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Abstract

This paper revisits the intense using of energy in the world and the role of the fossil fuels with predominance of the oil in
the global primary energy supply and their effects to climate change. It also presents a new reading on the thermodynamic
conditions and characteristics of CO, and CO,-EOR together with oil industry advancement in the world and Brazil. The
interface with chemical EOR processes involving nanoparticles (NPs), their application inside the reservoirs for EOR and
understanding of fines migration reducing, among other physical phenomena is also studied. Carbon capture and storage
(CCS) is a worldwide strategy for mitigating climate change. CO, geosequestration is also analyzed on the leakage of CO,
and brine from aquifers and their implication to the security of the storage and environment. Recent studies show that, glob-
ally, CO,-EOR can extract up to 375 billion of additional oil barrels and geological storage up to 360 Gt of CO, in the next
50 years. Pre-salt is a complex of microbial carbonate reservoirs with stromatolite framework in ultra-deep waters (1500—
3000) m depth, underneath by thick salt layer (2000-2500) m. Its reservoirs are in the depth up to (5500-6500) m TVDSS
and approximately (200-300) km offshore. It presents light oils and high (GOR) ranging (200—-400) Sm*/Sm?* and huge CO,
contamination (8—15)%. Due to the large CO, content of oil, this work investigated CO,-EOR and CO, geosequestration
within the reservoirs. Pilot test demonstrated that miscible CO,-EOR with WAG is feasible and beneficial to this hydrocar-
bon Province. This study also calculated and validated the potential of CO,-EOR to the CCS. It concludes that Pre-salt can
contribute to recovery factor (RF) increasing about 5.7 billion of additional oil barrels, and to CCS with about 266 Mt CO,
to be geological stored, for the next 20 years. In this context, this work also analyses the recent changes on the Brazilian
oil and gas regulation to encourage new international Companies to enter in Brazil and Pre-salt for petroleum exploring. In
Pre-salt, CO,-EOR also connects the petroleum energy system to CCS, transforming the oil reservoir in a carbon sink. These
results represent a substantial role of Pre-salt to the energy efficiency of energy resources recovering from the biosphere and
a high contribution to the climate change mitigation.
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Introduction greenhouse gas (GHG) emissions. The most important

GHG is CO,, constituting approximately 76.7% of the total

Energy is the main anthropogenic forcing of climate change
(Goldenberg and Lucon 2008; IPCC 2014). Broad and com-
plex studies demonstrate that global warming accounts for
the thermodynamic equilibrium rupture inside the green-
house where the Earth inhabits with numerous forms of life.
The climate change is driven by the global anthropogenic
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emissions; the remaining 22.3% are composed of methane,
nitrous oxide, and fluorine gases.

The main reason for the more aggressive GHG emis-
sions is the intense and global use of the fossil fuels, which
currently reach 81.3% of the worldwide energy supply, and
petroleum has the global dominance with share of 31.6%
to the total primary energy supply in the world, followed
by coal (26.9%) and natural gas (22.8%). Therefore, it is
exhibited the predominance of fossil fuels in the world
energy supply, typifying them as the highest global GHG
emitters on the surface level. Regarding to GHG emis-
sions, oil is the second most important global emitter, with
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34.1% of the total world CO, emission by fuel, immedi-
ately after coal, which reaches 44.0%; both are the main
global GHG emitters, followed by natural gas (21.2%).
Thus, nowadays fossil fuels present the most contribution
about 33.5 Gt CO, emission to the atmosphere (IEA 2020).

According to long-term analysis of the worldwide
energy trends (adopting its new policies scenario as central
scenario), International Energy Agency (IEA) forecasts
for 2040 on demand side alone, that fossil fuel share will
reach approximately 74.0%, and oil will again have the
largest share of 27.6% (equivalent to 4894 Mtoe) and will
be the higher among all energy sources. Regarding to pre-
sent, these data indicate a worldwide decline of the total
oil share in the long term (40.8%/27.6%), with a continu-
ous increase in its absolute amount of demand, which will
be equivalent to 4055 Mtoe/4894 Mtoe) (IEA 2018, 2020).

The global concerns for the energy access growth and
energy security and role of fossil fuels and their impli-
cations on climate change are rising. Concerning oil, for
each barrel no longer used in the Organization for Eco-
nomic Co-operation and Development (OECD) countries,
two others are used in non-OECD ones. Increased oil use
for transport and petrochemicals will increase its demand
from 95 million barrels per day (95 Mb/d) in 2017 to
106 Mb/d in 2040, although high prices and new policy
measures gradually constrain the rate of overall consump-
tion growth, bringing it toward a plateau.

This predominance of fossil fuels in the global pri-
mary energy supply and demand already considers the
intensification of renewable sources and energy-efficient
programs in advancement, which have mostly employed
in the OECD countries. These countries and the associ-
ated programs face decisive and additional issues such as
progressive social awareness of the socio-environmental
problem on the climate change, resulting in new combined
environmental and energy policies, industrial restructur-
ing with consequences in the reduction in fossil fuels use,
and the development of carbon capture and storage (CCS)
policies. Regarding to CCS, newly developed carbon use
techniques have been validated with relevant results. This
has led to carbon capture, use and storage (CCUS) as well
as CO,-EOR. Together with the intensification of use of
renewables and achievement of energy efficiency, CCS is
the third most important global policy to mitigate climate
change.

Since 1970s, CO,-EOR has been applied specifically to
increase the recovery factor (RF). Recent technologies allow
this traditional practice to aggregate a new situation and
value besides increasing RF: the geological storage (geo-
sequestration) of CO, within the reservoir. This geoseques-
tration process aims to maximize its both advantages: the
amount of oil extracted and the amount of CO, geological
stored instead to releasing it to the atmosphere.
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In this way, recent study about EOR potential within Iran
chooses 11 (eleven) candidate Iranian reservoirs and sum-
marizes screening criteria and screening algorithms for dis-
cussion and elaboration on accuracy in the EOR screening,
comparing the parameters of the candidate reservoirs with
the criteria ranges, stablishing quantitative basis for compar-
ison and classifying the importance of these parameters for
many EOR methods. This study yet assigns weight system
for these parameters and defines cutoffs (Mashayekhizadeh
et al. 2014). These authors yet make a careful summary on
steps for screening of EOR projects, considering aspects
regarding to technical, economic and site selection, besides
estimation of recovery factor (RF) based on empirical cor-
relations, simple models and software.

Supported by analysis on approach of optimistic and pes-
simistic criteria extracted from collected criteria and their
application on eleven chosen reservoirs involved in the study
(considering detailed parameters regarding to geologic and
fluid characterizations of reservoirs), the authors conclude
that miscible CO, and hydrocarbon gas injections are both
promising mechanisms for those referred reservoirs.

