the gas exiting the mirror
separator (6) is directed to the final gas phase because its volume
is minimal compared to the total gas exiting the three-phase
separator.

Ensuring consistency between the topside process and the reser-
voir simulation model has a significant impact on the key field
performance indicators and the NPV. As shown in Fig. 11, incor-
porating phase separation stages into the reservoir model resulted
in a 3.9% increase in cumulative oil production and a 4% reduc-
tion in gas production, leading to a 6.6% deviation in NPV.
These results highlight the importance of maintaining alighment
between models in integrated studies, particularly for optimiz-
ing production strategies and supporting informed decision-
making. In gas reinjection scenarios, this consistency becomes
even more critical, as the volume and composition of reinjected
gas must reflect flow rates calculated under realistic thermo-
dynamic conditions. Otherwise, reservoir fluid behavior may be
misrepresented.

(a) Separation stages not included in reservoir simulation
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4.3 Evaluation of the Impact of Energy Demand and
Carbon Dioxide Emissions on Reservoir Development and
Management. This section provides insights into the impact of
energy demand and CO, emissions on studies supporting decision-
making in reservoir development and management. The analysis
compares the results obtained from nominal life-cycle optimiza-
tions, considering two approaches: (1) full reinjection of the pro-
duced gas and (2) partial reinjection, where a fraction of the gas
is used as fuel on the platform. Finally, the impact of a hypothetical
CO, emission cost on management variables is assessed.

4.3.1 Optimization of Development Variables (G1). The life-
cycle optimizations aim to assess whether similar field indicators
are obtained considering both full and partial recycling approaches,
and whether key development and management variables differ
significantly between them. Figure 12 presents the results of the
development variables (G1) found in the solutions from the first
step of the optimizations. The number of wells converged to ten
producers and ten injectors in both cases, but their locations
differ noticeably, with the injection wells primarily concentrated
in the central region of the reservoir in the case of full recycling.
Table 1 presents the results related to field indicators and NPV.
In terms of full-life performance, the solution for partial recycling
presents a similar NPV with lower energy demand and CO, emis-
sions. As expected, the partial recycle scenario leads to lower gas
production over time, since less gas is reinjected into the reservoir.
A reduced gas volume diminishes microscopic displacement
effects, as oil-gas miscibility promotes phenomena such as oil
swelling and viscosity reduction. The higher water injection
volume can be explained by the reservoir pressure maintenance set-
tings in the model, given the reduced gas reinjection. While
increased water injection may enhance macroscopic oil

(b) Separation stages included in reservoir simulation
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Fig. 10 Mass flow rates after phase separation in the simulators, considering only one separator under stan-
dard conditions in (a) the reservoir model and (b) all separation stages involved in the process. The agreement
between the curves in case (b) highlights the importance of reservoir-topside integration in terms of phase
separation and validates the proposed methodology for this purpose.
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Fig.12 Well positioning for the solutions obtained from the optimization of development variables with (a) full recycling and
(b) partial recycling. The two approaches resulted in significantly different well placements.

Table1 Field and economic indicators obtained for the solutions found in the optimizations of development (G1) and management

variables (G2)

Development variables (G1)

Management variables (G2)

Field indicator Full Partial (%) Full Partial (%)

NPV (10° USD) 3.03 3.02 -0.4 3.06 3.05 -0.23
ORF—oil recovery factor (%) 53.52 52.97 —0.8 54.26 53.29 -1.79
NP—oil production (10° m?) 122.47 121.47 -0.8 124.15 121.93 -1.79
GP—gas production (10° m*) 48.06 46.74 2.7 50.09 47.68 —4.81
WP—water production (10° m?) 59.81 70.04 17.1 65.27 62.49 —4.25
Gl—gas injection (10° m®) 47.80 43.71 -8.6 49.78 44.61 -10.38
WI—water injection (10° m*) 167.37 182.06 8.8 174.34 175.90 +0.90
ED—energy demand (10° m®) 3.19 3.03 -5.1 3.25 2.95 -9.27
TCE—total carbon emission (10° ton) 6.88 6.53 =5.1 7.03 6.37 -9.27

displacement efficiency, it can also intensify fingering, a phenom-
enon characterized by the formation of preferential flow channels,
which leads to an increase in water production.

