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Abstract  10 

This paper presents theoretical models of the phase transformation and the change of mechanical 11 

properties of oil well cement due to underground carbonation reactions. Application of oil well 12 

cement has become common practice in CO2 underground storage formations. However, the CO2 13 

stored underground may leak through damaged well cement, and it can cause carbonation reactions 14 

which may significantly decrease the mechanical properties of well cement. Extensive research 15 

has been conducted by using experimental methods in laboratories to characterize the carbonation 16 

reactions of cement underground. However, no theoretical formulations have been developed 17 

considering the mechanical properties change due to the carbonation effect. In this paper, the CO2 18 

profile was predicted first by the error function solution of a 1D CO2 diffusion equation and further 19 

the carbonation reaction rate was calculated. The phase transformation of well cement due to 20 

carbonation were then analyzed by using a stoichiometric model. After that, the changes of 21 

mechanical properties of well cement were modeled using a two-phase generalized self-consistent 22 

model at different scales. Specifically, the decrease of the elastic modulus of well cement during 23 

the carbonation process was used as an example application of the model. Finally, the modeling 24 

result was validated with published experimental results. 25 
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1 Introduction 27 

With the development of technology and civilization, a large amount of raw resource has been 28 

used without decent recycle of detrimental substances in the past 50 years [1]. As the consequences, 29 

the living environment of mankind is threatened in various aspects. In recent years, more and more 30 

environmental issues have been reported by researchers, such as climate change, acid rain, ozone 31 

depletion, etc. [2,3]. As one of the most severe environmental problem among them, the climate 32 

change has been addressed with a great effort [1,4,5,6]. In order to control climate change and the 33 

amount of greenhouse gas emitted to the atmosphere, CO2 emission, which is the main 34 

compositions of greenhouse gas, has to be reduced tremendously around the world. This reduction 35 

can be done by various techniques, and long-term storage of CO2 is one of them [1]. Off-shore and 36 

in-shore storage such as deep saline geological units, as well as mineral sequestration are the three 37 

available techniques for CO2 storage. Under consideration of technical difficulty level and safety 38 

issues, geological storage became the most advanced technology to be used for CO2 storage and 39 

many large industrial scale and pilot projects have successfully transported CO2 into underground 40 

reservoirs [1]. In the last 20 years, more than 100 projects have been successfully completed to 41 

inject CO2 into underground reservoirs [1]. Fig. 1 shows the side view of a borehole system. The 42 

steel pipe is installed first, then the well cement is injected through the steel pipe and hardens 43 

around the outside of it. The cementing process of the wellbore is very important to keep the 44 

injected CO2 underground, and cementing can be split into two types: primary cementing and 45 

remedial cementing. Primary cementing refers to the placement of the cement underground into 46 

the annular space to provide zonal isolation. Remedial cementing refers to the repair of the primary 47 

cement after the wellbore has been constructed, which includes the processes of squeezing 48 

cementing and plugging cementing [7]. Remedial cementing is expensive. Therefore, thoroughly 49 



planning and designing primary cementing is necessary and economical. Long after injection, CO2 50 

can move upward or sideways due to the unbalanced pressure in the subsurface [4]. To safely keep 51 

the injected CO2 underground, the long-term mechanical properties of cement in the borehole 52 

system need to be well understood.  Any significant deterioration in mechanical properties of the 53 

well cement may result in potential leakage of the CO2.  So, the durability of well cement has 54 

become a center of attention in the research community [5]. 55 

 56 
Figure 1. Primary cementing and remedial cementing 57 

Carbon dioxide either from the atmosphere or from underground storage can react with the 58 

hydration products in cementitious material [8], which are called carbonation reactions Due to the 59 

carbonation reactions, both the mechanical properties and durability of cementitious materials can 60 

be potentially affected to different extents. In the past several decades, a lot of research has focused 61 

on understanding the mechanism of carbonations on concrete structures above the ground and 62 

trying to mitigate the effect of carbonations. Bertolini et al. [6] mentioned in their research that the 63 

carbonation reactions can reduce the pH value of the pore solution, which can lower the 64 

depassivation threshold of the reinforcing steel and further encourage the corrosion of steel casing 65 

[9]. Besides decreasing the pH value in the cementitious material, the chemical compositions can 66 

also be changed due to the invasion of CO2 [10]. Relevant experimental studies have been 67 



conducted to mainly measure the ‘carbonation front’, which is one of the most important 68 

parameters to define the carbonation depth [11,12] in the cementitious material.  69 

Thermogravimetric analysis (TGA) has been introduced to analyze the effect of carbonation 70 

reactions on the cementitious material, where the change of chemical compositions of cement can 71 

be captured [13]. In addition to the experimental studies, models have been developed to simulate 72 

the carbonation effects in cementitious material under different conditions [14-18]. It can be seen 73 

from these modeling that although different environmental conditions have been included in the 74 

model, an important part of the carbonation reactions, called the wet carbonation has been 75 

neglected, which is important specifically for the underground environment. 76 

From previous experimental research, it has been concluded that carbonation reactions can be 77 

divided into two types: dry carbonation and wet carbonation (or carbonation stage and dissolution 78 

stage) [19-23]. The carbonation reactions of well cement can be generally expressed using the 79 

chemical equations 1-7 and Fig. 2: 80 

𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3 ↔ 𝐻+ + 𝐻𝐶𝑂3
− ↔ 2𝐻+ + 𝐶𝑂3

2−    (1) 81 

𝐶𝑎(𝑂𝐻)2 + 2𝐻+ + 𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3 + 2𝐻2𝑂    (2) 82 

𝐶𝑎(𝑂𝐻)2 + 𝐻+ + 𝐻𝐶𝑂3
− → 𝐶𝑎𝐶𝑂3 + 2𝐻2𝑂    (3) 83 

𝐶 − 𝑆 − 𝐻 + 2𝐻+ + 𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3 + 𝑆𝑖𝑂𝑥 𝑂𝐻𝑥    (4) 84 