Pre-salt Province in Brazil is recognized as the biggest
set of giant oil fields recently discovered in the world. Its
most reservoirs are estimated to reach extraction volumes
of billions barrels of oil described as follows. Nowadays,
about only 13 years of its exploration beginning, the Prov-
ince already is responsible for about 70.3% of the total Bra-
zilian oil extraction, representing 2.739 million barrels of
oil equivalent per day (2.739 Mboe/d) (ANP 2020). There
is few time the national legislation and regulation for the
oil and gas sector are changed, with broad permission to
regimes of concession and production sharing in the country.
Since these new rules, many bidding rounds for oil and gas
exploration in Brazil are already made. In this new competi-
tive view, many international Companies, such as British
Petroleum, Total, Equinor, among others, are arriving for
exploring Pre-salt and starting their extraction strategy and
processes.

In this context, many scientific articles and reports on res-
ervoir engineering are being published. If Pre-salt is known
by geological research and publications, now it is addition-
ally being understood by reservoir and drilling engineering.

Thus, this paper revisits the intense using of energy in
the world and the role of the fossil fuels with predominance
of oil in the global primary energy supply and their effects
to climate change. It also presents a new reading on the
thermodynamic conditions and characteristics of CO, and
CO,-EOR together with oil industry advancement in the
world and Brazil. It is yet made an interface of this EOR
method with chemical EOR processes, involving nanopar-
ticles (NPs) and their application inside the reservoirs for
EOR. About CO, geosequestration also, there is analysis
on the leakage of CO, and brine from aquifers and their
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implication to the security of the storage and environment.
The new and decisive role of CO,-EOR to CCS is also ana-
lyzed and demonstrated. Afterward, the work introduces
Pre-salt Province in Brazil and describes on the evolution
and nature of this large hydrocarbon Province, highlight-
ing on their geology and reservoir and fluids characteristics;
and through pilot test is shown the application and benefits
of the CO,-EOR with WAG in the Province. Finally, it is
calculated and validated the potential of the RF increasing
and the CO, geosequestration in Pre-salt. This paper also
pursues to advance on technology development in offshore
oil exploration to provide scientific information with novel
developments among researchers and engineers.

Brief revisit on the CO,, CO,-EOR and oil
industry advancement in the world
and Brazil

The most important physical behavior for the efficiency
of the CO,-EOR is the miscibility of the CO, with the oil
phase, because at pressures higher than the minimum mis-
cibility pressure (MMP), immediately greater than critical
point on the bimodal curve and starting from this point, oil
and CO, are mutually soluble (Blunt et al 1993; Orr Jr and
Taber 1984). Miscibility implies that the capillary forces
(interface phenomenon) between the fluids are removed,
forming a homogeneous phase, producing the best mechani-
cal interaction between them. Miscibility conditions between
CO, and oil are essential for increasing (“to repair”) the
thermodynamic potential of the reservoir to remove residual
oil. This thermodynamic potential obtained by the pressure
(P), temperature (7) and chemical potential (u) of the present
chemical species—compound (n). After the primary and/
or conventional secondary recovery, this potential suffers
depletion. It is vital “to rectify” this thermodynamic poten-
tial (P, T, ) of the reservoir to regenerate the suitable condi-
tions for the energy conversion processes required to remove
the interfacial tension, producing complete mechanical inter-
actions between the fluids and increasing the capacity to
push out the residual oil throughout reservoir (Godoi 2015).

This “repair” of the thermodynamic potential occurs
simultaneously with the following effects: (1) creation of
a secondary gas cap or enlargement of an existent primary
gas cap; (2) gas cycling occurrence, improving the RF
from condensate reservoirs by vaporizing the fluids that
eventually condense within the reservoir for steeply dip-
ping reservoirs. Because CO, injection at the crest of the
structure also helps oil displacement toward to wells. As
result, the volumetric sweep efficiency can be high because
of these mechanisms. Therefore, miscibility is decisive
for the significant improvement in the residual oil dis-
placement capacity of the system. For the best control of

the gravity override and viscous fingering, with the early
gas breakthrough, CO, injection alternating with the
water—gas, that is, water-alternating-gas (WAG) process
is a recognized effective strategy to be used.

To reach miscibility, CO, has to operate at supercritical
conditions (P~ 1.100 psia; 7> 304 K). Under such misci-
bility conditions, CO, accomplishes fluid characteristics
and similar intensive properties of changing to a liquid-like
behavior toward lighter components of the oil. Fortunately,
typical reservoirs operate in the thermomechanical poten-
tial range, in which P> 1000 psia and 294 K<7T<394 K.
Usually, reservoir temperatures are in the CO, supercritical
temperature region (7>304 K). This is the first advantage
of CO, relative to other options of solvents such as air, dry
natural gas, N, and LPG.

CO, has other advantages in comparison with these men-
tioned solvents, such as dry natural gas and LPG have a con-
siderable market value, representing a high competition for
EOR applications; owing to its representation in the climate
change issue, CO, must be captured and treated and deliv-
ered to EOR activities. This gas presents a relatively low
compressibility factor and regarding to that other options of
solvents, it exhibits a higher density and lower specific molar
volume. CO, density is not only higher, but is also much
closer to the typical oil density, what implies to be more pre-
disposed to miscibility and much less to gravity segregation
during the displacement. In the aforementioned thermome-
chanical potential range of typical reservoirs, the viscosities
of natural gas, LPG, flue gas, air and N, are approximately
the same, whereas CO, viscosity is usually twice or thrice
higher than their values. This last characteristic implies that
CO,-crude oil mobility ratio will be twice or thrice smaller
than that of the solvents, what results in a volumetric sweep
efficiency with CO, generally better (Lake 2010).

When there is a high-water saturation, usually, there is
an equivalent increase in the gravity segregation because
CO, has a higher segregation with water than with oil;
even if this effect is not total favorable for pushing out the
residual oil, it is highly preferable for CO, geosequestration.
Therefore, if the purpose is to do CO,-EOR with geological
storage of CO,, it is necessary to counterbalance these CO,
characteristics.

Miscible CO,-EOR with WAG is considered relevant for
best performance of this special secondary recovery method,
including CO, geosequestration within the reservoir. This
compose process also requires to combine the percentage
of pore space filled with water and with CO, together with
the use of pure CO, about after of half of the oil in place has
been recovered. This balance of pore space occupation and
pure CO, injection also requires a well control management
for shifting excessive CO, extraction and control increasing
of reservoir pressure. The combining of these parameters
and the time is crucial to the optimization of both targets:

pisllase ol ay .
Ay &) Springer



1432

Journal of Petroleum Exploration and Production (2021) 11:1429-1441

optimize the amount of oil recovered and of CO, geological
stored inside the reservoir (Kovscek and Cakici 2005).