In the reservoir under consideration, the presence of high-
permeability (super-K) layers further reinforces the interplay
between reservoir connectivity, well placement, and the volumes
of injected fluids. Moreover, the effects of injected water and gas
volumes extend beyond fluid-flow dynamics, as they also influence
the economic aspects of the optimization objective function,
namely NPV. Therefore, it is not possible to establish simple, iso-
lated correlations, since this is a complex system in which multiple

Journal of Energy Resources Technology, Part B:
Subsurface Energy and Carbon Capture

interacting factors govern the optimal arrangement of injection and
production wells.

4.3.2  Sensitivity Analysis on Management Variables (G2).
The sensitivity analyses of management variables presented
below were conducted based on the G1 solutions obtained for the
full and partial gas recycling approaches. Figure 13 shows that
the partial gas recycling strategy resulted in a slightly lower
NPV, primarily due to the reduced oil recovery associated with
injecting a smaller gas volume. Moreover, the impact of WAG
cycle time on water and gas production and injection volumes is

FEBRUARY 2026, Vol. 2 / 011007-9



more pronounced in the partial recycling case, which correlates
with reservoir pressure recovery.

Figure 14 reveals that WAG cycle time has a significant effect on
the average reservoir pressure in the partial recycling scenario,
whereas this effect is negligible in the full recycling case. Water
injection plays a more substantial role in reservoir pressure recov-
ery due to its higher viscosity, which also enhances displacement
efficiency. With less reinjected gas in the partial recycling strategy,
water’s contribution to pressure recovery becomes more signifi-
cant, making WAG cycle time a more critical factor.

Unlike the cycle time, the producer shut-in rule based on the
GOR does not significantly differ between the two approaches,
as shown in Fig. 15. As expected, higher GOR limits in producers
lead to greater gas production in both cases. However, an inflection
point is observed in the oil production and NPV curves, indicating
that partial recycling approach yields better results at lower GOR
limits than full recycling. This happens because producers in the
full recycling scenario reach the GOR limit earlier, leading to pre-
mature shut-in compared to the partial recycling case.

4.3.3  Sensitivity Analysis on Management Variables
Considering Carbon Dioxide Emissions Cost. The optimizations
presented in this study focus solely on the impact of energy
demand on fuel consumption. This approach reflects the current
Brazilian context, where the carbon market is still developing

mFull recycle = Partial recycle

m Full recycle

and no CO, emission tax is enforced. Nonetheless, this
section presents a complementary sensitivity analysis on CO,
costs to illustrate how carbon pricing could substantially affect
NPV and drive necessary adjustments in reservoir management
strategies.

The impact of CO, emissions was assessed in this study by con-
sidering a cost of $100 per ton of CO, emitted, included as OPEX
in the cash flow. As in the previous section, the WAG cycle time
and the maximum GOR limit were kept constant for all producing
and injecting wells. Figure 16 presents the deviations in NPV
results compared to the corresponding case without the CO, emis-
sion cost. In both partial and full recycling scenarios, the CO, cost
significantly affected the results. This underscores the importance
of integrating economic models that accurately reflect the prevail-
ing political, economic, and environmental contexts related to CO,
emissions in simulation studies.

Figure 16(a) shows that the impact of CO, emissions remained
similar across different WAG cycle times. In contrast, it is more
impactful when varying the maximum GOR limit, as shown in
Fig. 16(b). This occurs because a higher GOR results in increased
production of both gas and water, which directly influences the
platform’s energy demand and CO, emissions. These results indi-
cate that the impact of CO, emission costs can be mitigated through
reservoir management, particularly by optimizing variables that
directly influence gas and water production.
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impact of WAG cycle time is more pronounced in the partial recycling case on water and gas production and injection

volumes.
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The optimization of production strategy development variables
(G1) has a significant impact on CO, emissions, as shown in
Table 1, and can contribute to the development of more
energy-efficient strategies with lower emission-related costs. Plat-
form configurations, including the arrangement of compressors and
pumps, are also important factors influencing energy efficiency and
CO, emissions over the field’s lifetime. Therefore, this work pro-
vides a basis for future research, offering preliminary evidence
that supports and encourages more detailed optimization efforts
that incorporate CO, emission costs into decision-making pro-
cesses, particularly in regions where carbon pricing policies are
already implemented or under development.