𝐶 − 𝑆 − 𝐻 + 𝐻+ + 𝐻𝐶𝑂3
− → 𝐶𝑎𝐶𝑂3 + 𝑆𝑖𝑂𝑥 𝑂𝐻𝑥    (5) 85 

𝐶𝑂2 + 𝐻2𝑂 + 𝐶𝑎𝐶𝑂3 ↔ 𝐶𝑎2+ + 2𝐻𝐶𝑂3
−    (6) 86 

2𝐻+ + 𝐶𝑎𝐶𝑂3 ↔ 𝐶𝑂2 + 𝐶𝑎2+ + 𝐻2𝑂    (7) 87 



 88 
Figure 2. Phase transformations during the carbonation reaction 89 

The chemical equations show the entire progression of the carbonation reactions. In equation 1, 90 

the CO2 reacts with water to produce carbonic acid and bicarbonic acid [24]. In the next step, 91 

equations 2 to 5, the acid reacts with the calcium hydroxide first to generate the calcium carbonate, 92 

and then, the calcium silicate hydrate (C-S-H) gel (a hydration product of well cement) reacts with 93 

the acid to form the amorphous silica gel and calcium carbonate. During this step, the stiffness of 94 

calcium carbonate is high, and it can increase the strength of the cement, while the amorphous 95 

silica can decrease the permeability. This step is called “dry carbonation”, which happens in regular 96 

Portland cement concrete above ground structures. If the cement continuously encounters brine, 97 

which is common in the underground environment, the reactions go through the entire process 98 

from equations 1 through 7. At the end of the reactions (equations 6 and 7), the calcium carbonate 99 

content decreases, and the strength of the cement decreases as well. This is called “wet 100 

carbonation”. It is important to note that the results of the two carbonation processes are totally 101 

different. For dry carbonation, the cement is stronger after the carbonation reactions. On the other 102 

hand, the cement is weaker from the wet carbonation. So, the outcome of the wet carbonation is 103 

more harmful to the mechanical properties of well cement underground than the dry carbonation.  104 

The rate of carbonation reactions becomes an important factor in the mechanical deterioration 105 

process of well cement [25,26]. Many influential factors have been considered to affect the rate of 106 



carbonation reaction: relative humidity, water to cement ratio, initial CO2 content of the 107 

environment, types of cement used, temperature, pressure, etc. In order to study the effect of these 108 

factors, researchers have conducted experimental tests and developed mathematical models to 109 

predict the influence of each factor [27-34]. From their results, one can conclude that with the 110 

increase of temperature, the rate of carbonation reactions is increased. The influence of pressure 111 

has also been considered in [27] showing that the higher pressure could help to push the CO2 gas 112 

farther into the cement. As the result, the carbonation reaction could start at deeper depths of the 113 

cement annulus. Since the pressure and temperature are much higher in the underground 114 

environment than above the ground [35,36], it is necessary to focus on the carbonation reaction in 115 

this study. In addition, the water-to-cement ratio is another important factor. As shown in previous 116 

research, with a higher water-to-cement ratio, the carbonation reactions are faster [37]. 117 

Based on the literature review above, one can conclude that the CO2 stored underground may leak 118 

through damaged well cement, and it can cause carbonation reactions which may significantly 119 

decrease the mechanical properties of well cement. Although a lot of experimental research was 120 

conducted, there is no systematic modeling work that focuses on both the changes of chemical 121 

compositions and mechanical properties of the well cement use in underground structures due to 122 

the carbonation reactions. The wet carbonation, which is emphasized here, is only seen in past 123 

experimental studies. There is no modeling work currently considering the mechanical properties 124 

effect of wet carbonation on cementitious material used in underground projects. At the 125 

macrostructure level, the reaction rate is indirectly defined by the carbonation depth instead of the 126 

degree of carbonation, implying that larger carbonation depth in a structure are an indication of a 127 

higher reaction rate. However, the degree of carbonation is a better indicator than the carbonation 128 

depth because it directly shows the extent of the phase transformations that have occurred in the 129 



cementitious material. Hence, it is necessary to build a systematic theoretical model to characterize 130 

the carbonation reaction processes in terms of the associated phase transformation, reaction rate 131 

and their effects on the mechanical properties of well cement. In the next section, the initial volume 132 

fraction of well cement due to the hydration process is simulated by using stoichiometric model. 133 

Section 3 shows the phase transformations in the well cement due to the carbonation reaction by 134 

using the same stoichiometric model. In section 4, the two-phase general self-consistent (GSC) 135 

model is applied. As a numerical example, the modulus of elasticity of well cement is modeled. 136 

The validation work of the model is conducted in section 5. Consistent results are obtained between 137 

the model prediction and previous experimental results. This theoretical analysis is the first step 138 

towards realistic estimation of the long-term performance of wellbore system for underground CO2 139 

storage reservoir.  140 

2 Initial Volume Fractions of Constituents after Hydration Process of Well Cement 141 

To evaluate the changes of chemical composition and mechanical properties of well cement during 142 

the carbonation reactions, the initial conditions of the cement before the carbonation reactions start 143 

must be understood. These initial values depend on the degree of hydration of cement. To simplify 144 

the calculation with nearly no effect on the long-term model accuracy, it can be assumed that the 145 

carbonation reactions start right away after the hydration reactions of cement are completed. 146 

Therefore, the initial volume fractions of the hydration products in the cement paste can be 147 

calculated based on the total hydration of cement.  148 

According to the API 10A Standard [38], oil well cement can be categorized in six classes: A, B, 149 

C, D, G, and H, each divided into three grades: ordinary (O), moderate sulfate-resistant (MSR), 150 

and high sulfate-resistant (HSR). Classes A, B, and C are similar to type I, II, and III cements in 151 

the ASTM standard C150 and ASTM C465 [39,40]. Class D cement is used for moderately high 152 



temperatures and pressures under MSR and HSR grades. The definitions of Class G and Class H 153 

cements are similar in the API standard. Both can be used as a basic well cement casing and work 154 

in MSR and HSR grades except the size of Class G cement particles is finer than that of Class H 155 

cement. According to data from the Society of Petroleum Engineers (SPE), approximately 80% of 156 

the projects in the U.S. adopt Class H and G cement and greater than 95% of the projects in the 157 

rest of the world use Class G cement. Class G and H cements have better performance under high 158 

temperature and high pressure than the other four classes. In addition, other special cements are 159 

used for oil well cementing although they are not very common, including: Pozzolanic-Portland 160 

Cement, Gypsum Cement, Microfine Cement, Expanding Cements, Calcium Aluminate Cement, 161 

