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Abstract

The effective utilization of natural gas from offshore fields presents both lo-
gistical and economic challenges, particularly in high associated gas produc-
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tion regions such as the Brazilian Santos Basin in the Pre-Salt Cluster. Con-
ventional approaches, including methane-rich gas reinjection, often lead to
economic inefficiencies and underutilized resources. This study evaluates an
integrated solution that combines Small-Scale Mobile Floating Liquefied Nat-
ural Gas (ssm-FLNG) technology with a CO, Water-Alternating-Gas en-
hanced oil recovery strategy, aiming to optimize gas monetization while sim-
ultaneously supporting oil recovery and long-term CO, storage. Results indi-
cate that ssm-FLNG can achieve competitive liquefaction costs, making it a
feasible alternative to flaring or reinjection. Additionally, the CO, Water-Al-
ternating-Gas enhanced oil recovery approach enhances oil recovery by a rev-
enue of 5.2 billion USD, generating additional revenue streams while reducing
the carbon footprint. The combined system improves overall project econom-
ics, with a projected net present value of 12 billion USD and an internal rate
of return surpassing industry benchmarks. By analyzing the feasibility of this
approach in the Santos Basin, this study highlights the potential for ssm-
FLNG, in conjunction with CO, Water-Alternating-Gas enhanced oil recov-
ery and CO, storage, to enhance sustainability, reduce gas wastage, and im-
prove the economic viability of pre-salt field development.
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1. Introduction

The Santos Basin Pre-salt Cluster (SBPC) is in ultra-deep waters in Brazil [1]. Ac-
cording to the analysis carried out by [2], SBPC has the potential to produce more
than 19.7 billion barrels of oil and 21.2 trillion standard cubic feet (scf) of natural
gas and can generate up to 1.97 trillion dollars of income, assuming an oil price of
75.98 USD/bbl and a gas price of 4.0 USD/MM BTU. Having such a significant
natural resource at its disposal would bring several economic and social benefits
to Brazilian society. It would provide an affordable energy source for the foresee-
able future, as well as income in terms of taxes and royalties, and would lead to
job creation. Based on the recent analysis [2]-[4], the exploitation of the SBPC could
generate up to 450 USD billion in taxes, 197 USD billion in royalties, and 20 USD
billion in local Research & Development (R&D), as well as create more than one
million jobs [3]. The latter is currently addressing a critical need in Brazil.

Exploiting this natural resource could achieve social and economic prosperity,
but it requires overcoming significant exploration and environmental issues. The
former arises from operating at challenging water depths far from the coast and
dealing with high-pressure and high-temperature reservoirs spread over large ar-
eas immediately below a thick salt layer. The latter arises from dealing with large
amounts of associated gas with a high CO, content.

In the Santos Basin Pre-Salt Cluster (SBPC), a significant portion of natural gas
(NG) production is currently utilized for energy generation on the production
platform and reinjected into the reservoir along with CO, to maintain pressure
and enhance oil recovery. While this reinjection strategy maximizes reservoir uti-
lization, redirecting NG towards commercialization presents an opportunity to
improve the economic viability of the basin. By monetizing NG through a small-
scale Floating Liquefied Natural Gas (FLNG) approach, local financial benefits
can be realized through increased revenues, job creation, and infrastructure de-
velopment. Additionally, this strategy offers an affordable and scalable solution
for a developing country like Brazil, enabling better resource utilization while re-
ducing reliance on more capital-intensive gas infrastructure. To ensure a compre-
hensive assessment, this study quantitatively compares the economic and opera-
tional trade-offs between NG reinjection for enhanced oil recovery (EOR) and NG
commercialization via FLNG, presenting clear data in tables to highlight the local
benefits and overall financial impact of each approach.

Considering that NG is a fossil fuel that emits the least CO, per kilogram of fuel,

owing to the high hydrogen-carbon ratio of its main component, methane [5] [6],
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it is considered a cleaner fuel if compared to other fossil fuels [7]-[9]. Ensuring
energy supply within the energy transition period until the share of renewable
energy sources completely meets the growing global demand for energy, with NG
seen as a transition fuel [10], and will help to reduce greenhouse gas emissions
and improve worldwide sustainability [11]. The use of NG has been growing since
the 21st century due to its clean-burning properties. It is predicted to be the sec-
ond largest fuel in the global energy matrix, right after oil, according to the Inter-
national Energy Agency’s forecast (IEA) [12] [13].

The global concern with reducing greenhouse gas (GHG) emissions makes NG

more relevant than ever. Where strict environmental regulations, concerns about
energy security, and increased competition have made countries and companies
increase their use of NG, causing an increase in supply [14]. This exploration is
moving towards remote offshore ultra-deepwater areas, with shore distances from
the coast over 250 km involving high NG transportation costs [15] [16].
The problematic production environment of SPBC, including the need to manage
associated gases, both CH, and CO, streams, the lack of gas pipelines, and poten-
tial environmental hazards, has already been discussed in literature by several au-
thors [15] [17]-[25]. The consensus is that the main technological barrier to be
overcome is how to optimally extract oil with associated gas at a high gas-oil-ratio
(GOR) and how to deal with the high CO, content of the produced gas. In addition
to the lack of sufficient infrastructure to move natural gas to onshore consump-
tion centers, the high CO, content within the gas stream makes it difficult to
achieve the necessary financial thresholds to justify the monetization of associated
gas. Consequently, the current view is that most of the associated gas produced
will be reinjected and may not be appropriately monetized. If this is the case, Bra-
zilian society will not capture the benefits of having access to this readily available
energy source, which otherwise could play a significant role in the country’s forth-
coming energy transition strategy. In this work, we explore alternative approaches
to avoid re-injecting the whole gas stream using gas-integrated technologies that
can offer viable alternatives.

