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Abstract: CO> emission has increased significantly in the past 50 years and it has
become a real threat to the environment. One of the alternatives to decrease CO>
emission is storage it into aquifer or depleted oil reservoirs. During COz injection into
reservoirs, industries have faced numerous problems. The main problems mentioned
in the literature are salt precipitation and cement degradation. In this paper, we propose
a methodology to select the most relevant works related to the previous mentioned
problems. Afterwards, we prepare a brief literature review including the main physical
mechanisms, phenomena, and finds regarding to salt precipitation and cement
degradation. Finally, we conclude the paper showing the potential technological
opportunities to be developed.
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PRECIPITAGAO DE SAIS E DEGRADAGAO DE CIMENTO DURANTE
A ESTOCAGEM DE CO,: UMA BREVE REVISAO

Resumo: As emissdes de CO, vém crescendo significativamente nos ultimos 50 anos,
tornando-se uma ameaca real ao meio ambiente. Uma das alternativas para diminuir
a emissao de CO: & seu armazenamento em aquiferos ou reservatorios depletados.
Durante a injegdo de CO2, as industrias tém enfrentado inumeros problemas. Os
principais problemas mencionados na literatura s&o a precipitacdo de sais e a
degradacgéao de cimento. Neste artigo, propde-se uma metodologia para selecionar os
trabalhos mais relevantes e, em seguida, prepara-se uma sucinta revisédo da literatura
incluindo os principais mecanismos fisicos, fenbmenos, e descobertas relacionadas a
precipitagdo de sais e degradacéo de cimento. Portanto, este trabalho procura apontar
as potenciais oportunidades tecnologicas a serem desenvolvidas nesta abordagem.

Palavras-chave: CCS; Vazamento de CO2; dano a formagé&o; cimentagédo de pogos.
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1. INTRODUCTION

In the last few decades the emission of carbon dioxide (CO2) has increased
significantly around all over the world [1]. CO2 is emitted from different sources as
power plants, oil refineries, hydrogen, iron, cement and other industrial plants [2],
besides of industrial emissions, individual anthropogenic emission of CO2 from
vehicles, residential gas consumption, collective transportation have contributed
largely for increasing concentration level of disposal CO2 in the environment [1]. The
amount of CO2 emission has become a problem of this century, and one of the
alternatives to mitigate it is replacing the current energy sources to renewed energy
ones [3]. However, this is not a feasible alternative at least for the next decades [3].

Another option to decrease the excess of CO» present in the atmosphere is CO2
capture and storage (CCS) [4,5]. There are several technologies in development to
capture CO2 from air (artificial tree), from power plants and different industries utilizing
different methods such as absorption, adsorption, membranes and cryogenics
processes [6]. Most of these processes are very expensive, nevertheless CO2
captured by these processes can be used to recycle CO2 and produce new products
that aggregate values and can be sold transforming such technologies economically
feasible [7]. Whilst the aforementioned processes do not become practicable, many
companies, mainly oil companies have used their own technologies to store CO in
aquifer or depleted oil reservoirs, to recover additional oil using CO2 as a tertiary
recovery method [8], or in case of unconventional scenarios, as shales gas in USA,
CO2 has been used as a working fluid to efficiently fracture the reservoir [9], or in
Brazil's pre-salt fields, where the content of CO2 can reach up to 44%, the produced
CO: is directed reinjected into the same reservoir to solve simultaneously two
problems, CO2releasing to atmosphere and enhanced oil recovery (EOR) [10]. Despite
the oil industries have been using COs: injection for more than 20 years, they are still
facing different challenges [11].

During CO: injection, CO2 can react with well cement altering its porosity and
permeability. The well cement degradation could cause CO2 and reservoir fluids
leakage [12]. Other common problem during COz injection is salt precipitation and rock
dissolution. In general, these processes occur due to CO> reaction with rock matrix, or
due to CO2 mass and heat exchanging with saline water [5,13—-15].

In this paper we briefly address the main challenges during well cement
degradation and salt precipitation during CO2 storage. We also present the main
chemical reaction equations and explain phenomenological mechanisms of cement
degradation and salt precipitation based in a deep literature research.