4.3.4 Optimization of Management Variables (G2). In this
final section, the impact of partial recycling on the optimization
of reservoir management variables is evaluated and compared to
the full recycling approach. It is worth noting that the original
UNISIM-II-D-CO case assumes full recycling of the produced
gas for simplification purposes. Most production optimization
studies in reservoir engineering have been conducted under the
same premise, without allocating a fraction of gas for fuel use or
including an OPEX cost directly associated with energy demand.
Accordingly, both optimizations in this work were performed

Journal of Energy Resources Technology, Part B:
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using the same economic model, as described in Sec. 3.1, in
which platform energy demand costs are not considered. This
approach ensures a fair comparison under the framework tradition-
ally adopted in reservoir optimization studies.

NPV
ORF

TCE
-12 -10 -8 -6 -4 -2 o] 2

Deviation of partial recycle solution compared to full
recyle solution (%)

Fig. 17 Percentage deviation of field indicators and NPV for the
partial recycling case relative to full recycling. Using produced
gas for platform consumption resulted in higher energy effi-
ciency with comparable economic performance.
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Table 1 includes the field data and NPV obtained from the final
solutions, along with the percentage deviations between the two
approaches, also illustrated in Fig. 17. The results indicate that
while oil recovery was lower with partial recycling, the reduction
in gas and water-related costs led to an NPV comparable to that
of full recycling. However, fuel demand and CO, emissions in
the partial recycling scenario are almost 10% lower than in full
recycling. This is primarily due to lower gas and water production.
These findings demonstrate that utilizing produced gas for platform
consumption leads to energy-efficient solutions with comparable
economic performance through effective reservoir development
and management.

The small NPV advantage of full recycling does not necessarily
indicate a more economically favorable scenario. To illustrate this,

#Solution by optimizing development variables (G1)
B Solution by optimizing management variables (G2)

341
) +0.9% +13% -1.2%
- % il BGELN
é 3.0 . % : :
: 29 it % %
Full recycle Partial recycle Crossed

Fig. 18 Net present value from the optimization of development
variables (G1) and management variables (G2) under different
gas recycling scenarios. Management variable optimization is
shown to be relevant even for partial recycling.

the OPEX associated with energy demand was incorporated into
the cash flow of the full recycling solution. This adjustment
assumes a hypothetical scenario in which the platform’s energy
demand is met by purchasing natural gas from an external
source. The cost considered was 15 USD/mmBTU (0.56 USD/m?),
representing the average natural gas price for the industrial sector
over the past ten years [25]. Under this scenario, the NPV of the
full recycling solution decreases to 2.66 billion dollars, a 13.2%
reduction. This result highlights that utilizing a fraction of the pro-
duced gas to meet the platform’s energy demand not only provides
a more realistic operational scenario but is also economically
advantageous. Alternatively, this could be demonstrated by per-
forming an optimization that accounts for the energy demand
cost in the full recycling case. Incorporating this cost into the opti-
mization would likely yield a solution with a smaller volume of gas
allocated for fuel use, but inevitably with a lower NPV than that
obtained for the full recycling scenario without the added OPEX.
Moreover, it is worth noting that the partial recycling case repre-
sents a more realistic scenario of E&P operations on Brazilian plat-
forms. If gas is available on the platform, purchasing external gas
to meet energy demand is unnecessary.

Although the optimization itself is not the main focus of this
study, some trends in the optimized variables can still be observed.
For instance, the discrepancies in produced and injected volumes
between the two cases, initially seen for G1 solutions in Table 1,
are significantly reduced after optimizing the management vari-
ables, reinforcing the importance of optimizing G2. Figure 18, in
turn, shows that the increase in NPV driven by the optimization
of management variables was slightly higher in the partial recy-
cling scenario.