Several works have already looked at viable alternatives. [26] evaluated CO,
separation alternatives by considering early enhanced oil recovery (EOR) as the
CO, destination. [27] provided a laboratory displacement study of several Water-
alternating gas (WAG) methods for improving oil recovery by considering two
options: associated gas/water and CO,/water injections. Based on this work, it is
possible to assume that CO,-WAG anticipates oil production, even though it
might reduce the total oil recovery when it achieves recoverable levels above 80%,
which is not the case in this field on an operational scale. [28] and [29] indicate
that CO; injection is an efficient EOR method. It improves the oil recovery factor
by providing temperature and pressure so that all the CO, is dissolved in oil. [30]
and [31] performed an economic evaluation of CO,-EOR combined with CO,
storage, showing that deploying this technology results in better cash flows from
oil production. Bachu (2000) [32] stated that CO, disposal in sedimentary basins
is the best option currently available for the long-term sequestration of CO.,.
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Even within the global energy transition scenario, oil and natural gas are still
expected to supply more than half of the world’s energy supply for the next 30
years. To serve the value chain of these energy sources, they will need to be trans-
ported safely and with the best respect for the environment. This is crucial to
maintaining each country’s economic success and providing a sustainable domes-
tic energy supply for the future [33].

Therefore, the main objectives of this work are to analyze the key technical and
economiic factors influencing the viability and competitiveness of ssm-FLNG in-
tegrated with CO,-WAG and CO; storage. Additionally, this study aims to pro-
pose strategies for optimizing the management of CH, and CO, streams in the
SBPC field, reducing environmental impact while maximizing resource utiliza-
tion. The findings may provide valuable insights for policymakers and investors
in implementing gas-integrated technologies efficiently in Brazil and other re-
gions.

The lack of current infrastructure in SBPC raises serious issues about how to
transport natural gas most efficiently to the coastal sites. Liquifying natural gas
also offers a plausible alternative to pipelines. Alkhatib (2009) [34] conducted a
historical overview of the development of the liquefied natural gas (LNG) indus-
try, indicating that it represents the only economical alternative to natural gas
transport by pipelines. It also provides greater flexibility in contrast to pipelines.

LNG provides a safer and more economical alternative for transportation and
increases its storage capacity. The liquefaction process involves cooling the NG
through various cryogenic methods and depressurizing it to atmospheric condi-
tions for easier and safer storage. LNG transported in cryogenic vessels offers sev-
eral advantages compared to natural gas transport through pipelines, especially
when gas-consuming areas are far from gas-producing areas, as occurs in the high
seas offshore production scenario [9]. To reduce the costs of transporting NG over
long distances, the use of LNG has become a good opportunity, with transport
requiring less investment compared to the gas pipeline option [9], making it a
viable fuel for long-distance tankers with a cleaner life cycle compared to tradi-
tional fuels [35]. LNG production has experienced significant growth in recent
years across the world, which has been reinforced by current geopolitical crises
between Russia and Europe [36], with liquefaction technology accounting for
around half of all costs related to the use of LNG for transportation [8] [37]. Since
LNG is a clean energy source, it creates an opportunity to diversify energy supplies
for many countries, become recognized in all energy markets [38], and be catego-
rized as a global commodity [12].

Markou (2016) [39] performed a detailed and more recent review of LNG-re-
lated technologies, as well as an in-depth analysis of the status of the market by
2015, indicating that one of the significant trends in LNG technology is to extend
it to offshore application by employing floating LNG technology (FLNG), and
with that, the new technical challenges that need to be investigated and studied to

overcome the new restrictions raised by offshore operability, as projects must be
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implemented in areas with safe environmental conditions where effects such as
the movement of floating structures combined with design and operating param-
eters that will affect the behavior of LNG inside partially filled tanks, among other
technical concerns, must be considered [29] [40] [41].

Wang & Liu (2014) [42] proposed a development plan for using FLNG in China
and concluded that FLNG technology would be practical and feasible for develop-
ing difficult-to-produce offshore reservoirs. Bukowski ef al (2011) [43] discussed
the challenges related to liquefaction on a floating platform, including the motion
of the production vessel (significant in less favorable ocean conditions), weight
and space limitations, and corrosion and flammability issues. They indicate that
some issues can be addressed using new purpose-built heat exchangers and com-
pressors offering exceptional mechanical strength and performance. Rattanavich
& Thompson (2012) [44] stated that small-scale FLNG (ssm-FLNG) projects usu-
ally face diseconomies of scale in comparison to larger plants. Nevertheless, the
advantages of constructing SS-FLNG plants are faster construction time, simpler
liquefaction processes, lower maintenance, and lower initial capital costs. Those
are essential positive aspects of ss-FLNG regardless of any other additional ad-
vantage associated with marketing strategies for produced gas. Tan & Barton (2015)
[45] investigated the deployment of onshore mobile (and modular) SS-LNG plants
(SSM-LNG) as an attractive alternative to offshore gas monetization. The author
proposes a multi-period optimization framework that determines the optimal dy-
namic allocation and operating decisions, considering time-varying supply, price,
and demand. The work indicates that utilizing mobile plants offered a profitable
and flexible method to monetize associated gas in the Bakken shale play in the
Mississippi region.