In the sense of micelles formation and oil swelling for
helping the performance of CO,-EOR and the evidence of
nanoparticles (NPs) use is increasing in the field of petro-
leum engineering, recent study reviews and discusses on
the interactions of NPs with low salinity water (LSW) and
surfactant for enhanced oil recovery (EOR) in sandstone and
carbonate reservoirs. This study had analyzed the critical
role of the interactions forces in the oil recovery process
when NPs are injected together with surfactant inside the
reservoir and the influencing mechanisms on the interfacial
tension (IFT). It had also investigated the influencing mecha-
nisms to the wettability of the rock and reducing oil-water
IFT, and the basic screening criteria for the injection of NPs
with LSW or surfactant into the reservoir (Olayiwola and
Dejam 2019a).

These investigations had demonstrated that the effectiv-
ity of NPs to reduce fines migration during LSW injection
into the reservoir depends on the type of reservoir, its brine
composition and the effective charges of the NPs in solution.
Besides these characteristics, the increasing of NPs in deion-
ized and low and high salinity water with its consequences
in the variation of the contact angle and its final influence on
the recovery factor (RF) of oil had been validated. Together
with these evidences, the action of surfactants for improving
the stability of NPs in solution and reduction in IFT by the
effective charges of the ions of these NPs and surfactant,
and the behavior of IFT of solutions of LSW, surfactant and
contact angle, when the salinity of the solution is increased
were also proven.

Although the increase in using of NPs in the chemical
process of EOR, this referred review recommends its accu-
rate combination with these NPs, LSW and surfactant when
they are injected into the reservoir. If there is careful for the
best option of different combinations of these elements dur-
ing injection, their significance on the variation in contact
angle, the stability of NPs and the IFT can bring a great
result to improve EOR process in sandstone and carbonate
IEServoirs.

In their research on application of NPs inside the reser-
voirs for EOR and understanding fines migration reducing,
these authors also developed a mathematical modeling (a
proposition of theoretical model) of surface tension of NPs
with and without electrolyte solutions, delineating the effects
of NPs in deionized water and brine on the surface tension.
For constructing this model, the authors had begun at pre-
vious studies, using appropriate and recognized literature
about the phenomena. According to experimental analysis,
the proposed theoretical model by the authors had proven
that, at the same time its congruence with the reported data
in the recognized literature, it can determine the change in
surface tension of NPs in deionized water for different sizes
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of NPs. This study yet concludes that Van der Waals interac-
tion can causes deviation in the experimental data at high
concentrations of NPs and electrolytes. As the proposed
model is already used to determine the surface tension of
both NPs in deionized water and NPs in brine, it can bring
an important contribution to the current simulators for a pre-
cise prediction of the reservoir performance (Olayiwola and
Dejam 2019b).

Inside this interface between water compositions, chemi-
cal EOR and CO,-EOR methods, late experiences indicate
the importance of control on salinity and composition con-
cerning the low salinity (LS) waterflooding to some EOR
methods. In this way, another recent work recognizes the
implications of any basic dimensions of reservoir engineer-
ing, such as pore size and geometry, wetting specifics, sur-
face and interfacial tension (IFT) of the rock-fluids system
on the capillary forces within the petroleum reservoir. This
work had also analyzed the role of fluid—fluid interaction
during low salinity waterflooding (LSW), supplies mecha-
nistic study with novel experiments examining the behavior
of the fluid in a single pore when brine solution comes into
contact with crude oil. The work also involves to recog-
nize the existence of asphaltene aggregates at the oil-brine
interface in different brine solutions to find an accepted
interpretation by regarding IFT results and, according to
the experiments made, to investigate the formation of water
micro-dispersions in the synthetic oil due to the synthetic
oil-brine interaction (Rostami et al 2019). These authors had
investigated the LS effect on the fluid—fluid and rock—fluid
interactions and examine visually how the oil-water inter-
face would be affected by asphaltene concentration through
changing brine salinity. Experience was also conducted to
clarify about the mechanism behind alteration of IFT by LS
water injection and analysis was also performed using a wide
range of brine salinity so as to test out the salinity range at
which these changes can be observed.

By mean of such study, the authors performed discus-
sion about different salinity mechanisms and had verified
in the range between two and ten times diluted sea water
(2SW and 10SW), and the effect of this low salinity water
on wettability changing is more significant compared to
high salinity water. It had also observed, as a result of aging
the solid surfaces in the interval between two and ten times
dilutes seawater, the change of wettability from oil-wet to
water-wet and to strongly water-wet, and yet the reducing of
IFT values for two times diluted seawater when compared
to other brines for both crude oil and synthetic oil. Micro-
scopic experiences of brine injection had also demonstrated
when cations concentration near the interface, in the cases of
sea water and formation water injections, the surface active
asphaltenes are transferred back to the oil phase and depleted
near the interface causing high IFT value. Whereas when
deionized water and 10SW were injected, adsorption of the
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asphaltenes into the interface was very low. The formation
of water micro-dispersion within the oil phase depends on
oil properties, thermodynamic potential (pressure and tem-
perature) conditions and so forth.

The chemical analysis above is important to have a view
on the salinity and composition of water injection, IFT
behavior, etc. However, due to its offshore and geographic
location with large distance from the shore and their impli-
cations in logistics and additional technical and economic
risks and great difficulties to install plants for chemical flu-
ids injection, the chemicals EOR methods were considered
unfeasible in Pre-salt, mainly at Santos Basin.

In this process of understanding Pre-salt and its oppor-
tunities of CO,-EOR and the connection between this EOR
method and CCS as above mentioned, it is necessary to do
any discussion on some physical characteristics of CO, geo-
sequestration and its behavior about CO, and brine leakage
from an aquifer. In this way, the diffusive leakage of brine
from a storage aquifer as result of CO, geosequestration into
overlying and underlying low permeability layers, recent
study developed a theoretical model, which was also evalu-
ated according to field studies at two potential sites in United
Kingdom (Dejam and Hassanzadeh 2018a). Due to usual
injection under subsurface supercritical conditions, CO, is
less dense and less viscous then the resident aquifer brines.
Under these thermodynamic conditions, CO, migrates
upward and spreads laterally under an overburden, which
increases the risk of CO, and brine leakage into overlying
regions through faults, fractures, or leak wells. Thus, this
issue on leakage of CO, and brine from deep storage reser-
voirs is essential because the leakage of the gas is a major
risk factor consequent from its geosequestration.