ThermaLockTM, Latex Cement, Resin or Plastic Cements, Sorel Cement, and EverCRETETM 162 

CO2, etc. [41]. Compared with ordinary cement used for the structures above the ground, well 163 

cement has unique advantages for underground projects: high fluidity and relatively low thermal 164 

contraction. However, in order to achieve the high fluidity, this specific material sacrifices the 165 

mechanical properties and durability to some extent. From previous work, the lower strength of 166 

well cement did not considerably affect the sealing process of CO2 gas in the wellbore system [4]. 167 

Class G cement is selected as the well cement used in the modeling work based on the common 168 

application around the world. The water-to-cement (𝑤/𝑐) ratio is equal to 0.44 (API 10A standard). 169 

The mineral compositions of cement powder are shown in Table 1 [42]. The hydration equations 170 

are shown below: 171 

𝐶3𝑆 + 5.3𝐻 → 0.5𝐶3.4𝑆2𝐻8 + 1.3𝐶𝐻    (8) 172 

𝐶2𝑆 + 4.3𝐻 → 0.5𝐶3.4𝑆2𝐻8 + 0.3𝐶𝐻    (9) 173 

𝐶4𝐴𝐹 + 2𝐶𝐻 + 10𝐻 → 2𝐶3(𝐴, 𝐹)𝐻6 (Hydrogarnet)    (10) 174 

𝐶3𝐴 + 3𝐶𝑆𝐻2 + 26𝐻 → 𝐶6𝐴𝑆3𝐻32  Ettringite (AFt)    (11) 175 



𝐶3𝐴 + 0.5𝐶6𝐴𝑆3𝐻32 + 2𝐻 → 1.5𝐶4𝐴𝑆𝐻12 Monosulfate (AFm)    (12) 176 

𝐶3𝐴 + 𝐶𝐻 + 12𝐻 → 𝐶4𝐴𝐻13 Calcium aluminate hydrate    (13) 177 

Table 1 Chemical composition of Class G cement [38] 178 

Mineral Composition  C3S C2S C3A C4AF 

% by mass 56 25.7 2 16.3 

The hydration products and the total volume are expressed in equations 14 and 15 [32]. 179 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑐
0 + 𝑉𝑤

0    (14) 180 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑤(𝑡) + 𝑉𝑐𝑘
𝑖 (𝑡) + 𝑉𝐶𝑆𝐻 (𝑡) + 𝑉𝐶𝐻 (𝑡) + 𝑉𝐴𝐿 (𝑡) + 𝑉𝑐𝑝(𝑡) = 1    (15) 181 

To calculate the microstructure of the cement paste, the total volume can be considered to be a unit 182 

volume. Due to the low content of C3A, it can be assimilated with C4AF as 𝑉𝐴𝐿 . 𝑉𝑤(𝑡)  is the 183 

remaining water during the hydration reaction, which equals the initial volume of mixed water 184 

minus the water consumed during the hydration reactions, equation 16 [43]. 185 

𝑉𝑤(𝑡) = 𝑉𝑤
0 − ∑ 𝑉𝑤

𝑖 × 𝛼𝑖(𝑡) ≥ 0𝑖     (16) 186 

where 𝑉𝑤
0 is the initial water used in the mixture, 𝑉𝑤

𝑖 is water consumed for complete hydration of 187 

component 𝑖 , 𝛼𝑖  is the hydration rate of component i. After total hydration, the volume of 188 

remaining water fills the gel pores. 𝑉𝑤
𝑖  can be calculated in equations 17 and 18 by using 189 

stoichiometric models [43]. 190 

𝑉𝑤
𝑖

𝑉𝑐
0 = 𝐷𝑤

𝑖 ×
𝜌𝑖

′ /𝜇𝑖

𝜌𝑤 /𝜇𝑤
    (17) 191 

𝜌𝑖
′ =

𝑀𝑖

𝑉𝑐
0 = 𝜌𝑐

𝑚𝑖

∑ 𝑚𝑖𝑖
    (18) 192 

where 𝑉𝑐
0 is the initial volume of well cement, 𝐷𝑤

𝑖 = 𝑑𝑤 /𝑑𝑖, 𝑑𝑤  is the moles of consumed water 193 

during the hydration reactions, and 𝑑𝑖 is the moles of component 𝑖 consumed during the hydration 194 

reactions. 𝜌𝑖
′ is the mass density of different phases. 𝜇𝑖 is the molecular weight. 𝑚𝑖 is the mass 195 

fraction of different phases of clinker. 196 



The volume changes of the phases in the cement can be calculated using equation 19 [43]. In this 197 

study, only the total hydration is considered, and thus the volumes of all initial components in the 198 

well cement are reduced to zero. 199 

𝑉𝑐𝑘
𝑖 (𝑡) = 𝑉𝑐𝑘0

𝑖 × [1 − 𝛼𝑖(𝑡)]    (19) 200 

The next step is to calculate the hydration products from the cement. C-S-H gels and calcium 201 

hydroxide crystals are produced from C3S and C2S. Therefore, equations 20-24 [44] calculate the 202 

volume change of the C-S-H gel. The chemical formula used for C-S-H gel is 𝐶3.4𝑆2𝐻3. 203 

𝑉𝐶𝑆𝐻 (𝑡) = 𝑉𝐶𝑆𝐻
𝐶3 𝑆

× 𝛼𝐶3𝑆(𝑡) + 𝑉𝐶𝑆𝐻
𝐶2 𝑆

× 𝛼𝐶2𝑆(𝑡)    (20) 204 

𝑉𝐶𝑆𝐻
𝐶3𝑆

𝑉𝑐
0 = 𝐷𝐶𝑆𝐻

𝐶3𝑆 ×
𝜌𝐶3𝑆

′ /𝜇𝐶3𝑆

𝜌𝐶𝑆𝐻/𝜇𝐶𝑆𝐻
    (21) 205 

𝜌𝐶3𝑆
′ =

𝑀𝐶3𝑆

𝑉𝑐
0 = 𝜌𝑐

𝑚𝐶3𝑆

∑ 𝑚𝑖𝑖
    (22) 206 

𝑉𝐶𝑆𝐻
𝐶2𝑆

𝑉𝑐
0 = 𝐷𝐶𝑆𝐻

𝐶2𝑆 ×
𝜌𝐶2𝑆

′ /𝜇𝐶2𝑆

𝜌𝐶𝑆𝐻/𝜇𝐶𝑆𝐻
    (23) 207 

𝜌𝐶2𝑆
′ =

𝑀𝐶2𝑆

𝑉𝑐
0 = 𝜌𝑐

𝑚𝐶2𝑆

∑ 𝑚𝑖𝑖
    (24) 208 

where 𝑉𝐶𝑆𝐻
𝐶3𝑆

 is the volume of C-S-H gel generated from the C3S hydration reaction, and 𝑉𝐶𝑆𝐻
𝐶2 𝑆