The commercial exploration of remote, small, and less accessible gas fields, or
even the use of basins composed of several fields with different periods of explo-
ration over the years, will require the development of new technologies suitable
for such activity. LNG technologies are a possible solution for the exploitation of
such fields. However, economies of scale are not favorable to financial analysis;
restrictions on offshore installation and adverse environmental conditions require
compact solutions to be efficient. Even though several liquefaction technologies
have become available for small and medium-sized LNG facilities during the last
decade, comparing these technologies from an economic point of view is limited
to process efficiency and some qualitative parameters [46]. Along with the in-
crease in the spot LNG market and the development of offshore technologies,
companies and designers focus on the small-scale LNG market, providing the de-
velopment of new and modern LNG structures for this scale of production [14].

Although a few techniques have been studied to address the noted production
and environmental issues, the previous works have neither systematically ana-
lyzed the techno-economic performance nor examined the benefits of combining
different technologies. Therefore, in this study, we perform a techno-economic

evaluation of a particular gas-integrated technology comprising small-scale mo-
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bile FLNG plants (ssm-FLNG) operating with CO,-WAG-EOR and CO,-storage.

2. Methodology

To ensure a structured, transparent, and replicable approach, this study develops
a comprehensive techno-economic model for evaluating the deployment of small-
scale mobile Floating Liquefied Natural Gas (ssm-FLNG) combined with CO,-
Water-Alternating-Gas (CO,-WAG) enhanced oil recovery and permanent CO,
storage. The methodology follows a systematic step-by-step framework, making
it adaptable for future research on similar offshore gas fields. By integrating gas
monetization strategies into existing economic models, the study enhances prior
analyses by offering a more holistic evaluation of offshore gas development. How-
ever, it is important to acknowledge the limitations associated with the assump-

tions and constraints within the model, as discussed in detail below.

2.1. Study Scope and Selection Criteria

This study focuses on the Buzios field, one of the largest fields in the Santos Basin
Pre-Salt Cluster (SBPC). The field was selected based on its high gas-oil ratio
(GOR) and elevated CO, content [47]-[52], making it a representative case for
broader application within the SBPC. The estimated potential volume of natural
gas to be produced in the Buzios field is approximately 5.4 billion m?/year, equiv-
alent to 15.04% of Brazil’s total NG consumption [51]. This selection criterion
ensures that the methodology can serve as a reference for other similar pre-salt
reservoirs. While the case study approach provides valuable insights, one key lim-
itation is that the findings may not be fully generalizable to fields with significantly
different geological and economic conditions.

2.2. Development of the Techno-Economic Model

The foundation of this study’s methodology is the development of a techno-eco-
nomic model based on the work of Gaffney, Cline & Associates (GCA) [2], which
performed a review and economic evaluation of ten selected prospects in SBPC.
The Brazilian National Agency for Petroleum, Natural Gas, and Biofuels (ANP)
originally commissioned GCA to assess hydrocarbon resources, with a primary
focus on oil volumes. Our study expands upon this benchmark by integrating gas
monetization strategies into the model, making it more relevant in the context of
energy transition and carbon management.

One of the strengths of this approach is its ability to incorporate updated data
and real-world constraints, improving the accuracy of economic projections.
However, a limitation is the reliance on assumptions regarding future market con-

ditions and policy frameworks, which may evolve in unpredictable ways.

2.3. Data Collection and Model Calibration

To refine the production profiles, we incorporated updated GOR and CO, content
data from Petrobras reports submitted to IBAMA. This step ensured that the anal-

DOI: 10.4236/epe.2025.178011

196 Energy and Power Engineering


https://doi.org/10.4236/epe.2025.178011

C. M. Borges et al.

ysis reflects the latest field conditions and production constraints. Additionally,
based on [27], we simulated the impact of liquefying the CH,-rich stream via ssm-
FLNG after gas separation, while the CO,-rich stream was reinjected using the
CO,-WAG method for enhanced oil recovery and permanent CO, storage. The
model was calibrated against historical production data to improve accuracy.

A key strength of this methodology is its reliance on empirical calibration,
which enhances model reliability. However, the availability of high-quality field
data remains a potential limitation, as missing or outdated information could af-
fect model precision.

Populated model Simulation based on

Develop model with updated updated Perform analysis

to represent GOR and CO, assumptions and on different

GCA numbers content . propqsed scenarios
liquefaction and
EOR methods

Source: Prepared by author (2025).

Figure 1. Schematic representation of research methodology.

Figure 1 has a simplified representation of the described methodology, which
starts by developing a techno-economic model to represent GCA numbers, pass-
ing through populating the model, performing a simulation, and finally perform-

ing the required analysis.
2.4. Scenario Analysis

Table 1. A summary of key data input that is relevant to explain our methodology and

analysis.
Base  Expected High Low
GOR (m*/m?) 19738  353.58  426.47 197.38
CO2 (%) - 32.77%  48.50% 24.30%
Oil Prices (USD/bbl) 75.98 50.00 75.00 25.00
NG Prices (USD/MM BTU) 4.00 5.50 8.25 2.75
Unit Capex LNG (USD/MTPA) - 1000 800 1200
Unit Capex SSLNG (USD/MTPA) - 1070 856 1284
A Opex LNG and SSM-FLNG as a function of
A Capex - 5.00% 4.00%  6.00%

Sources: [2] [51] [55], and author’s estimation.

To assess the economic feasibility of the proposed solution, four distinct scenarios
were modeled:

Base Case Scenario (Benchmark): GCA’s original evaluation, considering con-
ventional WAG reinjection of associated gases.

Expected Case Scenario: Incorporates updated assumptions with the most
probable outcomes.
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Production
manifold

High Case Scenario: Assumes improved economic results, driven by favorable
market conditions.

Low Case Scenario: Represents a conservative estimate with unfavorable eco-
nomic conditions.