Additionally, a third hybrid approach was evaluated, in which
the development variables (G1) from the full recycling optimiza-
tion were applied under partial recycling. In this case, a new

Table 2 WAG cycle time in injectors and maximum GOR in producers obtained from full and partial gas recycling optimizations

WAG cycle in injectors

Inj-1 Inj-2 Inj-3 Inj-4 Inj-5 Inj-6 Inj-7 Inj-8 Inj-9 Inj-10
Full 184 60 60 60 730 1460 184 366 730 366
Partial 548 184 914 730 730 730 184 548 914 730
Maximum GOR in producers
Pr-1 Pr-2 Pr-3 Pr-4 Pr-5 Pr-6 Pr-7 Pr-8 Pr-9 Pr-10
Full 1800 1500 1800 1800 1200 900 2400 900 900 1200
Partial 1200 1200 600 900 2100 900 2400 1200 1200 600
(a) ® Partial Recycle mFull Recycle (b) ® Partial Recycle mFull Recycle
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Fig. 19 Distribution of WAG cycle times in injectors and maximum GOR in producers after G2 optimization for
full and partial gas recycling scenarios. Partial recycling enables longer WAG cycle times in injectors and lower

GOR values in producing wells.
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optimization was performed for the management variables (G2).
This approach was tested to assess whether optimizing G2 alone
could achieve an NPV similar to the full recycling solution.
However, the results showed a 1.2% decrease in NPV compared
to the G1 solution with full recycling. This indicates that opti-
mizing G1 is also important, as solutions differ under total and
partial recycling conditions.

Table 2 and Figs. 19(a) and 19(b) illustrate the distributions of
WAG cycle times in injectors and GOR limits in producers for
the solutions obtained under full and partial gas recycling scenar-
ios. In the full recycling case, 70% of injectors have a WAG
cycle time of 366 days or less, whereas in the partial recycling
case, 80% have a cycle time of 548 days or more. Longer cycle
times can improve oil sweep efficiency but may also promote pref-
erential channels or “fingering,” leading to early water and gas
breakthrough in producers. The results suggest that partial recy-
cling allows some injectors to operate with longer WAG cycle
times, as gas and water volumes in producers are lower compared
to full recycling. Additionally, Fig. 19(b) indicates a trend of lower
GOR values in the producing wells. This is linked to the fact that
the total volume of produced gas is lower in the partial recycling
case, as shown in Fig. 17, which consequently results in lower
GOR values in producers.

5 Conclusions

Energy sustainability and net-zero goals call for comprehensive
studies that incorporate energy efficiency and environmental
impact into decision-making processes. In this context, this work
proposes a theoretical topside energy model for the
UNISIM-II-D-CO benchmark, a synthetic reservoir representing
Brazilian pre-salt fields. The primary objective is to establish a
benchmark for future studies on the integration of reservoir devel-
opment and management with energy demand, and CO, emissions.
This benchmark is intended to provide researchers with a base case
for conducting integrated reservoir and energy modeling studies.

The study not only demonstrates the potential of the ECALC™
software for comprehensive energy and CO, emissions calcula-
tions but also presents good results for the proxy developed
based on the ECALc™ model and integrated directly into the reser-
voir model. This methodology rules out the need for simultaneous
interaction between different simulators for the given benchmark,
which would be impractical for studies with high computational
demands.

This study also highlights the importance of consistency
between the phase separation stages in the reservoir model and
the topside process. Incorporating these stages into the simulations
helps prevent discrepancies in flow rates and fluid composition for
production and injection, ensuring a more accurate representation
of reservoir dynamics, particularly in scenarios involving gas
reinjection.

The optimization results indicate that the partial recycling sce-
nario leads to a more energy-efficient solution, reducing the
carbon footprint while maintaining economic performance. More-
over, when an OPEX cost related to the platform’s energy con-
sumption is added to the full gas recycling scenario, the results
highlight that utilizing a fraction of the produced gas to meet the
platform’s energy demand provides a more realistic and economi-
cally advantageous operational scenario.

In the analysis of optimization variable trends, significant differ-
ences were observed in well placement, WAG cycle times in injec-
tors, and the maximum GOR limit in producers. Optimizing both
development variables (G1) and management variables (G2) was
essential in minimizing performance differences between the two
approaches.

Regarding the pricing of CO, emissions, although not yet
applied in Brazil, the impact of the additional cost associated
with emissions on the cash flow is significant and can influence
operational decision-making. These results provide valuable
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insights and should encourage future studies as the regulation of
the carbon market progresses.