Their model was made on two-dimensional domain
formed by an aquifer and an overburden, where the inter-
action between the two media is handled by imposing the
continuities of pressure and fluid fluxes at the aquifer-over-
burden interface. The study shows the behavior of diffuse
leakage rate at early and late times; the variation of the
average pressure in the aquifer at short and long times. The
increasing of the average pressure in the overburden with
lower slope at late times and its comparison to the one at
early times during diffuse leakage of brine from the storage
aquifer into the overlying layer is also estimated. The field
studies permitted to evaluate the variations of the diffuse
leakage from the aquifer into overburden regarding times
after injection for both sites in United Kingdom.

In the complete study, it was found the physical agents
that influence leakage rate through overburden during CO,
injection, which are here listed in decreasing order of signifi-
cance: (1) thickness of overburden; (2) thickness of aquifer;
(3) aquifer to overburden permeability ratio; (4) aquifer to
overburden porosity ratio. In this sequence of evidences, the
authors also concluded that thickness of aquifer has minimal

effect on diffusive leakage of brine within post injection
period.

In this core on leakage of brine from an aquifer as result-
ing of geologic storage of CO,, another study investigates
the diffusive leakage rate (DLR) of brine from a finite frac-
tured (double porosity) aquifer. This study also uses a two-
dimensional domain, handling the interaction between aqui-
fer and caprock, continuities of pressures and fluid fluxes
into account at aquifer—caprock interface (Dejam and Has-
sanzadeh 2018b). As above aroused, this theme also refers
to environmental concern associated with CO, geoseques-
tration and regards to its leakage from the storage aquifers
through fractures, faults, leaky wells and overlying geologic
structures to the atmosphere.

The authors demonstrate that when the ratio of the hori-
zontal fracture to the caprock permeabilities (kg,;p) is small,
the double porosity parameters during CO, injection influ-
ence DLR of brine and the average pressure in the aquifer
and the caprock. Whereas, when the contrary occurs, that
is, kg p 1s large, there is not the mentioned influence on
the DLR of brine and the average pressure in the aquifer
and the caprock. The investigation also indicates that in the
post-injection period, if it is found a low to moderate kg, ;p,
DLR of brine is negligible, but if there is a large kg1, DLR
is accounted and evident. This study is still considered as a
tool of significance to be applied to geosequestration of CO,
in fractured saline aquifers.

On the view of significance of EOR-CO, to the climate,
the IEA reference technology scenario (RTS) that takes
into account energy (and climate), the global final energy
demand continues to grow by 50% in the period to 2060,
with cumulative energy sector CO, emissions increasing
by over 1750 Gt. Although the RTS does not offer com-
plete conditions to achieve global climate objectives, it is
conservative and still represents a significant shift from a
historical “business as usual” approach. According to RTS,
CCS will represent about a contribution to the emissions
reduction about 14% by 2060 (IEA 2017). In 2018, EOR
method was responsible for about 88.0% of the global CO,
geologically stored according to CCS strategy in the world
(GCCSI 2018). By 2060, 2.3 Gt of CO, must be stored each
year. It means a CCS deployment rate of more than double
to that of the growth of the oil industry during the last cen-
tury. By 2050, only Carbon capture utilization and storage
(CCUS) will be responsible by 9.0% of the emissions reduc-
tion (GCCSI 2019).

CO,-EOR offers a significant reward: extraction up to
375 billion barrels of additional oil from suitable fields and
geological storage up to 360 Gt CO, in the process for the
next 50 years, globally (IEA 2015). In contrast with other
dedicated geological storage methods, such as, CO, storage
within saline aquifers—passive geosequestration method,
CO,-EOR produces supplementary wealth throughout the

pisllase ol ay .
e e O) Springer



1434

Journal of Petroleum Exploration and Production (2021) 11:1429-1441

extraction of billion barrels of additional oil. It is a result
of current short- and long-term projections for the global
energy demand, which exhibits the fossil fuel dominance in
general and the oil in particular and considers their effects on
the GHG concentrations in the atmosphere. In this scenery,
CO,-EOR establishes a direct connection between the petro-
leum energy system and CCS, by which oil industry assumes
a new and positive role to the climate change mitigation.

Highlights on the origin of the carbonate
reservoirs of Pre-salt

The geological structures in the Pre-salt Province have
tectonic origin along the super-continent Gondwana break
up, approximately 160 million years ago. This significant
geological movement also resulted in separating the South
American and African continents and formation of South
Atlantic, by Early Cretaceous. According to the geological
explanation model of this event, a differential rotation about
a migrating pole positioned in northeastern Brazil rotated
clockwise relative to Africa and separated these two conti-
nents (Szatmari 2000). The large lithospheric mass and its
immense gravitational energy generated an enormous com-
pressive angular momentum in northeast Brazil driving this
break up phenomenon. Consequently, a large rifting process
was initiated, irradiating the occurrence of significant faults
and folds among others geotectonic movements. These vast
geological effects induced the emergence of grabens and
hosters, which were essential as the locus for future sedi-
ments filling and formation of the sedimentary basins.

In this process, outstanding structures were opened in the
entire Brazilian continental margin, with faults step down-
ward to the ocean and large vertical displacements, ranging
up to thousand meters, to where there are today as uplifted
faults block separating the depositional sites, such as the
Vitoria, Cabo Frio and Florianopolis lineaments (Highs).
These formed structures are transverse with respect to the
Brazilian margin and composed of east—west belts. For this
study, they have a particular geological relevance because
they delimit the Campos and Santos basins located inside
the Pre-salt Province.

The crustal distension and necking during the rift stage
provoked the break out of a relatively narrow and elongated
gulf separating the South American and African continents
floored by a continental—-transitional type of crust. At this
site, there were irregular tectonic activities involving various
uplifted and subsidized areas with large structures, including
the Rio Grande and Walvis ridges; these features, during the
continental drift phase, moved forward to western Africa
(Asmus and Baisch 1983).

Going beyond the morphological barriers located at the
physiography of the proto-oceanic crust in Early Cretaceous,
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and at deeper sites of the basins (their higher subsidence),
the marine water was confined, forming an extensive habitat
of saline lakes. These physical conditions created a terri-
tory of low energy and appropriate salinity, stimulating a
suitable environment for thriving bacteria colonies, orga-
nosedimentary deposits, which had accreted because of the
benthic microbial community trapping and binding to detri-
tal sediments forming the locus for mineral precipitation,
i.e., the microbialities. The main internal framework of these
microbialities is the formation of biosedimentary calcareous
constructions in the lithified domical and laminated forms,
the stromatolite structure.

These physical conditions were found together with high
temperatures during Aptian, with a severe climate environ-
ment, when the average temperature was significantly higher
than the recent and current periods. The previously referred
habitat of saline lakes submitted to these climate surround-
ings and caused a high precipitation of salts, giving origin,
during Aptian, to a thick evaporitic layer. The simultaneous
engagement of these phenomena allowed the break out of a
deep and wide evaporitic layer at the eastern Brazilian and
western African margins (Asmus and Baisch 1983; Freitas
2006).