The key assumptions driving these scenarios—including oil prices, NG prices,
unit capital expenditure (Capex), and operational expenditure (Opex)—are sum-
marized in Table 1. The structured scenario framework allows for straightforward
replication in future studies on similar offshore reservoirs. While this approach
provides a robust comparative framework, a key limitation is the inherent uncer-

tainty in forecasting long-term economic and policy trends.

2.5. Simulation of Gas Management Strategies

A comparative analysis between the conventional gas management approach and
the proposed gas management strategy was conducted. Figure 2 and Figure 3 il-

lustrate these approaches:

FPSO energy
requirements

CH,-rich
stream
Offshore

pipelines and
ssm-FLNG

Gas
Treatment

8
(CEH] Rich-CO,

EOR
lift with rich- st

(CO, WAG) [REET
CO, stream 2 storage

CO,-rich
stream

Source: Prepared by author (2025).

Figure 2. Proposed gas management (Buizios Pre-salt field).

Conventional Approach: The CH,-rich stream is primarily used as fuel for the
FPSO, with any surplus either reinjected with CO, (WAG) or flared if reinjection
capacity is exceeded.

Proposed Approach: Deploys ssm-FLNG to commercialize the CH,-rich
stream, reducing flaring and venting while optimizing CO,-WAG for enhanced
oil recovery and permanent CO, storage.

A key advantage of this comparative analysis is that it highlights the potential
environmental and economic benefits of the proposed approach. However, one
limitation is that external factors such as regulatory changes, infrastructure con-
straints, and market dynamics could influence the actual feasibility of large-scale

implementation.
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700
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Base (GCA) ——Expected - High et Low

Source: Author’s model (2025).

Figure 3. Gas-oil-ratio (GOR), Buizios Pre-salt field.

2.6. Economic and Environmental Assessment

The impact of each scenario was evaluated based on key performance indicators,
including:

a. Oil and gas production profiles;

b. Capital and operational expenditures (Capex/Opex);

c. Revenue projections;

d. Net present value (NPV) calculations.

The methodology applies a sensitivity analysis to account for fluctuations in oil
and gas prices, plant utilization rates, and cost variations, ensuring that the find-
ings are robust and generalizable to other offshore fields. While the inclusion of
sensitivity analysis strengthens the model’s applicability, the limitation remains
that it cannot fully account for disruptive technological changes or policy shifts

that could impact long-term project viability.

2.7. Replicability and Future Applications

To facilitate replication of this methodology in other studies, we provide a clear
breakdown of assumptions, data sources, and modeling parameters. The struc-
tured approach—including stepwise model development, data calibration, sce-
nario analysis, and sensitivity testing—ensures adaptability to different offshore
environments with varying reservoir conditions.

Researchers can apply this framework to assess gas monetization strategies in
other developing countries facing similar challenges in balancing economic via-
bility with sustainable resource management. However, one key limitation is that
this methodology does not explicitly account for geopolitical risks, financing con-
straints, or operational challenges unique to each region, which may affect its

practical implementation.

3. Technical Aspects

This section provides a detailed examination of the technical considerations un-
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derlying this study, focusing on the gas-oil ratio (GOR), CO, content in the gas
stream, and the integration of gas monetization technologies, including ssm-
FLNG and EOR (CO,-WAG).

3.1. Gas-0il Ratio (GOR)

The gas-oil ratio (GOR) is a fundamental parameter influencing hydrocarbon
field profitability and the feasibility of gas monetization strategies. It represents
the volume of gas released per unit of oil produced under standard conditions. In
this study, GOR values were estimated based on data from Gaffney et al. (2010)
[2] and Petrobras reports [47]-[52], ranging between 184.34 and 426.47 m*/m’.
This variability affects not only the volume of methane (CH,4) available for com-
mercialization but also the technical and economic feasibility of gas utilization

solutions.

3.2. CO; Content in the Gas Stream

The concentration of CO, in the associated gas stream is a key factor in determin-
ing the commercial value of methane and the operational requirements for gas
processing and transportation. High CO, levels can lead to increased processing
costs, pipeline corrosion risks, and lower hydrocarbon revenues. However, when
effectively managed, CO, can be reinjected into reservoirs as part of an Enhanced
Oil Recovery (EOR) strategy, improving oil recovery rates while simultaneously
serving as a means of permanent CO, storage. Based on Petrobras’ production
forecasts [51], the CO, content in the gas stream at the Buizios field varies between
24.30% and 48.50%, reinforcing the need for integrated CO, management strate-
gies.

3.3. Gas Monetization and Enhanced 0il Recovery Technologies

To maximize the economic potential of the Buzios field while addressing CO,
emissions, this study evaluates three complementary technologies:

Liquefied Natural Gas (LNG): A conventional approach for transporting nat-
ural gas in liquid form via cryogenic cooling.

Small-Scale Mobile Floating Liquefied Natural Gas (ssm-FLNG): A flexible
offshore liquefaction solution tailored for fields with variable gas output.

Enhanced Oil Recovery with CO, Storage (CO.-WAG): A method to boost
oil production while providing a long-term CO, sequestration solution.

Each of these technologies plays a distinct role in optimizing CH, and CO, man-

agement, as described below.

3.3.1. Liquefied Natural Gas (LNG)

LNG involves cooling natural gas to cryogenic temperatures (-162°C) to convert
it into a liquid state for transportation and storage. This well-established technol-
ogy enables large-scale gas exports and has evolved into a cost-effective solution
for global gas markets [19]. In the context of the Buzios field, LNG provides a

stable monetization pathway, particularly for CH,-rich streams that exceed local
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demand or pipeline transport capacity.