 is the 209 

volume of C-S-H gel produced from the C2S hydration reaction. Similarly, the volume of calcium 210 

hydroxide can be obtained through equations 25-27 [44].  211 

𝑉𝐶𝐻 (𝑡) = 𝑉𝐶𝐻
𝐶3𝑆

× 𝛼𝐶3𝑆(𝑡) + 𝑉𝐶𝐻
𝐶2𝑆

× 𝛼𝐶2𝑆(𝑡)    (25) 212 

𝑉𝐶𝐻
𝐶3𝑆

𝑉𝑐
0 = 𝐷𝐶𝐻

𝐶3𝑆
×

𝜌𝐶3𝑆
′ /𝜇𝐶3𝑆

𝜌𝐶𝐻/𝜇𝐶𝐻
    (26) 213 

𝑉𝐶𝐻
𝐶2𝑆

𝑉𝑐
0 = 𝐷𝐶𝐻

𝐶2𝑆 ×
𝜌𝐶2𝑆

′ /𝜇𝐶2𝑆

𝜌𝐶𝐻/𝜇𝐶𝐻
    (27) 214 

The volume of capillary voids can be calculated using the following equation [45]. 215 

𝑉𝑐𝑝 = 𝐶𝑠 × 𝜌𝑐 × 𝑉𝑐
0 × 𝛼(𝑡)    (28) 216 



where 𝐶𝑠 is the chemical shrinkage, which equals 0.07 ml/g for regular Portland cement. In this 217 

paper, this value is assumed as the chemical shrinkage for Class G cement.  218 

The last step is to calculate the volume fraction of aluminates, which equals the total volume 219 

subtracted by all other volume fractions calculated above, shown in equation 29. 220 

𝑉𝐴𝐿 = 1 − (𝑉𝐶𝑆𝐻 + 𝑉𝐶𝐻 + 𝑉𝑐𝑝 + 𝑉𝑤 + 𝑉𝑐𝑘)    (29) 221 

All the values of parameters mentioned in the equations are summarized in Table 2. It needs to be 222 

emphasized that the mass fraction of each clinker phase is decreased during the hydration process 223 

with time (C3S, C2S, C3A, C4AF). On the other side, as the hydration process of the cement 224 

proceeds, the mass fraction of CSH and CH is increased. 225 

Table 2 Parameters for determining volume fraction of each phase from cement clinker [46] 226 

  C3S C2S C3A C4AF w c CSH CH 

Density (g/cm3)     1 3.15 2.04 2.24 

Mass fraction (%) 0.56 0.257 0.02 0.163 - - - - 

Molar mass (g/mol) 228.32 172.24 270.2 430.12 18 - 227.2 74 

DCSH  1 1 - - - - - - 

DCH 1.3 0.3 - - - - - - 

DW 5.3 4.3 10 10.75 - - - - 

Initial volume fraction (%) - - - - 0.581 0.419 - - 

 227 

In addition, from a previous study [46], the volume of water in the gel pores is around 28% of the 228 

total volume of the C-S-H gel. Hence, the porosity of C-S-H gel is defined to be 28%. The pore 229 

volume in cement paste can be calculated using equation 30. 230 

𝑉𝑝𝑜𝑟𝑒 = 𝑉𝑤 + 𝑉𝑐𝑝 + 𝑉𝑔𝑒𝑙    (30) 231 

The volume fractions of the components in the cement paste after the completion of the hydration 232 

reactions are summarized in Table 3. 233 

 234 

 235 



Table 3 Volume fraction of the components of the Class G cement after hydration is complete 236 
with 𝑤 𝑐⁄ = 0.44 237 

Volume Fraction % 

VCH 18.16 

VCSH 57.99 

VW 0.54 

Vcp 9.24 

VAL 14.08 

As shown in Table 3, there is not much water left after the total hydration process, which is due to 238 

the low water-to-cement ratio used for the cement. The total volume of macro-pores after the 239 

cement dries out equals 0.54% + 9.24% = 9.78%. Similar results were obtained by previous studies 240 

[47,48].  241 

3 Stoichiometric Model for the Change of Volume Fractions due to the Carbonation 242 

Reactions 243 

The initial volume fractions of well cement can be changed during the carbonation reactions. The 244 

changes of the volume fractions can be divided into several parts based on the chemical reactions 245 

involved, such as degeneration of C-S-H gel, CH crystal, and calcium carbonate. Therefore, the 246 

rate of carbonation reaction of each phase needs to be established first, as shown in equation 31 247 

[49]. 248 

𝑅𝑖 = 𝐾𝑖 × [𝑖] × [𝐶𝑂2]    (31) 249 

where 𝑅𝑖  is the rate of carbonation reaction for phase 𝑖  (C-S-H gel, CH crystal, and calcium 250 

carbonate).  The rate of reaction describes the generation or degeneration of the phase over time 251 

per unit volume. 𝐾𝑖 is the coefficient of the carbonation reaction (in unit volume per moles per 252 

second), [𝑖] is the concentration of component 𝑖 (in moles per unit volume of cement), [𝐶𝑂2] is 253 

the concentration of carbon dioxide (in moles per unit volume). 254 



The coefficient of the carbonation reaction for C-S-H and CH can be found from TGA 255 

experimental results [11]. For a fully saturated condition, 𝐾𝐶𝐻
0 = 9.9 × 10−3𝑚3 /𝑚𝑜𝑙 ∙ 𝑠 . In a 256 

partially saturated condition, the relationship is shown in equation 32 [49]. 257 