At the Brazilian margin, these evaporities can reach
(2000-2500) m thickness and a width of up to 400 km at the
Santos basin, deposited in the geologic period of (500-600)
ka. In the direction from southern to northern, the evaporites
suffer narrowing and reach no more than a 100 km width at
the Sergipe—Alagoas basin (Freitas 2006; Szatmari 2000).

Because of the previously mentioned geotectonic effects
at the Eastern Brazilian margin, subsequently, a thermal
contraction event caused the collapse and subsidence of the
crustal domes, and these features generated slight sags in
the crust. The filling of these sag basins by carbonates and
clastic sediments formed the giant pools in the Pre-salt Prov-
ince, which are known today. Accordingly, Pre-salt contains
microbial and stromatolitic reservoirs, being extremely sag-
ging reservoirs (Carminatti et al 2009).

Pre-salt province is under deep and ultra-deep waters at
approximately (1500-3000) m depth, under which there
is an extensive and thick autochthonous evaporites bed
(2000-2500) m. In Pre-salt, the hydrocarbons migrated
throughout and within the reservoirs, having the evapo-
rites as a high-quality seal. Above this salt coverage, from
the Albian to Recent, a fine sedimentary marine layer was
deposited on the top of the evaporites, conforming an
overlay about (1000-1500) m, that is, a Post-salt marine
sediments to the sea floor. Nowadays, the main reser-
voirs of Pre-salt are being explored at an average water
depth and evaporite thick, respectively, of 2200 m and
2000 m. Thus, these reservoirs are reached to the depth
up to (5500-6500) m true vertical depth subsea (TVDSS)
and approximately (200-300) km offshore. Submitted to
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these severe conditions, presently, Pre-salt represents the
most challenging of offshore petroleum energy system
in the world (Barbassa 2007; Carminatti et al 2009; Ric-
comini et al 2012).

Its reservoirs extend through long and wide off-
shore coastal area of 800 km length and 200 km width,
including five states, Espirito Santo, Rio de Janeiro, Sdo
Paulo, Parana, and Santa Catarina. At the above depth
and between the Vitoria and Florianopolis Highs and the
passing through Cabo Frio (Rio de Janeiro) High, Pre-salt
Province measures 149,000 km? as mentioned previously
(Fig. 1).

This figure indicates the main physiographies of the
Province: the effective geological structure of the Pre-salt
Province (Polygon) with its reservoirs is shown in purple,
within the Campos and Santos basins as above depicted.
Its north and south limits, respectively, are defined by the
Vitoria and Florianopolis Highs and cross through Cabo
Frio High, which are represented as gray dashed lines. A
hinge line in blue, at the west Polygon, occurs along the
entire Brazilian margin. This figure again demonstrates
by the furthest line at the east from the continent, in red,
the east boundary of the evaporites layer.

Fig.1 Pre-salt Province, Brazil
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Reservoir and fluids characteristics
of Pre-salt and their adequacy to CO,-EOR

Pre-salt contains a giant amount of hydrocarbons in micro-
bial carbonate reservoirs developed in high salinity lake
environment and sealed by thick (kilometric) evaporite layer
as aforementioned. According to its tectonic origin, initially,
the Province received terrestrial and lacustrine sediments
with a section of Coquinas containing a high intergranular
and vugular porosity, also exhibiting fractures. Along its
geological development microbial sequences were deposited
in the rift and sag sections. The microbial sequences were
deposited in the sag and are mostly constituted by stroma-
tolites, grainstones and laminates. At the Santos Basin, the
main Pre-salt reservoirs are microbial carbonates with stro-
matolite framework, presenting dense level of heterogenei-
ties and vast vertical to horizontal permeability anisotropy
(Pizarro and Branco 2012; Salomao et al 2015).

The hydrocarbons found in the Province present a vari-
ation between fields, but most comprises oil around 30°
API (it also can be °API > 28), viscosity approximately
1.0 cp and gas oil ratio (GOR) ranging (200-400) Sm>/
Sm?. According to the reservoir and fluids characterization,
there is another important concern on the high level of CO,
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contamination in this level of solution gas, which varies
from (8-15)%, presenting high corrosion potential of the
pipeline systems due to its reaction with water (produced
and injected) and formation of carbonic acid (H,CO;). This
acid also produces pH reduction in the environment, includ-
ing the water pH, having as consequence formation of H,S,
and the presence of this compound provokes both effects of
localized corrosion and material failures as result from the
sulfide stress corrosion (SSC). These corrosion issues are
being tackled by using of special corrosion resistant alloys,
protective plastic coatings in the piping systems together
with a continuous downhole chemical injection for corrosion
inhibition (Beltrdo et al. 2009).

The complexness of Pre-salt requires from the interested
players in its exploration robust strategy. The current opera-
tors have recommended supporting this strategy on three pil-
lars: First, and extensive data acquisition gathered rock and
fluids characterization, considering their static and dynamic
parameters in pore scale and in well and field scale with
focus on the characteristics what have direct influence on
the displacement and recovery of the fluids. This data sys-
tem must include field parameters regarding lift correlations,
potential formation damage mechanisms and flow assur-
ance issues, involving, for example, appraisal wells, side-
wall cores, rock coring, well tests (DST), well logs, EWT,
among others. The second pillar regards to full interpretation
and multidisciplinary workflow, including three main top-
ics: (1) parameters responsible for determining the volume
of hydrocarbon in place; (2) characteristics what identify
and control the displacement in the porous media; (3) the
adopted strategy and mechanisms for fluid recovery. Finally,
the third pillar is to develop and apply a robust development
plan, involving, first, an flexible strategy which consider the
high degree of uncertainties by the large dimensions of Pre-
salt fields and by the complex rock—fluid interaction and sys-
tem. It also is fundamental to think about multiple scenarios
for both static and dynamic properties and build a recovery
strategy with possibility to be profitable in different situa-
tions (Salomao et al. 2015).

Since initial studies and exploration activities of Pre-salt
Province (Pre-salt Cluster) were thought about CO,-EOR
with WAG. This previous thinking derives from the follow-
ing driving factors:

¢ relative high GOR combined with large CO, contamina-
tion;

e prevention to CO, emissions to the atmosphere, needing,
then, to reinject CO, stream within the reservoir;

e water injection as a natural alternative for using as result
of technical and economic argumentation;

e presence of light and low viscosity oil;

e first test results showing preliminarily relative high resid-
ual oil saturation;

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

e reservoir simulation indicated that EOR operations could
result substantial RF increasing;

e security for CO, geosequestration due to the existing rock
and the supplementary seal from thick evaporite layer,
which spreads on the cluster.