3.3.2. Small-Scale Mobile Floating Liquefied Natural Gas (ssm-FLNG)

Unlike conventional large-scale LNG plants, Small-Scale Mobile Floating Lique-
fied Natural Gas (ssm-FLNG) offers a more adaptable solution for offshore gas
monetization. This technology integrates gas processing and liquefaction on a

floating unit, allowing it to be deployed near production facilities and relocated as

needed.
400
300
re}
0
= 200
S
E 100
0
1 4 7 10 13 16 19 22 25 28 31 34 37 40
Year
Base (GCA, WAG) ——s-FLNG, WAG-CO2 (Expected)
------ s-FLNG, WAG-CO2 (High) <eee- s-FLNG, WAG-CO2 (Low)

Source: Author’s model (2025).

Figure 4. Oil production based on different GOR assumptions and EOR
methods, Buzios Pre-salt field.

In this study, a dynamic allocation model (Figure 4) illustrates how SSM-FLNG
can optimize CH, utilization in the Buzios field:

Phase A: Initial deployment of ssm-FLNG units near FPSOs with high CH,
availability.

Phase B: Relocation of units to FPSOs with increasing CH, output.

Phase C: Further redeployment within the Santos Basin Pre-Salt Cluster (SBPC)
as localized CH, reserves decline.

The key advantage of ssm-FLNG is its ability to adjust production capacity
based on gas availability, reducing the financial risks associated with large-scale
infrastructure investments [45]. Additionally, it minimizes flaring and venting by
commercializing CH, that would otherwise be wasted. However, technical chal-
lenges such as start-up/shutdown stability, gas composition variability, and of-
floading safety under offshore conditions must be carefully managed [34]. In this
study, ssm-FLNG utilization rates were modeled between 33.33% and 87.00%, re-

flecting different operational scenarios.

3.3.3. Enhanced Oil Recovery with CO: Storage (COz2-WAG)
CO; injection is widely used in Enhanced Oil Recovery (EOR) to improve oil dis-
placement efficiency and increase overall recovery factor [28] [53]. The Water Al-

ternating Gas (WAG) method enhances this process by periodically injecting CO,

DOI: 10.4236/epe.2025.178011

201 Energy and Power Engineering


https://doi.org/10.4236/epe.2025.178011

C. M. Borges et al.

and water in alternating cycles, maximizing oil production while simultaneously
facilitating long-term CO, sequestration [54].

This study integrates CO,-WAG into the techno-economic model to evaluate
its impact on oil production, gas management, and project economics. Key con-
siderations include: a) Oil Recovery Optimization: CO,-WAG enhances oil dis-
placement efficiency, increasing the recovery factor beyond conventional meth-
ods; b) CO, Storage Potential: The method provides a dual benefit by securely
storing CO, underground, mitigating emissions from hydro-carbon production;
¢) Economic Sensitivity: Multiple production scenarios (expected, high, and low
cases) assess the viability of CO,-WAG adoption under different market condi-
tions; d) By incorporating CO,-WAG into the overall field development strategy,
this approach aligns with global sustainability goals while improving project eco-

nomics.

4. Economic Aspects

This section introduces key economic factors affecting gas-integrated technology

deployment, focusing on price volatility and commercial feasibility.

0il and Gas Prices

Price volatility represents a significant challenge for investment decisions. Histor-
ical oil prices (Figure 5) have ranged from USD 10.00 to USD 123.00 per barrel in
real terms. Based on these fluctuations, this study assumes a base oil price of USD
50.00 per barrel, with a sensitivity range of —50% (USD 25.00) and +50% (USD

75.00) to reflect market uncertainties.

5. Commercial Aspects

Market access remains a qualitative value driver excluded from the techno-eco-
nomic model but crucial for assessing business feasibility. The Brazilian oil and
gas market includes 88 exploration and production companies, with Petrobras
controlling 95% of gas production. This market concentration creates barriers for
independent producers, making gas monetization heavily dependent on Petrobras’
infrastructure investments.

Floating regasification vessels offer a potential solution, providing flexibility for
new operations in areas with limited infrastructure. These units can accelerate
market entry and reduce investment costs, making natural gas from pre-salt re-

serves more accessible to end consumers, particularly in southeastern Brazil.

Data for Modeling

For modeling purposes, LNG plant capacity was considered 1.0 MTPA based on
information from [55], and for ssm-FLNG, a plant capacity of 0.5 MTPA was as-
sumed. It was believed that plants should achieve at least 33.33% of nameplate
capacity; otherwise, they would not be implemented due to excessive idle capacity.

Conversely, it was presumed that liquefaction plants do not exceed 87.00% of
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nameplate capacity.

In the case of critical assumptions, in the GCA base case scenario, the oil price
was considered at 75.98 USD/bbl and increased annually by inflation (2.0% per
year). In the expected case, the oil price was considered at 50.00 USD/bbl and the
natural gas price at the wellhead at 5.50 USD/bbl, both with a 50% plus and minus
variation for high and low scenarios, increasing by inflation over the years (2.0%
per year).

According to the International Gas Union (IGU), plant costs vary widely and
depend on oil and gas prices, location, capacity, and liquefaction process, among
other cost drivers. The average liquefaction estimated by IGU for 2017-2022 is
around 500 to 1541 USD/tonne (IGU, 2017). Based on that information and the
correlation between Capex and oil prices, a unitary floating capital expense (Capex)
was assumed to range from 800 to 1200 USD/tonne, with the expected case at 1000
USD/tonne.