𝐾𝐶𝐻 = 𝐾𝐶𝐻
0 × 𝑆 3.7    (32) 258 

where 𝑆  is the saturation level of the cement. S is defined to be 90% of the saturation. The 259 

coefficients of the carbonation reaction for C-S-H gel were also developed based on experimental 260 

results: 
𝐾𝐶 𝑆𝐻

𝐾𝐶𝐻
= 7.8 × 10−3 [49]. 261 

The concentration of component 𝑖 is not a constant, but a variable depending on the extent of 262 

carbonation reactions, which, in turn, depend on the concentration of CO2. The concentration of 263 

CO2 is a function of the depth in a structure starting from the boundary, i.e. the surface exposed to 264 

CO2, and the diffusion coefficient of CO2. It can be calculated with equation 33 [50], which is the 265 

solution of the 1D diffusion equation of CO2 in a large wall. 266 

𝐶(𝑥, 𝑡) = 𝐶𝑠 × (1 − erf (
𝑥

2√𝐷𝑡
))    (33) 267 

where 𝐶𝑠 is the CO2 concentration on the boundary of the structure, equaling approximately 0.6-268 

0.8 g/m3. 𝐷 is the diffusion coefficient of CO2, equaling 1.5 × 10−8 to 4.5 × 10−8 m2/s.  269 

After complete hydration of the well cement and initiation of the carbonation reactions, the C-S-270 

H gel and CH crystals degenerates first with infinite moisture and carbon dioxide supply from a 271 

leaking borehole system. The production of calcium carbonate fills the capillary voids, which 272 

means the generation of calcium carbonate causes the decrease of initial porosity. At the same 273 

time, the degeneration of C-S-H gel and CH crystals creates some voids which means the 274 

production of calcium carbonate first fills the voids left from the C-S-H gel and CH crystals and 275 

then fills the initial capillary voids. In this case, the net effect is a reduction of the porosity. On the 276 

other hand, calcium carbonate does not dissolve into the water, but it could react with carbonic 277 



acid to produce bicarbonate. Therefore, the calcium carbonate crystals are further degenerated, and 278 

more connected void space appears, which could enable more CO2 leakage. These changes of 279 

porosity are associated with the reactions shown in equations 6 and 7. In this case, the net effect is 280 

an increase of the porosity. The rate of increase of the porosity is higher if the reactions shown by 281 

equations 6 and 7 are dominant. 282 

The volume of calcium carbonate generated can be divided into two parts. One is produced from 283 

the C-S-H gel, the other is produced from the CH crystals. The corresponding equations are: 284 

𝑉𝐶𝑎𝐶𝑂3

𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒
(𝑡) = 𝑉𝐶𝑎𝐶𝑂3

𝐶𝑆𝐻 (𝑡) + 𝑉𝐶𝑎𝐶𝑂3

𝐶𝐻 (𝑡)    (34) 285 

𝑉𝐶𝑎𝐶𝑂3

𝐶𝑆𝐻 (𝑡) = 𝐷𝐶𝑎𝐶𝑂3

𝐶𝑆𝐻 ×
𝜌𝐶𝑆𝐻 /𝜇𝐶𝑆𝐻

𝜌𝐶𝑎𝐶𝑂3
/𝜇𝐶𝑎𝐶𝑂3

× 𝑅𝐶𝑆𝐻(𝑡)    (35) 286 

𝑉𝐶𝑎𝐶𝑂3

𝐶𝐻 (𝑡) = 𝐷𝐶𝑎𝐶𝑂3

𝐶𝐻 ×
𝜌𝐶𝐻 /𝜇𝐶𝐻

𝜌𝐶𝑎𝐶𝑂3
/𝜇𝐶𝑎𝐶𝑂3

× 𝑅𝐶𝐻(𝑡)    (36) 287 

where 𝑉𝐶𝑎𝐶𝑂3

𝐶𝑆𝐻  is volume of calcium carbonate produced by the C-S-H gel; 𝑉𝐶𝑎𝐶𝑂3

𝐶𝐻  is the volume of 288 

calcium carbonate produced by the CH crystals; 𝐷𝐶𝑎𝐶𝑂3

𝐶𝑆𝐻  and 𝐷𝐶𝑎𝐶𝑂3

𝐶𝐻  are proportions of the moles 289 

of consumed C-S-H and CH with calcium carbonate during the hydration reactions; 𝜌 is the 290 

density; and 𝜇 is the molecular weight of each component.  291 

Through the equations above, the processes of calcium carbonate generation, the vanishing of C-292 

S-H gel and CH crystals can be captured clearly. The total amount of calcium carbonate production 293 

can also be obtained. The generated calcium carbonate was defined to fill only the capillary pores. 294 

This is because the sizes of calcium carbonate crystals are too large to fill the gel pores. In addition, 295 

the amorphous silica produced during the reactions can decrease the content of C-S-H gel, which 296 

is shown in equation 37. 297 

𝑉𝑠𝑖
𝐶𝑆𝐻 (𝑡) = 𝐷𝑠𝑖

𝐶𝑆𝐻 ×
𝜌𝐶𝑆𝐻 /𝜇𝐶𝑆𝐻

𝜌𝑠𝑖 /𝜇𝑠𝑖
× 𝑅𝐶𝑆𝐻 (𝑡)    (37) 298 



The next step is to calculate the degeneration of calcium carbonate due to the wet carbonation. To 299 

simplify the model, the degeneration of the CaCO3 reaction coefficient 𝐾 is assumed as an average 300 

of CH crystals and C-S-H gel. From equation 31, the degeneration rate of CaCO3 can be calculated. 301 

To simulate the real situation in a borehole system, the dry carbonation process and the wet 302 

carbonation process are assumed to start simultaneously, which means the generated CaCO3 from 303 

the dry carbonation process starts to dissolve at the same time 304 

During the carbonation reactions, the net porosity changes can thus be calculated based on the 305 

degeneration of C-S-H gel and CH crystals, and the production and degeneration of calcium 306 

carbonate. The volume of capillary voids is shown in equations 38-41. 307 

𝑉𝑐𝑝(𝑡) = 𝑉𝑐𝑝
0 (𝑡) − [𝑉𝐶𝑎𝐶𝑂3

𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒 (𝑡) + 𝑉𝑠𝑖
𝐶𝑆𝐻 (𝑡) − ∆𝑉𝐶𝑆𝐻 (𝑡) − ∆𝑉𝐶𝐻(𝑡) − ∆𝑉𝐶𝑎𝐶𝑂3