Facing these drivers, a screening study also was devel-
oped about several EOR methods, considering the geology
and reservoir characterization and ultra-deep waters con-
ditions. CO, is multiple contact miscibility with crude oil
and extracts light-to-intermediate components from the oil.
Miscibility also depends too from minimum miscibility pres-
sure (MMP) to be reached and/or exceeds it. The density
and, as consequence, the solubility of CO, in oil decrease
with temperature, so the MMP required for a given oil will
increase as well as temperature increases. If the temperature
increases with depth, the same occurs with MMP, but, luck-
ily, the fracture pressure of reservoirs increases much faster
than temperature with depth, what signify that there is a
secure MMP “window of opportunity” for reaching miscibil-
ity. Normally, it is adopted a safety margin of approximately
152 m above typical reservoir fracture depth for the required
MMP pressures (Taber et al. 1996). Using a specific condi-
tion of reservoir and adopting the same screening to achieve
the MMP, the depth must also be minimum of 750 m, that is,
h>750 m. After this vertical quota within the rock, the mis-
cibility will favorably be triggered off (Maroto-Valer 2010).
It is essential to clarify that all these data represent referen-
tial figures, because as every geology of reservoir and fluids
characteristics are developed by means of non-equilibrium
thermodynamics in the course of geologic time, for each
one there are specific conditions, measures and analyses to
be made.

When data of the geology and fluid characterizations of
Pre-salt had exhibited to the CO,-EOR in carbonate reser-
voir as above exposed, it was verified their adequacy for this
method. According to this evidence, a pilot test was planned
and implemented as described as follows.

Pilot test in Pre-salt: CO,-EOR with WAG

Normally, offshore EOR projects require higher (than
onshore) constraints and capital expenditure, implying
additional technical and economic risks. Due to the logistic
limitations and great difficulties to install plants for chemical
fluids injection, the cited screening clarified that chemicals
EOR were considered unfeasible. In front of so intricacy,
with Pre-salt immersed in ultra-deep waters and underneath
of thick evaporite layer, with purpose to provide valuable
information and to optimize design for future production
system and EOR strategies, have been developed a pilot
test in Lula field (formerly known as Tupi), the Lula Pilot.
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When implemented an appraisal plan including drilling of
additional wells, with several DSTs and high-resolution
seismic shot, Lula field revealed, in terms of petro-physical
characteristics (as well microbial carbonate Pre-salt Prov-
ince in general), good adequacy to CO, injection with WAG
(Pizarro and Branco 2012; GéoVal et al. 2014).

Lula field is at Pre-salt, region of Santos Basin, in 2000 m
water depth, a thick salt column about 2000 m and approxi-
mately 300 km from the coast. Its oil density grades between
(28 <°API<30) and GOR (200-300) Sm*/Sm®. Its level of
CO, content in solution gas varies from (8-15)%.

The strategy of test in Lula field used techniques of dynamic
information such as extended well tests (EWT) (to accomplish
long-term production profile of the wells), production pilots
(to appraisal performance of recovery methods), reservoir cor-
ing, complete logging, high-resolution seismic techniques and
interpretation, evaluation of different well geometries, fluid
sampling and laboratory tests, flow assurance analysis and so
on. This strategy had been applied in the sense to reduce risks,
optimize production systems, allow tradeoffs between costs
and revenues and create a previous knowledge for building
definitive systems aiming large-scale operations. Thus, two
EWT in Lula, one at the South and another at Northeast of its
global area, in May 2009 and April 2011, respectively. They
had presented similar oil extraction level of approximately
2385 cubic meter per day (2385 m?/d). Lula pilot began its
operation in October 2010, but was also considered as EWT;
and in April, 2011, the gas injection had started with an spe-
cific well (Pizarro and Branco 2012).

The drives and classical basis for CO,-EOR with misci-
bility and the screening aforementioned demonstrate condi-
tions such as adequacy of thermodynamic potential present
in the reservoirs of Pre-salt in general for this method, the
WAG process efficiency in continuous reservoirs without
steep inclination, oil presenting high swelling and reduced
viscosity in the presence of the injected gas and so forth.
These authors describe that comparing these classical princi-
ples with the Lula scenario was decided to test EOR methods
with CO, and hydrocarbon gases to be injected within this
field and laboratory experiences and analyses were planned
to be made. According to the low concentration of CO,, was
selected to use WAG-CO, with reinjection of all produced
gas (HC plus CO,) along the whole reservoir extent. Among
other attributes, the Lula geomodel gave emphasis on the
correlation of seismic characteristics to porosity and satu-
ration data with purpose to identify “optimal/ideal places”
and the main internal heterogeneities. In their study, those
authors reported that this analysis was supported by the
dynamical data gathered from the EWTs and the drilling of
strategically located reservoir data acquisition wells.

In the sequence of this EOR strategy and searching to
understand and represent the phase behavior of fluids in Lula
field, were adopted compositional simulation considering both

opportunities as above depicted, considering waterflooding
and WAG with hydrocarbon gases (HC) and/or CO,. Labo-
ratory experiments also were made for conventional PVT
curves, determination of viscosity and swelling of oil and, by
the slim tube technique, MMP was appraised. The produced
data provided the adequate equation of state (EoS), and its
parameters were developed. Engineering actions on the well
number and spacing and injection patterns and control were
also made. As Lula field presents relatively low reservoir tem-
perature (60-70) °C (an average for Pre-salt), reduced viscos-
ity and high pressures, than, it represents a large promise to
reach the MMP (and miscibility). In this pilot test, were prac-
ticed two WAG injectors and one gas injector. This feature
also was able to flexible either water or gas in the injection
wells and capability to alternate gas injection through differ-
ent wells, which had great importance to ratification expecta-
tive on the additional oil recovery by this method. It also is
described that some well specific techniques were tried to
optimize the RF by fluid injection in carbonates, such as, acid
stimulation, drilling of highly deviated and horizontal wells
and placement of injectors in lower permeability sites of res-
ervoir (Pizarro and Branco 2012).