Finally, this study contributes to the understanding of the trade-
offs involved in the integration of production, energy demand, and
environmental impact in offshore systems. The methodologies pre-
sented can serve as references for future research aimed at optimiz-
ing reservoir development and management, considering energy
and environmental constraints in the transition to a low-carbon
economy.
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Appendix A

This appendix provides a detailed description of the platform
facilities configuration and the corresponding energy models. It
then presents the performance of these models based on volumetric
flowrates obtained from a reservoir simulation using a partial-
recycling production strategy. To run the ECaLc™ model, the
user must provide the following input files:

e Field production data, including gas and water flowrates;

e Tabular data for energy demand in the generator as a function
of power;

e Tabular data for energy demand in pumping systems as a
function of seawater and production water rates;

e Charts corresponding to each stage of the gas compression
system.
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Fig. 20 Compressor charts arranged in series in each compression train

A.1 Modeling Facilities and Energy Models in ECaLc™

A.1.1 Gas Compression System. The gas compression system
for reinjection into the reservoir consists of three parallel trains, as
shown in Fig. 3. Considering the platform’s maximum gas process-
ing capacity of 8 MMm®/d, each compression train was modeled to
handle a maximum flowrate of 2 MMm?®/d. Each train comprises
three stages that compress the gas from 20 bar to 550 bar, assuming
a pressure ratio (discharge/suction) of 3 for each stage. This ratio
was maintained using a compressor control strategy based on the
individual_asv_pressure keyword, which is one of the anti-surge
valve modeling options available in ECaLc™.

The compressor type applied is referred to as a variable speed
compressor train in ECALC ™, as shown in Fig. 3. In this model,
all compressors within the train operate at the same speed. Turbine-
driven compressor trains are also accounted for, meaning each
compressor train model is integrated with a turbine model. In
this setup, the calculated shaft power required by the compressor
train serves as input for the turbine model to calculate fuel
consumption.

Each compression stage defined in ECALc™ references a .csv file
that specifies the corresponding compressor chart, as illustrated in
Fig. 20. These charts were previously constructed using the generic
compressor curve functionality provided by ECaLc™. This func-
tionality allows compressor charts to be automatically generated
by running a case with production data that spans the entire gas
processing capacity range specified for the benchmark. To
achieve this, an algorithm determines a design point that ensures
all input data remains within the capacity range. The generic com-
pressor curves also assume a constant polytropic efficiency, set to
0.75 in this case. It is important to note that the generic compressor
chart represents an “average” curve and may not precisely match
the actual chart of a specific, custom-designed compressor. Never-
theless, it serves as a reliable estimate for the process proposed in
this work and aligns with its objectives.
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The compressor system was designed to enhance the energy
efficiency of the process by adopting an operational setup with
three stages based on the gas flowrate. Train 1 operates alone
when the gas flow remains within its compressor’s operational
capacity, as defined by the compressor charts. When the gas
flow exceeds this capacity, the second train is activated. Finally,
the third train comes online only when the combined capacity of
the first two trains is surpassed. This approach ensures more effi-
cient compressor operation while providing greater flexibility to
the process.

Lastly, ECaLc™ offers two options for specifying the fluid in gas
compressors. The user can either define the fluid by indicating the
composition and molar fraction of each component or select one of
the five predefined fluid models available in the software, which
differ in molecular weight. In both cases, the user can also
specify the equation of state to be applied. For this study, the
Peng—Robinson equation of state and the ultra-rich fluid model
were selected.

A.1.2 Water Pumping System. Pump calculations are less
complex than compressor calculations because liquids are treated
as incompressible. The pumped fluid is characterized by its
density, eliminating the need for detailed fluid property calcula-
tions. ECaLc allows the input of a pump chart to correlate liquid
flow, head, and efficiency, while also defining the pump’s opera-
tional limits. In this study, tabular data were used to correlate
water flowrate with power demand. This hypothetical pump
system specifies a minimum flow of 6000 m*/day, below which
the valve is choked, leading to liquid recirculation. For the seawater
pumping system, the second pump is activated when flowrates
exceed 19,100 m*/day.