(𝑡)]    (38) 308 

∆𝑉𝐶𝑆𝐻 (𝑡) = 𝑉𝐶𝑆𝐻 − ∑ 𝑅𝐶𝑆𝐻 (𝑡)    (39) 309 

∆𝑉𝐶𝐻 (𝑡) = 𝑉𝐶𝐻 − ∑ 𝑅𝐶𝐻(𝑡)    (40) 310 

∆𝑉𝐶𝑎𝐶𝑂3
(𝑡) = 𝑉𝐶𝑎𝐶𝑂3

− ∑ 𝑅𝐶𝑎𝐶𝑂3
(𝑡)    (41) 311 

Finally, our calculations show that, during the carbonation reactions, the total volume of cement 312 

paste increases, which means there is a volume expansion. The expansion occurs because the 313 

volume of the generated calcium carbonate is larger than the reacted C-S-H gel and CH crystals. 314 

For convenience, the total volume is normalized to one during the process. All the parameters for 315 

the calculation can be found in Table 4. 316 

Table 4 Parameters for determining changes in the volume fraction of cement phases due to the 317 
carbonation reaction [46] 318 

  CaCO3 Si 

Density (g/cm3) 2.71 2.04 

Molar Mass (g/mol) 100.087 162.6 

DCSH 1.7 1 

DCH 1 - 



As an example, the present theoretical model was used to calculate the impact of carbonation 319 

reactions in a 1D 100 cm long well cement sample. The simulation time is for 20 years (7200 320 

days). During this time, the CO2 is diffused slowly from one side of the sample with high 321 

concentration to the other side with low concentration. The calculated CO2 concentration profile 322 

at 20 years, based on equation 33, is shown in Fig. 3. In order to describe the accumulation of CO2 323 

gas a different depth, the CO2 concentration at a specific location (20 cm from the concentration 324 

head) of the sample for the same timeframe is shown in Fig. 4. The CO2 concentration at a different 325 

depth is shown in Fig. 5. As one can see, for the part of the sample closer to the concentration 326 

head, the concentration is much higher. 327 

 328 
Figure 3. CO2 profile at 20 years of Class G cement 329 



 330 
Figure 4. CO2 content change at 20 years at a 20 cm depth of Class G Cement 331 

 332 
Figure 5. CO2 content change at 20 years at different depths of Class G cement 333 

The results of chemical composition changes are shown in Fig. 6. The volume of calcium carbonate 334 

increases in the first eleven years with the dissolution of C-S-H gel and CH crystals. The 335 

dissolution of C-S-H is a slow process, while the dissolution of CH is much faster. Since there is 336 

unlimited CO2 and moisture supplied in a leaking borehole, the rate of production of CaCO3  finally 337 

becomes lower than the rate of dissolution of CaCO3 due mainly to the major reduction of CH. 338 



This decreases the content of calcium carbonate after 11 years. The CH is completely used up at 339 

around 4,200 days, which corresponds to the maximum content of calcium carbonate generated.  340 

The volume of C-S-H gel decreases at a much slower rate than the CH crystals because of the low 341 

carbonation reaction rate for C-S-H. The amorphous silica, which is produced only from the 342 

degeneration of C-S-H, has a small increase which cannot be observed from the figure. In addition, 343 

the aluminate phase does not react during the carbonation reactions. Therefore, it maintains a 344 

constant volume fraction during the carbonation reactions. However, since the total volume of the 345 

sample expands due to the generation of calcium carbonate, the normalized volume fraction of 346 

aluminates is slightly decreased. In addition, the chemical composition changes for C-S-H gel, CH 347 

crystals, and CaCO3 at different depths are shown in Fig. 7 - Fig. 9. The results showed that the 348 

chemical composition change for each phase is highly depended on the concentration of CO2. With 349 

higher concentration of the CO2 at a shallow depth, the chemical compositions change of Class G 350 

cement due to the wet carbonation reaction is faster. 351 

 352 
Figure 6. Chemical composition of Class G cement after 20 years of carbonation reaction 353 



 354 
Figure 7. Volume Fraction Change of C-S-H gel after 20 years at different depths 355 

 356 
Figure 8. Volume fraction change of CH crystals after 20 years at different depths 357 



 358 
Figure 9. Volume fraction change of CaCO3 after 20 years at different depths 359 

4 The Effect of Carbonation Reactions on the Modulus of Elasticity of Well Cement 360 

Mechanical properties of a composite material depend on its constituent phases. Any change in 361 

the volume fractions of the phases results in a variation of mechanical properties of the composite. 362 

If a new phase is produced (or an existing phase disappeared) during the service life of a material, 363 

the contribution of the phase to mechanical properties of the material must be taken into account. 364 

There are many composite mechanics models available that can be used to calculate the effective 365 

properties of the composite based on the volume fractions and mechanical properties of the 366 

constituent phases [51]. 367 

In the present study, a two-phase generalized self-consistent (GSC) model was used for calculating 368 

the effective Young’s modulus of the carbonated well cement. This model was initially developed 369 

for composite materials which include a continuous matrix and spherical pores or rigid inclusions, 370 

shown in Fig. 10 [52]. During the carbonation reactions, the changes of the volume fractions of 371 

the constituent phases in well cement affected the stiffness of the cementitious material. This 372 

process can be modeled by the GSC model. The main equation is: 373 



𝐸𝑒𝑓𝑓 = 𝐸𝑚𝑎𝑡𝑟𝑖𝑥 (1 +
𝑓𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛

(
1−𝑓𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛

3
)+(

1
𝐸𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛

𝐸𝑚𝑎𝑡𝑟𝑖𝑥
−1

)
)    (42) 374 

 375 
Figure 10. General self-consistant model 376 

This equation shows how to calculate the effective elastic modulus of a two-phase material based 377 

on information of the two constituent phases.  𝑓𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛  is the volume fraction of the inclusion; 378 

𝐸𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛  is the elastic modulus of the inclusion; 𝐸𝑚𝑎𝑡𝑟𝑖𝑥  is the elastic modulus of the matrix 379 

surrounding the inclusion; 𝐸𝑒𝑓𝑓  is the effective elastic modulus of two-phase material, which is 380 

the carbonated well cement in the present study. 381 

The Young’s moduli of different constituent phases in a carbonated cement are shown in Table 5 382 