Although the benefits of gas injection for this test of oil
recovery, some concerns on negative events had been con-
sidered, regarding to, for example, as non-polar solvent,
CO, and HC gas can provoke flocculation of colloidal heavy
asphaltene components from the oil. Reduction in the pres-
sure on the oil flow rates within the risers can also makes
the gas to come out of solution, lowering the flow tempera-
ture, creating conditions to wax deposition. Additionally,
there are two significant issues regarding to CO, injection
in carbonate rocks and its potential formation of calcium
carbonate scale and corrosion in the well casing and tubing
by the carbonic acid as a result of the reaction of CO, with
de injected and produced water. The authors reported that
flow assurance and integrity issues with their effects were
investigated via reservoir simulation studies which are inside
the technological programs of Petrdleo Brasileiro S. A.
(Petrobras) to Pre-salt, together with special design of flex-
ible flow lines and risers to deal with CO,. Whereas special
alloys and plastic covered pipes and continuous downhole
chemical injection deal with corrosion of the well system.
Inside the strategy for Lula Pilot, the authors reported that
were planned as favorable to confirm the RF increasing by
the EOR application in the field, the following elements:

e use of intelligent completation to mitigate the risk of
preferential flow and early breakthrough of injected flu-
ids in the reservoir;

e flexibility to inject either water or gas in the injection
wells;

e possibility to alternate the gas injection through different
wells.
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Among other initiatives, the studies recommended Lula
Pilot for HC by WAG (WAG-HC) and CO, (WAG-CO,)
and WAG by a mix of (HC-CO,). Thus, in April 2011, the
injection well started its operation with a rate of 1.0 mil-
lion m3/d, HC as main share with some CO, content; from
September 2011 on, with CO, separation from the pro-
duced gas, the injection conditions were changed, mainly
composed by CO, with concentration higher than 80% and
rate of 350,000 m*/d. The injection process was controlled
by monitoring pressure gauges and use of tracer.

Under these parameters, in April 2011 a production well
presented an oscillating flow rate of about (2000-3000)
m?/d of oil, in December of that year, another well pre-
sented a flow rate of approximately 11,000 m*/d. In the
end of this month 2011, the cumulative injection and
extraction were, respectively, 177.3 million m? of gas and
3.1 million m® of oil and 845.8 million m? of natural gas.
See resume in Table 1.

Lula pilot was essential to calibrate and select the best
strategy for miscible EOR, CO, and/or HC by WAG and
for RF increasing (additional oil barrels) and profitability
of projects. It also provided the basis to adopt the best way
for field developments not only at its own area as well as
for Pre-salt blocks in the Santos Basin (Pizarro and Branco
2012).

This evaluation on the amount of the injected CO,
inside the reservoir was also considered as promising for
continuous use through the Province. Therefore, in Pre-
salt, the recycling of the released CO, by the oil pools,
reinjection within the reservoir for gas geosequestration,
and RF increasing also represent an advanced practice
constituting significant benefits for the environmental
issue, economic results and for the CCS strategy.

Potential of CO,-EOR at the Pre-salt:
additional oil recovering and CO,
geosequestration

The most important new discovered reserves in Brazil coun-
try and the world are found in the Pre-salt Province, with an
extension of 149,000 km? of the Brazilian continental shelf,

Table 1 Lula pilot—cumulative injection and extraction (up to
December 31, 2011)

Gas injected (Mm?)* Extracted/produced (Mm?)*

Oil Gas Water

177.3 3.1 845.8 0.0

Based on Pizarro and Branco (2012)

Specifically for Lula pilot

*Million m®
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involving five States. The massive dimensions of oil extrac-
tion at the province expose that only Tupi pool in it, with an
appraisal area if approximately 2000 km?, has the reserves
amounting to nearly (5.0-8.0) billion barrels for recovering
(Formigli et al 2009; Fraga et al. 2015). At the Libra pool,
another example, the expected recovery is approximately
(8.0—-12) billion barrels and 1.4 million barrels per day (1.4
Mbpd) during its top extraction period (Shell 2016). For
understanding the importance of Pre-salt, consider the fact
that Petrobras took 45 years since its foundation to achieve
1.0 Mbpd (1998) with thousands of wells, whereas it needed
only 10 years (middle 2016) after discovery of Pre-salt and
52 wells, for achieving the same daily extraction level. Cur-
rently, Pre-salt contributes with 2739 Mboe/d and represents
70.3% of the total Brazilian extraction of oil equivalent.
Nowadays, Lula field has an accumulated extraction of 2000
Mboe and it is the largest extractor/producer field in Brazil,
with an oil/gas average extraction, respectively, of 988,000
barrels/43.2 Mm? per day (ANP 2020). According to this
reference, accounting separated oil and gas, Brazil, in 2020,
is extracting an average of 3.078 million barrels per day
(3.078 Mbd) of oil and 130 Mm®*/d of natural gas.

Since 2016, when accomplished about 1.0 Mbpd to
now, Pre-salt extraction of oil has been growing and
reaches 2.179 Mbpd, of oil, specifically, in 2020, that is,
in the period (2016-2020/August), Pre-salt extraction
growth was higher than 100%. In this period, the annual
average extraction of Pre-salt has been growing about
19.0%. Considering the same month and period of last
year (2019-2020), the total Brazilian extraction of oil
grows 10.9%, whereas Pre-salt grows 25.4% (ANP 2017,
2020). This large result is the growth expectation to the
next years, mainly due to the systematic entry by recent
years of new global oil Companies to explore the Province.

It is necessary to clarify that Law #13,365 on 29 Novem-
ber 2016 changes the former Law #12,351 on 22 December
2010, eliminating the total authority for exploring by the
Brazilian State Company and opened Pre-salt to private and
international oil Companies in general. All of new Brazilian
regulation for the sector follows this new law. The foreign
interested to explore Pre-salt needs to know it (Brazil 2016).
The new global Companies nowadays present in Pre-salt, as
above depicted, result from this law.

In 2020, total Brazilian average extraction is 3.078
Mbpd and Pre-salt alone 2.179 Mbpd as above depicted.
In 2030, Brazil will extract an average about 4.3 Mbpd and
5.2 Mbpd in 2040, accounting a compound average annual
growth rate about 2.8% (IEA 2018).

Considering a very conservative average annual growth
rate about 6.0% for the oil extraction of Pre-salt and the mid-
dle point in time (2020-2040), that is, 2030 as a median for
this period, it is possible to reach the final growth around
79.0% along these 10 (ten) years (2020-2030). This growth
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achieves oil extraction of Pre-salt about 3.9 Mbpd, which
represents approximately 90% of the 4.3 Mbpd above cited.

