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Abstract

In order to evaluate the chemical impacts of CO2 stream impurities on reservoir rocks, 2D reactive transport simulations using the 
code TOUGHREACT V3.0 were performed. The underlying reservoir properties are based on in-situ data from the CO2 injection 
test site Heletz, Israel. Two different CO2 compositions (mole fractions 99 % CO2 + 1 % SO2 and 98.8 % CO2 +
1 % SO2 + 0.2 % NO2, respectively) were chosen to represent oxidising impurities. Different modelling approaches, namely trace 
gas transport (TGT) and additional brine injection (ABI), were applied to investigate the influence of these modelling approaches
on qualitative and quantitative simulation results. The simulations using either approach show an accumulation of SO2 and NO2

close to the injection well due to the preferential dissolution of these acidic impurities compared to CO2. Both modelling approaches 
indicate the same general chemical impact and related mineral reactions. Within the affected rock volume a distinct ankerite to 
anhydrite conversion occurs, which slightly enhances porosity. While the same qualitative conclusions independently from the 
chosen modelling approach were obtained, the quantitative magnitude of mineral conversion and the spatial extent of impurity 
affected rock material depend on the chosen modelling approach and thus need further investigation with respect to e.g. validation 
by field test data.
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Nomenclature

ABI additional brine injection approach
TGT trace gas transport approach

1. Introduction

The exact composition of carbon dioxide (CO2) streams captured from power stations or industrial plants, i.e. the 
CO2 content as well as the spectrum and the concentrations of different impurities, depend on the source and the 
capture processes [1]. The common technologies post-combustion capture and oxyfuel combustion result in CO2

streams containing, besides inert impurities such as nitrogen (N2) and argon (Ar), acid-forming and oxidising 
impurities, mainly oxygen (O2), sulfur oxides (SOx), and nitrogen oxides (NOx) [2]. The CO2 stream composition will 
affect the “downstream” processes of the carbon dioxide capture and storage (CCS) chain, refer [3, 4]. Based on 
assessing the requirements for capture, transport, and storage processes, it is desirable to optimise acceptable limits 
for impurities in CO2 streams. Within this optimisation process, special consideration has to be given to safety 
demands, i.e. to ensure least-corrosive pipeline transport, feasible compression work, and secure CO2 injection and 
storage operations in geological storage reservoirs like saline aquifers [5-7].

In the framework of the EU funded CO2QUEST project [6], numerical 2D reactive transport simulations were 
performed using the well established simulation code TOUGHREACT [8, 9] in combination with the equation of state 
module ECO2N [10]. The focus was on potential geochemical impacts due to the impurities SO2 and NO2 in CO2

streams injected into a storage aquifer. More specifically, the following two aspects were assessed: (i) the hydraulic 
transport properties of the CO2 and the aqueous phases and (ii) the interaction between the reactive dynamics of the 
impurities dissolved in the aqueous phase with the reservoir rock minerals at reservoir scale during an injection period 
of ten years. For this, a 2D radial model was developed on reservoir scale. Properties of storage and barrier rocks were 
based on key geological and geochemical parameters of the CO2 injection test site in Heletz, Israel [11]. The 
simulations allowed for deriving overall impacts of dissolved SO2 in comparison to the combined impacts of SO2 and 
NO2 on the reservoir rock composition, rock porosity, and permeability during the injection period.

2. Modelling and simulation techniques

For the evaluation of the chemical impact of CO2 stream impurities on the storage reservoir, numerical reactive 
transport simulations were performed using the well established numerical code TOUGHREACT V3.0 [9]. The 
reservoir scenario is based on geometrical and petrophysical in-situ data from the CO2 injection test facility in Heletz, 
Israel [11]. The in-situ conditions are 66 °C, 14.7 MPa, and 5.5 % salinity. The 2D radial model comprises four 
horizontal layers: The lowest sandstone layer designated for CO2 storage is covered by an intermediate shale layer, an 
additional sandstone layer and a shaly caprock. The sandstone composition is dominated by quartz (69 %), K-feldspar
(12 %), and some minor amounts of ankerite (4 %). The shale and caprock composition consists mainly of K-feldspar 
(36 %) and albite (15 %), illite (28 %), and calcite (5 %) and ankerite (3 %). Details are given in [12]. The reservoir 
model covers 30 km in radial extent, which ensures proper computation of pressure dissipation.