In the case of ssm-FLNG, an additional unitary Capex of 7.00% was assumed,
mainly due to the diseconomy of scale and mobility requirements, delivering an
equivalent value of USD 1070 USD/tonne. This additional Capex for ssm-FLNG
considers the net effect between diseconomy of scale partially compensated by
savings relating to reducing space utilization on the Floating Production Storage
and Offloading (FPSO) deck. Then, a 20% plus and minus variation was consid-
ered for high and low scenarios. In Table 1, there is a summary of Capex for base,
expected, high, and low cases.

Finally, regarding operational expenses (Opex), it was assumed that applying
the evaluated gas-integrated technologies would result in a minor increase in
Opex. Since most of the Opex is linked to the existing oil and gas production sys-
tem, including treating the associated gas, we assumed that annual operational
expenses relating to the deployment of integrated-gas technologies will vary in
line with yearly corresponding capital expenses variance, based on the following
metric: A Annual Opex = A Annual Capex X 5%. This rationale applies to either
FLNG or ssm-FLNG technologies.

This work proposes to develop an alternative and improved management of gas
streams by promoting a better allocation of natural gas (CH,-rich stream) and
carbon dioxide streams (CO,-rich stream). The hypothesis is that the appropriate
allocation and monetization of CH, and the enhanced substitution of WAG by
CO,-WAG improve these products’ profitability and intrinsic utility. To achieve
this goal, it is necessary to fill the logistics gap through the effective deployment
of ssm-FLNG combined with enhanced oil recovery (CO,-WAG) and permanent
storage of CO,.

Figure 2 shows a schematic description of the conventional gas management
(base case) versus the proposed gas management, considering deploying ssm-
FLNG in the Buzios field. The process starts in the production manifold (1), where
you separate oil, gas, and water. Then, the gas, a by-product of oil production, is

treated and split into two major streams. One stream (2) is rich in natural gas
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(CHy), and the other (3) is rich in carbon dioxide (CO,).

In conventional gas management, the CH,-rich stream is primarily used to fuel
the FPSO (4), and the remaining volume is used for gas lifting and sold through
pipelines whenever possible (5 and 6). If, at this point, there is still CH, available,
it will join the CO,-rich stream and be reinjected (WAG) (7). Finally, there is still
residual CH, that cannot be reinjected for any technical reason. In that case, it will
be sent to flaring or venting, which has environmental issues (highlighted in the
red box). Therefore, the proposed strategy is to allocate as many volumes of CH,
as possible to commercial activities that will allow its monetization, such as final
users’ electricity production, transportation fuel, and high-value chemicals. In the
case of the CO,-rich stream, the goal is to allocate as much as possible volumes of
CO, to sweep oil from reservoirs based on the theory that pure CO,-rich streams
have better sweeping properties than a mixed gas stream [56].

Figure 2 represents the proposed gas management, which aims to increase the
sales volume of CH, by offshore pipelines and ssm-FLNG units (5). Consequently,
the flaring and venting of CH4 would be reduced compared to the conventional
process described in Figure 2. At the same time, most of the rich CO, stream
would be allocated to low-value activities such as gas lifting and CO,-WAG en-
hanced oil recovery (7) with permanent CO, storage (8).

6. Results

The model outputs are the revised profile of oil and gas production curves with
corresponding Capex, Opex, and economic indicators, such as revenue and net
present value, which are detailed in this section. The equations of oil production

curves are indicated in Table 2.

Table 2. Equations of oil production curves.

Oil production curves per year (MM
bbl./year, year 1 to 40)

Base Case (WAG) y = 5.0062x* + 396.48x — 2257.5 (1)
Expected Case (CO2-WAG) y = —3.7941x? + 361.46x — 1213.7 2)
High Case (CO-WAG) y = —4.5529%* + 43,375x — 1456.4  (3)
Low Case (CO-WAGQG) y=-3.1617x* + 301.21x — 1011.4 (4)

Source: Author’s model (2025).

6.1. Production Profile

Figure 3 represents four scenarios of the gas-oil ratio (GOR) over the production
cycle. There is the base case scenario, based on Gaftney et al (2010) [2], and there
are the expected, high, and low case scenarios, based on updated information from
Petrobras.

The grey line represents the base case [2]. The peak is in year 5 (GORmax 237.05

m?®/m?) and slightly reduces over time, reaching year 26 (162.82 m*/m?), and then
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there is a reversal, and GOR starts growing gradually until year 36, reaching 196.65
m’/m’. From year 36 onwards, GOR presents a sharp reduction, going to 147.00
m?*/m’? in year 39 just before ending its production lifetime by the 40th year. The
blue line represents the revised expected case, the dotted green line represents the
high case, and the dotted red line represents the low case.

This work reviews the values and shape of the GOR curve over the project
lifecycle and, consequently, on oil and gas production curves. In the specific case
of GOR, the original curve decreased over time, and the updated curves (expected,
high, and low cases) increased over time. The updated shape of the curves was
calculated based on the forecasted oil and gas volumes that Petrobras informed
IBAMA [52]. This new shape, which has a higher GOR over time, is also consistent
with enhanced oil recovery (EOR), considering gas reinjection. Unlike the base
case, the expected, high, and low cases, GOR consistently grows from year five to
the peak of production by year 37.

Using the same scheme of colors and line types, in Figure 4, the grey line indi-
cates the base case forecasted oil production by [2]. The production ramp-up
starts in year 5 and goes up to year 11, when it reaches a plateau until year 18, and
then goes down. Simulating new oil production, considering updated GOR and
CO,-WAG application as the enhanced oil recovery method, there is an anticipa-
tion in oil production compared to the GCA base case. It was assumed that the
CO,-WAG method anticipates oil production in all updated scenarios, keeping
the same amount of total oil recovery by the end of the production lifetime, as
indicated by Ahmadi et al’s (2015) study.