[53]. As the amorphous silica is the production of C-S-H gel during the carbonation reaction, 383 

shown in equation 4 and 5, it can be assumed that its elastic modulus equals the Young’s modulus 384 

of C-S-H gel. 385 

Table 5 Elastic modulus of constituents of Class G cement [53] 386 

Compositions Elastic Modulus (GPa) 

C-S-H 22.4 

CH 42.3 

CaCO3 79.6 

Ettringite 22.4 

Pores & Voids 0 

Amorphous Silica 22.4 

In this case, since the carbonated well cement has several phases, equation 42 can be used more 387 

than once for each phase. The flow chart for the process is shown in Fig. 11. Specifically, the 388 



process can be split into five steps. As the C-S-H gel and its product, amorphous silica, have the 389 

same elastic modulus, they can be merged together and treated as the matrix in the first step, in 390 

which, the inclusion phase is the gel pores which are embedded in the C-S-H gel matrix. According 391 

to the volume fraction changes of C-S-H and gel pores during the carbonation reactions, equation 392 

42 can be used to calculate the effective Young’s modulus of the combination of the two phases. 393 

After the effective elastic modulus is calculated for the two phases, in the second step, the 394 

combination of C-S-H gel, amorphous silica, and gel pores are considered to be the matrix. The 395 

capillary voids in the cement are treated as the inclusion, as shown in the second step in Fig. 10. 396 

Then, equation 42 can be used to calculate the new effective elastic modulus of the new 397 

combination. In this manner, a new phase can be added into the model step by step until all phases 398 

are included. Finally, after using equation 42 five times, all constituent phases can be combined to 399 

obtain the general equation for effective elastic modulus of the carbonated well cement at any 400 

location of the structure under consideration at any time. 401 

 402 
Figure 11. Upscaling method for the cement paste to establish elastic moudlus 403 

This model was used to simulate the elastic modulus of a carbonated well cement at 20 cm, which 404 

is shown in Fig. 12 as an example. The result shown in Fig. 12 met our initial expectation that with 405 

the continuing intrusion of CO2, the mechanical properties of cementitious material is decreased 406 



due to the degeneration of CaCO3. A similar conclusion has been proven from previous 407 

experimental work [54]. Before the carbonation reactions start, the initial Young’s modulus after 408 

the completion of the hydration reactions is 16 GPa. The dissolution of C-S-H gel and calcium 409 

hydroxide causes a decrease of the elastic modulus. At the same time, the generated calcium 410 

carbonate from C-S-H gel and CH crystals increases the effective Young’s modulus, which offsets 411 

the decrease of the elastic modulus. In addition, the production of calcium carbonate dissolves 412 

from the beginning of the carbonation reactions. This also causes the drop of the effective elastic 413 

modulus. From the figure, it can be seen that the curve can be divided into two parts with the 414 

dividing point at the peak value of Eeff. In part I (before the peak value), the generation of CaCO3 415 

from C-S-H gel and CH crystals is larger than the dissolution of CaCO3 from the wet carbonation. 416 

Since the calcium carbonate has a higher elastic modulus than the C-S-H gel and CH crystals, a 417 

larger volume fraction of calcium carbonate increases the effective elastic modulus of the well 418 

cement. The peak value is around 17.8 GPa at about 3,100 days. In part II (after the peak value), 419 

the effective elastic modulus is decreased due to several mechanisms. The governing mechanism 420 

is the dissolution of calcium carbonate from the wet carbonation, which is larger in this part than 421 

the generation of calcium carbonate from the dry carbonation. Later at about 4,200 days, there is 422 

an obvious change of slope in the curve. This point indicates the depletion of CH crystals. Based 423 

on the calculation process, the reaction rate of C-S-H gel is much lower than the CH crystals. 424 

Therefore, the generation of calcium carbonate in this part is lower, which results in the continuous 425 

drop of the effective elastic modulus. After 20 years, the effective elastic modulus of the Class G 426 

cement finally drops to 9.6 GPa (the initial value is 16 GPa). In addition, Fig. 13 shows the elastic 427 

modulus changes at different depths. As one can see from the result, for a sample at a depth of 10 428 

cm, all the carbonation reactions have been completed at around 1,700 days. The remaining elastic 429 



modulus (9 Gpa) is mainly from the ettringite and amorphous silica. For a sample at a depth of 40 430 

cm, the amount of generated CaCO3 is still larger than the amount of CaCO3 dissolved. Therefore, 431 

the effective elastic modulus is increased. Besides, for deeper depths: 60 cm and 100 cm, there is 432 

almost no concentration of CO2. Therefore, the elastic modulus does not change since there is no 433 

carbonation reaction at those depths.  434 

As mentioned in the introduction section, most of the previous modeling work focused on the dry 435 

carbonation (equations 1-5), which happened on the concrete structures above the ground. 436 

Therefore, the effective elastic modulus of the cementitious material increased due to the 437 

generation of CaCO3. In this case, wet carbonation in the underground environment caused the 438 

degeneration of the CaCO3. It means the effective elastic modulus is decreased when the rate of 439 

degeneration of CaCO3 is larger than the production of CaCO3. After the long-term process of 440 

degeneration of CaCO3 (20 years of simulation time), most of the CaCO3 has been dissolved. The 441 

effective elastic modulus is down to 9 Gpa with support only by amorphous silica and aluminates. 442 

The carbonated cementitious material has extremely low elastic modulus and leakage is highly 443 

possible in the wellbore system. In recent years, several modeling efforts have captured the wet 444 

carbonation effect of cementitious materials [55-58]. Compared with these works which focused 445 

either on the carbonation depth or the diffusion of calcium ions, this model presents not only the 446 

chemical compositions change from stoichiometric model, but also connects directly with the 447 

mechanical properties changes by incorporating a general self-consistent model. In addition, the 448 

changes of mechanical properties of cementitious material due to the carbonation reaction is 449 

commonly measured experimentally, which is restricted by time [59,60]. The reported results in 450 

these publications are only in a short-term and cannot represent the real lifetime condition. The 451 

predicted results from our modeling work shown in Fig. 12 and 13 are straightforward to be 452 



considered as a reference for estimating the service life of the wellbore due to the carbonation 453 

effect. 454 

 455 
Figure 12. Elastic modulus of Class G cement during the carbonation reaction at a 20 cm depth 456 

 457 
Figure 13. Elastic modulus of Class G cement during the carbonation reaction at different depths 458 

 459 

5 Model Validation 460 

To validate the theoretical model, the experimental results from [61] are used to compare with the 461 

model prediction. Since there is no experimental data on the carbonation reaction of Class G 462 



cement from previous studies, the tests were conducted using concrete samples made of Type I 463 

ordinary Portland cement rather than Class G well cement. Therefore, the fine aggregate and coarse 464 

aggregate have to be considered in our model. In the experimental study, three cases with different 465 

water-to-cement ratios were used: 0.4, 0.5, and 0.6. The mix design is shown in Table 6. The 466 

original chemical composition of Type I cement can be found from ASTM C150. In addition, the 467 

elastic modulus of sand and gravel can be found from previous publications [62, 63], which equal 468 