The co-injection of impurities is usually simulated using one of two different modelling approaches. The first one 
can be described as trace gas transport (here abbreviated as TGT), where impurity species like SO2 or NO2 are included 
as trace components in the injected CO2 stream. This is similar to methods applied in some previous studies from 
other groups using different simulation codes [13, 14]. The other approach can be realised as additional brine injection 
(abbreviated as ABI). Here, the equilibrium concentrations of the impurities with the brine at in-situ conditions 
(pressure, temperature, salinity) are computed. In the simulation, this impurity loaded brine is injected additionally to 
the CO2 injection. General differences, advantages and disadvantages of these two approaches are discussed in [12, 
15].
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In this study we simulated the injection of two different impurity mixtures. The first one covers a ten year injection 
period of a CO2 stream containing by mole fraction 99 % CO2 and 1 % SO2. The second one includes 98.8 % CO2,
1 % SO2, and additional 0.2 % NO2, but was simulated for only six years. Due to numerical constraints, i.e the 
automatic use of very short time steps, only an injection period of six years was simulated using the same injection 
setting as described below (see 3.1). The applied injection rate of CO2 was 284 kt/a in each simulation. In order to 
evaluate the impact of the modelling approach on qualitative and quantitative simulation results, the CO2 and SO2

scenario was simulated using both approaches, i.e. TGT and ABI. 

3. Results and discussion

3.1. CO2 and SO2 injection scenario

After the ten years injection period, the CO2 plume has reached a radial distance to the injection point of
approximately 2000 m. Due to its preferential dissolution, SO2 accumulates in the vicinity of the injection well, i.e. 
within the first 200 m. As the focus of this paper is on the chemical impacts of impurities on the reservoir rock, here, 
only results for the affected rock volume, i.e. the first 250 m in lateral direction, are described and discussed in the 
following.

Fig. 1 presents the CO2 saturation and pH values of the CO2 and SO2 simulations at the end of the respective 
injection period using both modelling approaches (TGT and ABI). Panel (a) shows the developed CO2 saturation. It
is notable that the reservoir sandstone layer is nearly over the full height of 9 m in contact with the CO2 phase with 
varying CO2 saturation levels. At short distances, a completely dried out zone with 60 m to 80 m radial extent has 
evolved. Some fraction of the CO2 has passed the intermediate shale layer and accumulated below the caprock. In 
panel (b) the strongly acidic region up to 180 m radial distance to the injection well indicates the volume, where SO2

was dissolved. The chemical reactions in the aqueous phase in this region are dominated by the acidic impact of SO2

and corresponding mineral dissolution and precipitation reactions. Outside this region, i.e. at larger distances, the 
geochemical impact of pure CO2 on the mineral assemblage can be evaluated. Panel (c) and (d) illustrate corresponding 
results obtained with the brine injection approach. In this case, the CO2 plume is still present in the upper half of the 
sandstone reservoir. However, the CO2 saturation remains at lower values (between 0.5 and 0.7), which is due to the 
additional brine injection. Hence, the highly acidic area shown in red in panel (d) reflects the SO2 impacted volume. 
The impurity transport in this simulation occurs via the motion of the aqueous phase, which is mainly driven by the 
pressure build up from the CO2 and additional brine injection. Therefore, SO2 and the corresponding low pH values 
are dominantly present in the lower part of the sandstone reservoir due to the higher density of the aqueous phase 
compared to the CO2 phase.