2. METHODOLOGY

This paper presents a literature review of two main problems faced by petroleum
companies during CO- injection into reservoirs — salt precipitation and cement
degradation. Firstly, we searched at the literature for all problems involving CO2
capture and storage (CCS) and we evaluate the technology readiness level of each
problem. Then we chose the problems that industries are still trying to solve.
Afterwards, we herein evaluate a great number of papers that have been published in
the past 10 years. We make a critical analysis of each paper and present the available
phenomenological explanations for the aforementioned problems. Fig. Figure 1 shows
a block diagram of the research methodology.

ISSN: 2357-7592



VI INTERNATIONAL SYMPOSIUM ON INNOVATION AND TECHNOLOGY (SIINTEC)
"Challenges in science, technology and innovation after COVID-19"

Figure 1: Description of literature research.
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3. RESULTS AND DISCUSSION
3.1. Salt precipitation

There are numerous papers that show evidences of salt precipitation during
COs2 injection into reservoir [5,16]. In general, CO: is injected into reservoir in
supercritical thermodynamic conditions, when it meets the formation water occurs heat
exchange and consequently water evaporation. The evaporated water is carried by
CO:2 flux. This process dries out the saline water leading to a severe increased in salt
concentration. When the salt exceeds its solubility, it occurs salt precipitation. The salt
accumulate in the pore throat and reduce the reservoir permeability and porosity [5,17].

One of the first studies related to salt precipitation during supercritical CO>
(scCO>) injection was reported by [18]. They performed core flood experiments in
Berea sandstone saturated with 25% NaCl brine and injected scCO> for 32 hours. It
was observed a 60% permeability reduction due to salt precipitation and consequently
injectivity decline. They also conducted numerical simulation studies and concluded
that permeability impairment is also predicted due to substantial salt precipitation. In
order to mitigate this phenomenon, the authors suggested fresh water pre-flushing
prior to scCO: injection. This suggestion is doubtful, it is well know that injection of
fresh water in sandstone reservoir can cause severe damage due to fines migration
[19,20]. Other researchers also documented similar results utilizing different
experimental methodologies and concluded that besides salinity, there other
parameter that can direct affect the salt precipitation [13,14,21,22]. However, there are
some researches claiming that in some conditions, water evaporation can increase the
path of CO: into porous media. This point of view may increase the CO: relative
permeability and improve injectivity [23,24]. On the contrary, other research group
observed reduction of 50% of CO: relative permeability during salt precipitation [21].
Although numerous experimental investigations reported in the literature, there are still
a lack of understanding of the physics and thermodynamic behavior inside the porous
media.

The most acceptable phenomenological mechanisms of salt precipitation during
scCO2 injection into reservoir available in the literature is defended by [15,24,25],
constated via microscopic visualizations experiments by [16], and clearly described by
[5]. According to [5], there are 5 distinguished physical mechanisms leading to salt
precipitation, as shown in Fig. Figure 2.

The first mechanism is the two-phase displacement where scCO_ drives the
formation water way from the injector well. This mechanism regards the viscous forces
and mobility of each phase. Simultaneously to the first mechanism there are
instantaneous water evaporation, this water steam is carried by the scCO2 flux and this
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phenomenon is called the second mechanism. The third mechanism occurs due to
capillary effects, after the exposed by scCO,, the porous media still has a film of
formation water around the rock grains, by capillary effects, the saline water in front of
this region is driven backwards to positions where water has dried out. This effect is
shown in Figure 2b, where the water flow direction is opposite to the scCO; flow. The
third mechanism is responsible to bring back salt and concentrate even more region
closer to the injector well, decreasing the well injectivity. The fourth mechanism refers
to salt diffusion way to the dried-out front (Fig. Figure 2c). The fifth mechanism is called
salt self-enhancing and occurs due to capillary effects that drive the salt to the scCO2-
water interface (Fig. Figure 2d).
Figure 2: Schematic mechanisms :?f salt precipitation d(u)ring CO- injectior:di)nto aquifer [5].
(@) (b) (s

Two phase immiscible Capillary Back-flow Salt diffusion Salt self-enhancing
displacement and evaporation

The evidences of most of the described mechanisms suggested by [5], it was
experimentally visualized by [16] as shown in Fig. Figure 3. In agreement with [5],
experiments conducted by [16] have shown that there are parameters that can interfere
directly to salt precipitation, as scCO: flow rate and rock wettability (Fig. Figure 3).