According to the process illustrated in Fig. 2, produced water
and seawater are injected into the reservoir using the WAG
method. At the beginning of production, there is not enough

Gas Prod +-++- Gas inj

8

7

6 &
w

5 8
[0}

4 2

3 c(.n
3

2 3

1

0

2034 2036 2039 2042 2045 2047

Flowrate curves over the production period for a strategy using the proxy in the reser-
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Fig.22 Molar weight of the predefined fluid types in eCaLc™ for
energy calculation in compressors, and the one for the fluid cal-
culated based on production data using the NeaSim process
simulator

produced water to meet the injection demand. In this case, only sea-
water is injected, pumped through a system with two parallel
pumps. According to this proposed model, the amount of produced
water over time becomes significant and sufficient to supplement
the injection demand into the reservoir. To account for this,
when the produced water rate exceeds 1500 m*/d, the total injec-
tion water rate follows Eq. (1)

Injection water rate (m®/d) = Seawater rate

+ Production water rate (Al)
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A.1.3 Generator Set. Gas turbine generators are not modeled
in ECaLc™. Tnstead, the typically linear relationship between
fuel consumption and power generation is represented in a
tabular format. When the second generator is required to meet
the power demand, a “generator switching” occurs, represented
by overlaying an additional generator curve onto the existing
one. A factor of 2.16 was considered for the CO, emissions and
fuel consumption ratio, both for the generator and for the turbines
in the compression system.

A.2. Performance of Facilities and Energy Models in
ECaLc™. The following results point out the performance of a
partial-recycling production strategy, using the optimized G1 var-
iables detailed in Sec. 4.3.1. While this strategy does not represent
the final optimization solution, it provides valuable insights into the
correlation between the energy demand of compression and
pumping systems and the gas and water flowrates, as the same
WAG cycle time of 1 year is applied in all injectors.

Figure 21 presents the production and injection flowrate curves,
illustrating that gas injection drops below gas production after Sept.
2021. At this point, all wells are completed, and the proxy for esti-
mating energy demand is applied, ensuring that the difference
between gas production and injection corresponds to the amount
of gas required as fuel on the platform. This strategy involves
two groups of injectors, each with the same number of wells alter-
nating between water and gas injection. However, the WAG effect
is evident in the curves, as one group contributes to gas and water
injection volumes more than the other.

A.2.1 Fluid Model in Compression System. The type of fluid
used in the compressors modeled in ECALc™ must be consistent
with the gas coming from the main separator, which is directed
to the compression trains. This is because the molar weight of
the fluid, along with other thermodynamic properties, influences
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Fig. 23 Distribution of operational points throughout the simulation period for each compressor available in the compres-

sion trains
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the calculation of energy demand in the compressors. As previ-
ously mentioned, ECaLc™ provides two options for specifying
the fluid type. In the user-specified option, the user defines the
fluid composition fractions, making it the most accurate alternative.
However, for simplification, this study opted for the predefined
fluid alternative in ECaLc™. Figure 22 compares the molar
weight of the gas calculated by NEQSIM over the production
period with the predefined fluid types Rich and Ultra_Rich. The
results indicate that Ultra_Rich is the predefined fluid type that
most closely matches the calculated molar weight.

A.2.2 Compressor Charts. Figure 23 displays the compressor
charts for the three compression stages. The output pressures are
approximately 60, 178, and 550 bar, respectively. All calculated
operating points fall within the chart limits, which is expected
since they were designed based on the platform’s operational con-
straints. It is worth mentioning that ECaLc™ provides users with
access to detailed simulation data through the json output file,
making it easier to identify potential outliers where operational
limits are not met. The file also includes comprehensive informa-
tion, such as fluid properties, data for each compression stage,
flowrates before and after recirculation, choke points, among
other key details.

A.2.3 Gas Compression System. The compression system
consists of three parallel trains, each one with three compression
stages. In Fig. 24(a), it is possible to identify the production
periods in which two or even all three trains need to operate simul-
taneously. On the other hand, Fig. 24(b) illustrates fuel consump-
tion in relation to the gas injection rate and the number of trains
in operation. The data for flowrates below 1.45 x 10° m*/d lie on
a straight line, indicating gas recirculation to meet the compressor’s
minimum operational limit.