According to these indicators, this investigation assumes
the median data as a yearly average regarding to the total
20 years period (2020-2040), that is, a total extraction
about 4.3 Mbpd and the share of Pre-salt on this total will
be stabilized in these 90%, that is, 3.9 Mbpd. Thus, in this
assumed forecast, Pre-salt extraction will be permanent as
yearly average to the considered complete period. In these
assumed conditions, Pre-salt will extract approximately 1423
million barrels per annum (1423 Mbpa) along the period,
which (adopting US oil barrel) represents 226.0 Mm? of
oil. Facing the data aforementioned and assuming a moder-
ate average level of GOR of approximately 300 Sm*/Sm?
with a 10% CO, contamination, the CO, emissions will be
approximately 6.78 billion m® per annum, which is equiva-
lent to 13.3 Mt CO, emissions per annum. As a yearly aver-
age during the complete period, thus Pre-salt will release
approximately 266 Mt CO,, which represents its potential
of CO, reinjection inside the respective reservoirs for the
next 20 years (2020-2040). CO, can be the most expensive
operational cost of any CO,-EOR facility, mainly at OCDE
countries. This high cost of CO, means the gas must be
monitored at the surface and within the reservoir to ensure
its optimal use. Ultimately, all the CO, injected into an oil
field for EOR remains trapped in the pore space that origi-
nally held the oil and other fluids (GCCSI 2019). Thus, the
potential here mentioned for Pre-salt means a real storage.

Conventional secondary recovery techniques extend the
productive life of a field by injecting water or gas to displace
the oil and drive it to the production wellbore, resulting in
the recovery of 20-40% of the original oil in place. Using
EOR techniques (special secondary recovery techniques),
the final extraction can reach up to 60% or more of this origi-
nal oil of the reservoir (DOE 2020). In consonance with
this assumption and using this positive difference of 20%
and adopting CO,-EOR, Pre-salt presents the potential to
extract about 5.7 billion of additional oil barrels in the next
20 years.

Nowadays, Petrobras reinjects about 3.0 Mt CO, per
annum (3.0 Mtpa of CO,) in the Pre-salt Santos Basin. It
reached a milestone of 10 Mt CO, and is continually expand-
ing the capacity of its floating production storage and off-
loading (FPSO) units, aiming to cumulatively reinject more
than 40 Mt CO, by 2025 (GCCSI 2019).

Due to issues such as: nature of reservoir rocks, high
GOR and CO, content, corrosion of the subsystems
involved, environmental protection, high pressures and low
temperatures of the reservoirs, among others, after pilot test
and the large current extraction of Lula field above depicted,
miscible CO,-EOR systematically progresses in the Prov-
ince together with its exploration and knowledge. In front of
these characteristics and considering the availability of very

good sealing rock by the thick salt layer on the reservoirs,
which offer high security for the CO, geosequestration, this
practice already began and it is demonstrating to be feasible
and beneficial.

Summary and conclusions

This study analyzes about the energy as the main anthropo-
genic forcing of climate change, resulting from the intense
and global use of the fossil fuels, which currently reach
81.3% of the total primary energy supply in the world. Inside
this worldwide energy matrix, oil has the higher share of
31.6% and will continue predominant by long term. Oil also
is the second most important GHG emitter (immediately
after coal), with 34.1% of the total world CO, emission by
fuel. Afterward, this research analyzes the global policy of
CCS and its direct connection with CO,-EOR and by means
of this method the new role of the petroleum energy system
to the climate change mitigation. Due to CO,-EOR includes
broad benefits because produces vast CO, emissions reduc-
tion to the atmosphere and large amount of additional barrels
of oil, it is the most important CO, geosequestration method,
reaching, in 2018, about 88% of the total carbon geologically
stored in the world. CCS will contribute to the worldwide
emissions reduction about 14% by 2060 and only CCUS will
contribute to this target with about 9.0% by 2050.

Thus, this investigation studies the Pre-salt Province in
Brazil as the biggest set of giant oil fields recently discov-
ered in the world with its estimation of extraction volumes
of billions barrels of oil. Nowadays, it is responsible for
about 70.3% of the total Brazilian oil extraction, represent-
ing 2.739 Mboe/d. The national regulation for the oil and
gas sector is changed (Law #13,365 on 29 November 2016
changes the former Law #12,351 on 22 December 2010) in
Brazil to enter international Companies for exploring Pre-
salt, which already present good producing results.

This study also presents its tectonic origin evolving
since super-continent Gondwana break up, approximately
160 million years ago and its complex set of microbial
carbonate reservoirs with stromatolite framework located
in ultra-deep waters and underneath of thick salt layer
(2000-2500) m. Its reservoirs can be reached to the
depth up to (5500-6500) m TVDSS and approximately
(200-300) km offshore. The fluids of Pre-salt comprises
oil with °APIx30, viscosity approximately 1.0 cp and
GOR ranging (200-400) Sm3/Sm3, with a high CO, con-
tamination about (8-15)%.

Due to its high GOR combined with large CO, contami-
nation, prevention to CO, emissions to the atmosphere,
and need to reinject the gas stream within the reservoir,
presence of light and low viscosity oil and test results
showing preliminarily relative high residual oil saturation,
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among others, pilot test was made for understanding the
opportunity of the CO,-EOR at Province. Reservoir sim-
ulation also indicated that EOR operations could result
substantial RF increasing.

The pilot tests are described inside this paper and cor-
roborated adequacy of the miscible CO,-EOR with WAG
in Pre-salt. It also demonstrated that this method is feasi-
ble and beneficial at Pre-salt. It induced for the future of
the exploration large use of this EOR method also con-
sidering CO, geosequestration. The supplementary seal
from thick evaporite layer, which spreads on the cluster,
also presents broad security for CO, geological storage.

As solid substances, nanoparticles can withstand CO,
flooding, mainly to those harsh environment and high-
temperature reservoirs in which surfactant-stabilized CO,
foam cannot survive, providing a novel means for improv-
ing mobility control agents for CO,-EOR and promising
RF increasing. Although this potential successful of these
nanoparticle applications in the field, Pre-salt is formed
by harsh environment, including high pressure, but low
temperature reservoirs. Before its geographic location with
large distance from the shore, their difficulties in logis-
tics and additional technical and economic risks and great
adversities to install plants for chemical fluids injection,
Pre-salt presents hard limitations to the use of these solid
substances together with chemical compounds.

CO,-EOR offers a fertile consequence to CCS: extrac-
tion of up to 375 billion barrels of additional oil and up to
360 Gt CO, to be geological stored inside the oil reservoirs
in the next 50 years, globally. This study concludes that
Pre-salt exhibits potential to contribute with 5.7 billion
of additional oil barrels and 266 Mt CO, to be geological
stored for the next 20 years. Nowadays, there is an injec-
tion about 3.0 Mtpa of CO, in Pre-salt Santos Basin and
Petrobras already reaches the milestone of 10 Mt CO, in
offshore Brazil.

CO,-EOR connects the petroleum energy system to CCS
and transforms its reservoirs in a carbon sink, representing a
substantial role in the energy efficiency of energy resources
recovering from the biosphere and a high contribution to the
climate change mitigation.

Due to its huge complexity, Pre-salt requires robust strat-
egy for exploring, contemplating vast geophysical data and
analysis and flexible planning with multiple exploration
scenarios.
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