80 GPa and 54 GPa, respectively. All the specimens were cast with dimensions of 10 cm diameter 469 

and 20 cm height.  470 

Table 6 Concrete mix design [52] 471 

w/c ratio Water (kg/m3) Cement (kg/m3) Sand (kg/m3) Gravel (kg/m3) 

0.4 219 548 611 950 

0.5 217 434 727 950 

0.6 190 317 875 950 

After 28 days of curing, the concrete samples were exposed to the air with 1 atm pressure at room 472 

temperature and 80% of relative humidity for 21 days. During the test, the elastic moduli of the 473 

concrete specimens were tested every 7 days up to 21 days. The material parameters and testing 474 

parameters were used as inputs for the theoretical model. It is pointed out that the flow chart shown 475 

in Fig. 8 was modified to include the fine aggregate and coarse aggregate for the concrete. Based 476 

on the chart for the cement paste as the matrix, the fine aggregate can be included as the inclusions; 477 

the effective elastic modulus of the mortar can be calculated . Then the mortar is considered as the 478 

matrix, and the coarse aggregate can be included. The carbonation reactions have no impact on the 479 

two types of aggregate.  480 

The results of the tests and the theoretical predictions are shown in Fig. 14, Fig. 15, and Fig. 16. 481 

From the figures, one can see that the theoretical model can capture the correct trend of the change 482 

of elastic modulus of the cementitious material based on the dry carbonation. The dry carbonation 483 



reaction, which is shown in equations 1-5, causes an increase of elastic modulus to the generation 484 

of CaCO3. The prediction results showed in the figures are in the reasonable range with acceptable 485 

error. The best prediction is for the concrete sample with water-to-cement ratio of 0.5, which 486 

provides the closest result compared with the results obtain from experimental study.  487 

 488 
Figure 14. Comparison of model prediction and experimental result with 0.4 𝑤/𝑐 concrete 489 

sample (Type I Cement) 490 

 491 
Figure 15. Comparison of model prediction and experimental result with 0.5 𝑤/𝑐 concrete 492 

sample (Type I Cement) 493 



 494 
Figure 16. Comparison of model prediction and experimental result with 0.6 𝑤/𝑐 concrete 495 

sample (Type I Cement) 496 

6 Summary and Conclusions 497 

The underground storage of CO2 gas has been adopted as one of the most advanced technology for 498 

controlling the environmental issue caused by high concentration of CO2 in the atmosphere. As 499 

the main material used for structure of wellbore storage, Class G cement, which is the most used 500 

cementitious material in underground CO2 storage projects due to its low cost and high reliability, 501 

provided the stability of the structure and capability of anti-leaking. However, after the long-term 502 

performance of a CO2 underground storage reservoir, the carbonation reactions can cause serious 503 

problems to the cementitious material. The changes of chemical composition and mechanical 504 

properties of the carbonated cement were characterized by a theoretical model in this study.  505 

(1) The phase transformations of Class G cement during the hydration and carbonation process 506 

were predicted by the use of stoichiometric models. The carbonation reactions were assumed to 507 

start immediately after the completion of hydration reactions of the cement. Both dry and wet 508 

carbonations were considered. The wet carbonation is especially important for the performance of 509 

well cement used in underground construction.  510 



(2) The CO2 profile was predicted by the error function solution of a 1D CO2 diffusion equation. 511 

The CO2 profile in a cement wall varies with time. 512 

(3) The rate of the carbonation reactions is used in the model. Together with the CO2 diffusion 513 

equation, the CO2 profile in a cement wall can be predicted accurately. The variations of the 514 

volume fractions of the constituent phases in the cement paste due to the carbonation reactions can 515 

be calculated using the model.  516 

(4) The generalized self-consistent (GSC) model was used to characterize the changes of 517 

mechanical properties during the carbonation reactions. The model can consider the variation of 518 

the volume fractions of the constituent phases. The original GSC model was modified to consider 519 

more than two phases in the carbonated cement and concrete. Specifically, the effective elastic 520 

modulus of well cement was used as a numerical example to show the capacity of the model. The 521 

numerical results showed that the carbonation reactions can significantly change the 522 

microstructure of well cement and reduce its mechanical properties.  523 

(5) This theoretical model was validated through the comparison with published experimental 524 

results of elastic modulus of carbonated concrete. It can predict the change of effective elastic 525 

modulus during the carbonation reactions including both dry and wet carbonations.  526 

(6) In conclusion, the modeling work developed in this paper can be used to predict the 527 

deterioration of cement annulus in the wellbore system due to the carbonation reaction 528 

underground. After the mechanical deterioration of cement annulus, the risk of CO2 leaking from 529 

the wellbore was increased and the potential pollution caused by leaked CO2 is highly possible. 530 

Therefore, the developed model could provide a timeline for controlling the potential 531 

environmental problem happened due to the leakage of CO2 from the underground wellbore. 532 

However, calibration work shows that there are some minor differences between model prediction 533 



and experimental results. This is due to the lack of environmental parameters considered in the 534 

model, such as the high temperature and high pressure in the wellbore system. In the future, this 535 

work could be upgraded by considering the environmental effect, and more accurate results from 536 

the model prediction can be achieved. 537 

(7) In addition to the conclusion made above, the minor cracks generated on the well cement due 538 

to the carbonation issue is not a severe problem for oil industry application but for CO2 storage 539 

system since it is much more sensitive about the leaking. Based on the results of this study, the 540 

current well cement might not be the best cement used for CO2 storage, a less effective carbonation 541 

cement could be developed. 542 
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