800,000
600,000
ki
s 400,000
=
200,000
0
1 4 7 10 13 16 19 22 25 28 31 34 37 40
Year
Base (GCA, WAG) ——5s-FLNG, WAG-CO?2 (Expected)
------ s-FLNG, WAG-CO2 (High) «e++- 5-FLNG, WAG-CO2 (Low)

Source: Author’s model (2025).

Figure 5. Gas production based on different GOR assumptions and EOR methods,
Buzios Pre-salt field.

The following figure utilizes the same scheme of colors and lines as the previous
figures. Thus, the grey line indicates the base case forecasted oil production by [2],
and the other lines show the impact of GOR variance and CO,-WAG application

in gas production. As indicated in Figure 5, the material variance of gas produc-
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tion over the years can imply a material idle capacity of assets or monetizing a tiny
portion of the total produced gas, resulting in poor economic results. Thus, de-
ploying mobile, modular plants, such as ssm-FLNG, has been identified as an at-
tractive solution to overcome that issue [44]. Thus, assuming the possibility of
allocating these plants with higher utilization rates improves the project’s finan-

cial numbers.

6.2. Revenue Breakdown and Corresponding Benefits for Society
and Industry

Gaffney et al (2010) [2] estimated revenue generation from the Buzios field at
545.84 USD billion (oil price at 75.98 USD/bbl). This work revised the financial
evaluation initially developed by Gaftney et al [2], considering updated and com-

plementary techno-economic information over the last years.

538
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Source: Authors’ economic model (2025).

Figure 6. Revenue analysis considers base, expected, high, and low scenarios.

The first point to highlight in the revenue analysis is related to oil and natural
gas prices, representing a non-technical factor outside operational control. This
factor has the most considerable impact on the base case revenue forecast. The
revised prices reduced revenues by 186.67 USD billion (—34%). It is mainly driven
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by an oil price update that, in the expected scenario, reduces from 75.98 to 50.00
USD/bbl (—34%). On the other hand, the price of natural gas is expected to in-
crease from 4.00 to 5.50 USD/MMBTU (+38%), which had a minor financial im-
pact.

In Figure 6, there is a step-by-step illustration of the initial revenue [2] and the
revised revenue calculated by the model. In addition to the expected result, high
and low scenario ranges for each value driver are analyzed.

It is essential to highlight that oil price variation impacts revenue streams for
social programs. Table 3 summarizes oil and gas price variation and the corre-
sponding impact on revenue generation for social services, considering the differ-

ent case scenarios.

Table 3. Oil and natural gas prices vary, impacting revenue and corresponding cash into
social services (nominal and present value) (values are USD million).

Expected Case High Case Low Case

Revenue impact on Buzios project (186,670) (5290) (377,939)
Revenue impact on social services (32,425) (919) (65,648)
Public health (4666) (132) (9454)
Public Education (14,000) (397) (28,361)
Local R&D (1867) (53) (3779)
Social contribution (11,891) (337) (24,075)

Source: Authors’ economic model (2025).

The expected price will reduce the project’s revenue and, subsequently, the cor-
responding revenue stream for social projects, projected to be reduced by USD
32,425 million. In the high-case scenario, this reduction would reduce to USD 919
million; in the low-case scenario, the reduction would achieve USD 65,648 mil-
lion.

The fourth, fifth, and sixth columns in Figure 6 indicate the evaluated gas-in-
tegrated technologies that aim to promote better management of associated gas
and corresponding gas streams (CH, and CO,-rich). Regarding technology op-
tions to liquefy natural gas, it was identified that LNG increases revenue by USD
21,738 million and ssm-FLNG supplements with a limited revenue of USD 20 mil-
lion (chart 6, fourth and fifth bars).

On the other hand, in the case of CO,-WAG, it reduces revenue by USD 21,306
million, leading to a lower financial contribution in terms of the combined result
of gas-integrated technologies at USD 452 million.

Table 4 summarizes the nominal revenue impact driven specifically by gas-in-
tegrated technologies for the different scenarios. According to Table 4, gas-inte-
grated technologies would increase nominal revenue by USD 452 million, increas-

ing social services’ revenue by USD 79 million.
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Table 4. Gas-integrated technologies impact project revenue with corresponding cash into
social services, considering different scenarios (values are in USD million).

Expected Case
Revenue impact on Buzios project 452
Revenue impact on social services 79
Public health 11
Public Education 34
Local R&D 5
Social contr. 29

Source: Authors’ economic model (2025).

One of the key assumptions analyzed in this work is the gas-oil ratio (GOR),
which is indicated in Figure 6 and Figure 7 as the seventh bar. Gaftney ef al
(2010) [2] indicated that GOR for Buzios would range from 184.34 to 225.31
m?*/m’. From the informed production volumes, an average of 197.38 m*/m’ was
calculated.

Additionally, Petrobras reported that GOR starts at 223.00 m*/m* and grows
over the 35-year production period to an equivalent average of 36,003 m?*/m>.
Based on the developed model and updated information from Petrobras, the pro-
jected GOR average for the Buzios field was revised to 35,358 m*/m? (an increase
of 79.14% versus Gaffney’s base case).

Considering the assumption of monetizing part of this gas volume through the
liquefaction and commercialization of natural gas (CH,-rich stream), the GOR
growth represents an equivalent revenue increase of 17,219 USD million (ex-
pected case).

The positive contribution in terms of potential revenue increase coming from
GOR growth assumes that total oil production remains the same and, consequently,
there is a corresponding increase in gas production. This assumption is aligned
with the latest Petrobras reports, which indicate that the expected recoverable oil
from the Buzios field is higher than forecasted in preliminary contracts.