011007-16 / Vol. 2, FEBRUARY 2026

A.2.4 Water Pumping System and Generator Set. The turbo-
generator supplies power to the water pumping system and other
energy demands on the platform, represented by a constant
12 MW. Figure 25(a) illustrates the contributions of the produced
water injection pump and the seawater injection pump system,
while Fig. 25(b) shows the generator’s energy demand based on
the total required power.

A.2.5 Total Fuel Usage. Figure 26 illustrates the energy
demand of the gas compression system, the generator turbine,
and the total energy demand on the platform. When analyzed
alongside Fig. 21, it highlights the strong correlation between the
compression system’s energy demand and the gas injection flow-
rate, as well as the impact of water production and injection flow-
rates on the generator’s energy demand. The compression system
accounts for the largest share of energy consumption until approx-
imately 2040, when gas production—and consequently gas
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Fig. 26 Energy demands for the gas compression system and
electricity generator throughout the production period
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Table 3 Well and platform operational constraints of the UNISIM-1I-D-CO benchmark [26]

Well: producers Well: injectors

Type

Platform: production group Platform: injection group

Oil rate (m*/day) — — 23,850° —
Water rate (m>/day) — 5000* 7950° 19,080*
Liquid rate (m*/day) 30007 — 23,850" —
Gas rate (m3/day) — 2,000,000* 8,000,000* —
BHP (kPa) 28,930° 46,091* (water) — —
47,072% (gas)
*Maximum.
"Minimum.

Table 4 Economic attributes for NPV calculation [26]

Type Attribute Value
Market variables Price of oil (USD/m?) 257.9
Annual discount rate (%) 9
OPEX Cost of oil production (USD/m%) 48.57
Cost of gas production (USD/m?) 0.013
Cost of gas injection (recycling) (USD/m?) 0.014
Cost of water production (USD/m?>) 4.86
Cost of water injection (USD/m®) 4.86
Percentage of investment in drilling and completion (%) 8.2
CAPEX Vertical well drilling (10° USD) 23.40
Vertical well completing (10° USD) 26.94
Vertical well connection (10° USD) 13.30
Vertical well recompletion (10° USD) 10.97
Well conversion (10° USD) 11.02
Taxes Royalties (%) 10
Social taxes (%) 9.25
Corporate taxes (%) 34

reinjection—declines significantly due to the shutdown of one of
the production wells. In the last 4 years, the generator has
become the primary energy consumer on the platform.

Appendix: B

B.1 Description of UNISIM-II-D-CO. The UNISIM-II-
D-CO model integrates 1.5 years of production history and
includes geological, economic, and operational data to offer a
holistic view of the field. The geological characterization features
four distinct facies, each corresponding to different depositional
environments: high-energy, medium-energy, low-energy units,
and the Super-k zone. According to Correia et al. [23], in this
benchmark model, Super-k facies are randomly distributed, with
connectivity influenced by the surrounding matrix and natural frac-
tures, resembling the characteristics observed in the Ghawar Field.
Although all facies contribute to fluid flow, the Super-k zone—rep-
resenting 5% of the total reservoir volume—plays a dominant role
in fluid movement.

The production plan outlined in UNISIM-II-D-CO spans a
30-year period, with the initial 516 days reflecting the history-
matching phase. During this phase, only a single producer well
(wildcat) remains active. Once the drilling campaign begins, addi-
tional production and injection wells are brought online in intervals
of 30 days, starting at day 1247 of the simulation. Table 3 details
the operating constraints applied to wells and production systems.

From an economic standpoint, this study employs a determinis-
tic approach, using NPV as the primary objective function. A sim-
plified net cash flow was determined using Eq. (B1), accounting for
the fiscal framework established by the Brazilian concession
regime. Table 4 provides an overview of the economic parameters
used to calculate NPV, following Eq. (1). More details about geo-
logical, economic, and operational data are described by Correia
et al. [23].

Journal of Energy Resources Technology, Part B:
Subsurface Energy and Carbon Capture

NCF = [(Rev — Roy — ST — OPEX)*(1 — T)] - CAPEX — AC
(B1)
where

Rev is the gross revenue

Roy is the amount paid in royalties

ST is the amount paid in social taxes

OPEX are the operational expenditures

T is the corporate tax rate

CAPEX are investments on equipment and facilities
AC is the abandonment cost.
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