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Abstract 
We combine compositional modelling of a Brine-CO2 system with detailed resolution of the well interface and the 
near-well reservoir region. Via a small selection of case studies, we explore how impurities added to a CO2 injection 
stream impacts reservoir flow and well response.  
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1. Introduction
The planning and control of CO2 injection operations 
depends crucially on accurate and efficient simulation 
tools.  Uncertainty regarding reservoir description, 
temperature conditions and the amount and type of 
impurities inherent in the CO2 stream, are some of the 
aspects that must be explored.  

This paper considers the near-well reservoir under 
injection, and address sensitivity of mixture properties 
in interaction with some simple reservoir structures. 
Towards this end, first we apply an in-house PVT tool 
[1] to explore some basic properties of impure CO2
mixtures.  For reservoir flow we have used a model
available via the OPM framework [13]. This is a
compositional model for a CO2-Brine system based
on a nonlinear complementary formulation[4][9]. The
model relies on [5][15][16] for mutual dissolution
between CO2 and brine.  Density and viscosity for the
liquid (H2O-rich) phase are based on [2][3][8], while
the properties for the “gas” (CO2-rich) phase are
modelled according to [6][14][17].

2. Sensitivity of mixture PVT properties
Our focus here will be sensitivity of density and 
viscosity of the CO2-rich phase with respect to 
impurities. 
We consider a mixture of about 50% mole fraction 
water, while the remaining fraction consists of CO2  
where “impurities” are added by replacing 5-10% of 
the CO2 by combinations of N2 and CH4. 
We base our study on an in-house PVT tool using the 
Peng-Robinson equation of state and use the group 
contribution method, see [12] and references therein, 
to compute binary interaction parameters (BIP).  

Table 1: Temperature dependent binary interaction 
coefficients computed by group contribution method for two 
different temperatures. Below diagonal coefficients for 
T=293K and above diagonal coefficients for T=353K. 

H2O N2 CO2 CH4 
H2O 0.5453 -0.0735 0.4485 

N2 0.7826 -0.0811 0.0456 
CO2 -0.1039 -0.0554 0.1230 
CH4 0.5873 0.0424 0.1098 

For a set of alternative interaction parameters, we have 
also collected coefficients from the online calculator at 
https://checalc.com/solved/multi_flash.html. These are 
partially based on correlations given by Gao et.al [7], 
and coefficients obtained for our fluid system are 
shown in Table 2 below. 

Table 2: Alternative binary interaction coefficients. 

H2O N2 CO2 CH4 
H2O 
N2 0.0753 

CO2 0.1200 -0.0170
CH4 0.0444 0.0311 0.0919 

Variability across choices of interaction parameters, is 
clearly significant, but the sensitivities regarding 
impurities are of similar magnitude.  

2.1 Density 

Densities for the CO2-rich phase obtained from 
various mixtures and based on the parameters from 
Table 2, are depicted in Figure 1 and Figure 2 for 
temperatures of 293K and 353K, respectively.   

Figure 1: Density for CO2-rich phase at “low” temperature. 
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The mole fractions shown in the curve legends refer to 
the feeding gas mixture, i.e., before brought into 
equilibrium with an abundant water-rich phase.  Thus, 
the solid black line refers to the CO2-rich phase of 
CO2-H2O system. For comparison, the density of pure 
CO2 is shown as dotted black lines, based on Span& 
Wagner [14]. The colored lines represent various 
impure feeding gas mixtures, while solid and dotted 
indicates 90% respectively 95% mole fraction of CO2. 
Red lines represent impurities in terms of methane, 
blue is nitrogen, and green is an equal weight (mole 
fraction) combination of the two. 

Figure 2: Density for CO2-rich phase at “high” temperature. 

The model shows clear sensitivity for the magnitude 
of impurity, while the quality appears to be much less 
important for the substances and compositions 
considered here.  For pressure 22MPa and temperature 
353K we observe densities for impure mixtures at 
approximately 80% and 90% of that of the pure CO2-
water system. For temperature 293K, the relative 
impact is slightly less. 

2.2 Viscosity 

Viscosities are calculated using both the original and 
improved LBC models, refer [10][11].  The two 
models give essentially identical output for the CO2-
rich phase, and results for temperatures 293K and 
353K are shown in Figure 3 and Figure 4 below.  The 
organization of line types and legends correspond to 
the above density plots.  

Figure 3: Viscosity for “cold” CO2 mixtures. 

Figure 4: Viscosity for “hot” CO2 mixtures. 