The last value driver analyzed is CO, content in associated gas and its corre-
sponding impact on revenues. From a financial perspective, it was calculated that
a CO; content of 32.77% would reduce revenue by 12,773 million, assuming that
it would reduce the availability of natural gas (CH,) that could be commercialized.

In summary, Figure 6 indicates that the initial revenue forecast from Gaffney
was USD 545,835 million, and this study revised it down considering the revised
lower oil price forecast. On the other hand, deploying gas-integrated technologies
combined with higher GOR could partially compensate for this loss, delivering a
final revenue of USD 350,969 million.

6.3. Net Present Value (NPV) and Breakdown

Concerning the project’s value, the net present value (NPV) from the Buzios field
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was estimated at 56,832 USD million [2]. Considering the revised expected price
for oil and gas, NPV would drop to 31,793 USD million, representing a reduction
of 44.06%.

Pricing is the most critical value driver for value creation. In the case of gas-
integrated technologies (fourth, fifth, and sixth columns), they can potentially in-
crease NPV by 6449 USD million (20.28% increase), most of this result relating to
CO,-WAG, which accelerates oil extraction. The gas-oil ratio (GOR) has an ex-
pected NPV contribution of USD 739 million, and CO, content in gas is expected
to reduce NPV by USD 490 million. As can be analyzed by Figure 7 regarding
NPV.
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Source: Authors’ economic model (2025).

Figure 7. NPV analysis considers base, expected, high, and low scenarios.

The model indicates that ssm-FLNG application has a significantly higher uti-
lization rate (Table 5) than LNG plants.

In summary, the NPV forecast from Gaffney et a/ (2010) [2] was USD 56,832
million over the production cycle, and then it was revised considering the revised
oil price forecast. On the other hand, deploying gas-integrated technologies could
partially compensate for this loss, delivering a final NPV of USD 38,491 billion.
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Table 5. Utilization rate per liquefaction technology (Buzios Pre-salt field).

Base Expected High Low
LNG 34.20% 48.43% 47.81% 39.03%
SSM-FLNG 70.95% 75.50% 77.95% 71.02%

Source: Authors’ economic model (2025).

7. Conclusions

This study developed a techno-economic model to evaluate the deployment of
integrated gas monetization technologies in the Buzios Pre-Salt field, focusing on
ssm-FLNG and CO,-enhanced oil recovery (CO,-WAG). The primary objective
was to assess whether this approach could enhance the economic viability of as-
sociated gas utilization while supporting emissions reduction through permanent
CO; storage. The findings indicate that this integrated model presents a feasible
and economically attractive alternative to traditional gas reinjection.

The analysis yielded four key insights:

a) Increased Associated Gas Availability and Monetization Potential: The
study identified a higher-than-anticipated volume of associated gas in the Buzios
field, with an estimated 21.2 trillion standard cubic feet of natural gas available for
monetization. While conventional reinjection remains widespread, utilizing this
excess gas through LNG production could contribute 8767 million USD annually
to Brazil’s energy market.

b) Economic Feasibility of Modular Liquefaction: The cost structure of ssm-
FLNG, with estimated liquefaction costs, demonstrates financial viability com-
pared to large-scale LNG projects. The modular and mobile design enables flexible
deployment, improving utilization rates from 48.4% to 75.5%, thereby optimizing
capital efficiency.

¢) Oil Production Acceleration and Enhanced Project Economics: The adop-
tion of CO,-WAG instead of conventional WAG reduces the production cycle
from 40 to 25 years, leading to an NPV increase of $12 million. This acceleration
enhances cash flow generation and strengthens financial returns.

d) Environmental and Economic Synergies Through CO, Storage: The abil-
ity to permanently store CO, within the pre-salt reservoirs not only mitigates car-
bon emissions but also aligns with global sustainability policies. This strategy en-
hances regulatory compliance while maintaining economic competitiveness.

e) Strategic Implications: The deployment of ssm-FLNG and CO,-WAG in the
Santos Basin presents a dual opportunity: improving economic returns through
optimized natural gas utilization while contributing to long-term emissions re-
duction goals. The results suggest that a dynamic asset allocation strategy— relo-
cating liquefaction plants to fields with higher gas output as production declines—
can further enhance project economics. Additionally, the synergy between en-
hanced oil recovery and carbon storage strengthens the role of this approach in

sustainable hydrocarbon production.
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By integrating modular liquefaction with CO,-WAG, the proposed framework
offers a scalable, financially viable, and environmentally responsible model for
offshore gas monetization. These insights provide a foundation for policymakers
and industry stakeholders to consider new pathways for optimizing Brazil’s pre-

salt resources in alignment with energy transition objectives.

8. Final Considerations

The results indicate that integrating ssm-FLNG with CO,-WAG represents a fi-
nancially viable and environmentally responsible approach to hydrocarbon pro-
duction in the Buzios Pre-salt field. Further research should focus on detailed
evaluations of asset utilization strategies, regulatory frameworks, and long-term
market dynamics to refine and optimize deployment plans. These insights could
extend beyond Buzios, benefiting the broader Santos Basin Pre-salt Cluster (SBPC)
and setting a precedent for future offshore energy projects.

A comprehensive comparative analysis with alternative gas monetization strat-
egies, such as direct pipeline transport to shore or conversion to other products,
was deemed beyond the scope and current timeframe of this study. Such an in-
depth evaluation would necessitate a more extensive and dedicated research effort,
involving detailed techno-economic modeling and market assessments for each
alternative. Therefore, we propose this comparative analysis as a crucial direction
for future work, which could further elucidate the optimal role of the proposed
FLNG-integrated hub solution within the broader landscape of Brazilian pre-salt

gas monetization.
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