As the scCOz flow rate increases, the deposition of salt precipitation decreases.
This is explained by drag force that exceeds the attached forces on salt crystals. The
rock wettability also plays an important role in salt precipitation, hydrophilic surface
(Fig. Figure 3a) contributes much more salt crystal deposition than neutral surface (Fig.
Figure 3b) and hydrophobic rock surface (Fig. Figure 3c) [16].

Despite of solids phenomenological and physical finds, it is necessary to
understand better the thermodynamic behavior of salt precipitation to mitigate it.

Figure 3: Salt precipitation at 3 different scCO flow rate conditions (1) 0.1; (2) 0.5;and (3)
2 mL/min; at different rock wettability scenarios a) hydrophilic; b) neutral; ¢) hydrophobic [16].
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3.2. Cement degradation

The connection between the surface and the reservoir is the drilled well, where
it is sealed by cementation between the well casing and the reservoir formation to
stabilize the well wall. Usually the cement has very low permeability and prevent the
scaping of any fluids from the reservoir. However, in the last few years, wells have
shown leakage problems during CO:2 injection or even after the well has been
cemented and abandoned [12,26].

These problems are mainly caused when scCO> meets the saline water in the
reservoir and dissolves into aqueous phase, generating carbonic acid leading to a
severe lowering of pH as describe by the following chemical reaction [12,27]. In
general, the cement used in the injector wells has pH between 12 and 14 [12,27],
therefore, if the cement is exposed to a low pH environment, as the one created by
COg2 dissolved in formation water (Egs. 1 and 2).

COz(4q) + Ha0 S HyCO5 (1)
HyCO03 .,y = H*+ HCO3 + CO3 (2)

The cement suffers dissolution reactions as described by reaction equations 3 and 4
(cement carbonation) [12,27].

Ca(OH)y, + 2H* + COZ™ - CaCOs ) + 2H,0 (3)
C—S—H(s)+2H++CO3_—>CaC03(S)+am—Si02(s) (4)

where Ca(OH)Z(S) is the actually the cement phase, C — S — H, is calcium silicate
hydrate, which is the biding phase of cement past, and am —SiOz(s) is amorphous

silica gel [4,12]. Egs. 1 — 4 are the main reaction equations that describe cement
degradation.

The CO2 leakage can occur by different mechanisms [12,26]. During CO2
injection in active well, the piping pressure is very high, and it can cause corrosion on
pipeline/tubing as shown in Fig. Figure 4, #1. Due to high pressure, it is possible
leakage throughout the packer (Fig. Figure 4, #2). Another possible leakage can occur
throughout the cracking at the cement case (Fig. Figure 4, #3), however it is not
common. The leakages described by Fig. Figure 4, #4 — #8 are characterized by the
previous reactions equations and it is mainly due to cement degradation/dissolution
[26].

Figure 4: Possible CO leakage mechanisms in a) activity CO; injector well and b)
abandoned well [26].
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There are many researches in development to study the parameters and
conditions that most affect the aforementioned leakage mechanisms [12,28]. Some
researchers are trying to develop a more resistance cement and even to utilize
nanotechnology to improve the cement composition [4], while others are studying
different scenarios and realizing study cases to better understand what is really leading
to cement degradation [29,30].

Despite all studies in progress, there is still a lack of researches that intent to
study deeply the thermodynamic behavior of scCOo-brine to avoid the cement
degradation or even to improve the cement composition based on thermodynamic
analyses.

4. CHALLENGES AND NEXT STEPS

The brief studies regarding to salt precipitation and cement degradation have
shown that there are a lot of points to be investigated and improved. Figure 6 shows a
block diagram to illustrate the challenges relate to each topic and the next steps to
prevent/mitigate these problems.

Figure 5: Challenges and next steps for major problems during CO2 injection.
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5. CONCLUSION

This paper aimed to select from contemporaneous literature the main problems
regarding to CO: injection and storage into reservoirs. After an intensive literature
search, it was found that salt precipitation and cement degradation were the main
problems during CO: storage into reservoirs. Despite all physical mechanisms, finding,
and suggestion to mitigate these problems, a deep thermodynamic understanding of
both problems still needs to be done. Besides that, new experiments and
understanding related to rock properties, formation water composition, new cement
formulation and its economic feasibility need to be performed. Therefore, this paper
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shows that there are still numerous problems to be solved during COz injection and its
also indicates ways to be followed to advance in this research area.
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