Compared to the density results where the magnitude 
of the impurities was the dominating factor, we note 
that the viscosities display a clear sensitivity also 
regarding the quality of the impurities.  For pressure 
22MPa and temperature 293K we observe viscosities 
for the equal weighted impurities (green lines) 
approximately 75% and 85% of that of the pure CO2-
water system.  For temperature 353K, the relative 
impact is less. 

A more complete view of the viscosities is shown in 
Figure 5 and Figure 6 below, corresponding to 
mixtures of 90% and 95% mole fraction CO2, 
respectively. 

Figure 5: Viscosity contours for 90% CO2 mole fraction. 

Figure 6: Viscosity contours for 95% CO2 mole fraction. 
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The above computations verify the common 
knowledge that adding relevant impurities to a CO2 
stream, typically decrease both density and viscosity. 
From an injection perspective, these changes will 
partly cancel each other.  Lower densities require 
more volume injected to deposit the same mass, while 
smaller viscosity will promote flow. Added chemical 
complexity increases risk for permeability altering 
precipitation.  From a storage perspective, the plume 
will be larger, more buoyant, and presumably less 
leakage resistant.  

3. Impact on reservoir flow
Here, we will first establish a simple reservoir model 
and then apply it to investigate how basic properties of 
the injected CO2 stream influence the flow behavior in 
the reservoir.  Model geometry is outlined in Figure 7 
below, and some basic quantities are listed in Table 3. 

Figure 7: Computational domain for flow sensitivity study. 

We consider an annular sector extending from an 
inner radius of 0.1m, aiming for a direct representation 
of the well-reservoir interface. The reservoir has a 
height of 40m, and the well is completed for inflow 
between 5m and 15m from the bottom as indicated 
along the right edge in Figure 7.  Flow is specified in 
terms of uniformly distributed mass rates.  The radial 
extent used for the computations shown here is 90m. 
Top and bottom boundaries are closed, while the outer 
radius is open for flow.  Initially the reservoir is filled 
with water where small amounts of salt and CO2 are 
dissolved.  The fluid is in hydrostatic equilibrium 
(datum 250MPa at reservoir bottom) and at uniform 
temperature T0=353K.  The reservoir is partitioned 
into two layers, confer the horizontal dotted line in 
Figure 7, where the upper region (18m) is assumed to 
have a more fine-grained structure, more adverse to 
CO2 intrusion. 

Table 3 Reservoir and flow characteristics for the lower, 
coarse grained part of the reservoir. The upper, fine grained 
material has one-tenth the K and twice the pct.  

Property Value 
Permeability (K) 1 Darcy 
Porosity (Φ) 0.3 
Brooks-Corey parameter (λ) 2.0 
     Capillary threshold pressure (pct) 5000 Pa 
     Residual brine saturation 0.2 
     Residual CO2 saturation 0.0 

3.1 Base case 

Our baseline injection stream corresponds to pure 
CO2, and the temperature Tin=353K equals the initial 
reservoir temperature T0.  The injection rate is set to 
approximately 170000 Sm3/day. Selected snapshots of 
the developing flow are depicted in Figure 8. 

Figure 8 Saturation and streamlines for the CO2-rich phase. 
Base case behavior at day 10, 100 and 1000, respectively. 

Initially the bulk of the injection stream is confined 
below the material interface, fingering through the 
brine, and establishing a channel connecting to the 
outflow boundary. Gradually the buoyancy overcomes 
the vertical obstacle, and a continuous phase is formed 
also in the upper, fine-grained material, allowing the 
CO2-rich phase an alternative escape route. This self-
reinforcing process eventually erodes the original 
channel through the coarse-grained sand, and in the 
end, the whole injection stream is directed upwards. 
From Figure 9 we conclude that in terms of CO2 
retained, a steady state is reached after slightly more 
than one year of injection for our baseline scenario. 

Figure 9 CO2 mass retained in the reservoir. Base case 
(black), low viscosity (red), and cold (blue). 
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The scenario outlined in Figure 8 is observed for all 
parameter combinations considered in this study. 
However, we have essentially confined ourselves to 
explore the impact of varying viscosity and 
temperature for the injection mixture. Extending the 
scope to also include e.g., the parameters of Table 3, 
might reveal different behavior. 
From Figure 8, we observe that the brine phase 
disappears in the vicinity of the well. With a residual 
saturation of 0.2, this indicates that the brine originally 
present has evaporated into the CO2-rich phase.  The 
associated salt precipitation causing permeability 
alterations is a well-known reason for injectivity 
problems. We will not pursue this aspect further here 
but note that our simulations easily can be adapted to 
include this effect. 

3.2 Low viscosity injection mixture 

We mimic an impure CO2 injection stream by 
reducing the viscosity to 80% compared to base case, 
confer the discussion in section 2.2 above.  Injection 
rate and temperature are kept as for the base case.  

Figure 10 Saturation and streamlines for CO2-phase. Low 
viscosity injection mixture at 100 days. White streamlines 
show base case behavior. 

Compared to the base case,  Figure 10 indicates a 
slightly leaner channel that penetrates at a higher 
speed through the brine to reach the outflow boundary. 
Also, the migration of the CO2-rich phase into the 
upper, fine-grained region, as well as the erosion of 
the primary channel, are faster.  That the less viscous 
mixture also displaces less brine and thus leads to less 
CO2 retained, confer Figure 9, is also to be expected. 

3.3 Cold injection mixture 

We here lower the injection temperature.  Setting 
Tin=293K yields a contrast of 60K compared to the 
initial reservoir temperature T0. Our calculations from 
section 2 indicates typically 50% increased density 
and viscosity for the CO2-rich phase. 

Figure 11 Saturation and streamlines for CO2-phase. Cold 
injection mixture at 100 days. White streamlines are 
corresponding base case behavior. 

We see from Figure 11 that after 100 days of injection 
the difference versus the base case is most pronounced 
in the vicinity of the well. Here the effect of the cold 
injection stream is more immediate, and the reservoir 
volume to be influenced is relatively small. 
From Figure 9, we also note that for the cold injection 
stream, the amount of CO2 retained increases steadily 
for the hole injection period. This effect must be 
attributed to a continuous cooling of the reservoir, 
leading to a gradually denser and more viscous CO2-
rich phase providing more efficient displacement and 
storage capabilities. 

3.4 Injection well 

The pressures (CO2-rich phase) depicted in Figure 12, 
are the difference between the flowing pressure at the 
well-reservoir interface and the initial hydrostatic 
pressure. They are all sampled at the midpoint of the 
open well segment, located 10m from the reservoir 
bottom, corresponding to the origin of the central 
streamline. The absolute size of the pressure buildup 
obviously depends on the injection rate and for low to 
moderate rates it can be supposed to scale linearly 
with the rate. Thus, the sensitivities indicated by 
Figure 12 and Figure 13 can be extrapolated with some 
degree of confidence. 

Figure 12 Well pressure buildup. Logarithmic time axis to 
show the early transient period. Base case (black), low 
viscosity (red), and cold (blue). 

Figure 13 depicts the pressure along the radial 
(horizontal) direction extending from the well 
interface into the reservoir (time=100 in Figure 12 
corresponds to radius=0.1 in Figure 13). The locations 
of transition to single phase brine regions are evident. 

Figure 13 Radial pressure along well centerline at 100 days. 
Logarithmic radial axis to detail the near well behavior.  
Base case (black), low viscosity (red), and cold (blue). 
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Our approach aims at a direct resolution of the well 
reservoir interface.  Depending on the application, 
various measures can be applied to improve the 
computational accuracy. The wiggles observed in 
Figure 12 for the first hours indicates a potential for 
more careful control of the time stepping. The discrete 
spatial resolution, currently ~0.5m in the well vicinity, 
can likewise be modified. If the early transients are 
important, gradually ramping up the injection rate is 
operationally realistic and promotes numerical 
stability. 

4. Conclusion
Focusing on the well-reservoir interface and the near-
well region, we have performed sensitivity studies on 
the effects of impurities and temperature variations in 
CO2 injection streams. 
A more systematic exploration of the parameter space 
remains, regarding both PVT behavior and rock 
properties. However, we believe that our preliminary 
results shed some light on the variability of 
accumulation and well response due to changing 
properties of the injection stream. 
Combining geometrical resolution and detailed 
compositional fluid modelling has potential use as a 
detailed planning or control tool for well operations. 
Another application will be calibration and 
verification of simplified pseudo models for 
integration in large scale field simulations. 
Depending on application and required level of 
completeness, our approach might benefit from the 
inclusion of a detailed wellbore model that can 
interact directly with the reservoir model via mutual 
boundary conditions at the well interface. 
The current reservoir model is originally a Brine-CO2 
compositional model where we have manipulated high 
level properties (density/viscosity) to mimic impact of 
impurities. For exploration of more subtle effects like 
mutual dissolution or precipitation, more fine-grained 
control can be added. 
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