In case of the trace gas transport simulation, the acidic impact of dissolved SO2 leads to an intense or locally even 
complete dissolution of ankerite in the affected sandstone, see panel (a) of Fig. 2. Due to the release of Ca2+ from 
partial ankerite dissolution, precipitation of anhydrite is induced with magnitudes complementary to ankerite 
dissolution, refer panel (b) of Fig. 2. In addition, in the lowest part of the shale layer calcite is strongly dissolved as 
well, yielding an additional Ca2+ source and hence even more anhydrite precipitation. Besides some minor reactions 
leading to pyrite and siderite precipitation (not shown), the conversion of ankerite (and calcite) to anhydrite dominates 
the overall change in porosity (panel (c) of Fig. 2). However, the quantitative changes in porosity are rather small, 
ranging from a porosity decrease of -0.0117 in the barrier layer to a porosity increase of +0.0054 in the reservoir rock.

Qualitatively, the same reactions occur in the simulations using the additional brine injection approach (Fig. 3). 
However, some quantitative differences can be observed by comparing Fig. 2 with Fig. 3. 

1. The affected rock volume differs in a similar way as the pH values (Fig. 1, panel (b) and (d)) due to the 
different SO2 transport media, i.e. CO2 and aqueous phase, in the two model approaches, respectively. The 
CO2 phase in the TGT approach, having a lower density, affects mostly the upper regions of the sandstone 
reservoir, while the aqueous phase in the ABI approach, with its higher density, dominantly influences the 
lower region of the sandstone reservoir.

2. Within the region affected by SO2, ankerite dissolves completely and consequently a higher amount of 
anhydrite precipitates compared to the TGT simulation. The reason for the incomplete dissolution of 
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ankerite using the trace gas transport approach is related to a TOUGHREACT restriction to a specific
ionic strength threshold. A more detailed discussion on the consequences of this restriction can be found 
in [12].

3. The lowest part of the shale layer is characterised by calcite dissolution and corresponding anhydrite 
precipitation in the ABI approach, as already observed using the TGT approach. However, the magnitude 
of this conversion in the first case is lower due to the slower transport of the aqueous phase compared to 
the CO2 phase. 

4. In the ABI approach no anhydrite precipitation can be found within the first 30 m in the sandstone 
reservoir, see panel (b) in Fig. 3. This is clearly a distortive effect of the additional brine injection. The 
injected brine has a single fixed composition and thus cannot meet the dynamically changing saturation 
conditions of anhydrite, i.e. especially the corresponding Ca2+ concentration. Hence, the intermediately 
formed anhydrite in this area dissolves again due to the undersaturation of the injected brine with respect 
to Ca2+. This effect generally occurs by using this modelling approach and is discussed elsewhere, e.g.
[16, 17]. It is noteworthy that the shape of this artefact is related to the geometrical arrangement of the 
injection cells, which are located on the lowest 6.8 m of the sandstone reservoir layer in vertical direction.

5. At the edge of the ankerite dissolution region, precipitation of siderite occurs (not shown), which is 
responsible for the pronounced band of decreased porosity (dark blue area in panel (c) of Fig. 3). 

Generally it can be summarised, that both modelling approaches for dealing with the injection of impurities (trace 
gas transport and additional brine injection) yield similar qualitative results, covering the main chemical reactivity of 
the geochemical system under the impact of SO2 impurity. However, the spatial distribution and quantitative 
magnitudes of the simulated chemical processes are clearly dependent on the modelling approach and may be locally 
influenced by currently unavoidable modelling artefacts of either approach.

3.2. CO2, SO2, and NO2 injection scenario

Beyond the impact of a CO2 stream containing SO2, the chemical effect of additional impurities is of importance. 
Hence, in a next step, NO2, as another acid forming impurity was included in the evaluation. Using the trace gas 
transport approach, TOUGHREACT simulations were performed using a composition of CO2:SO2:NO2 of 
98.8 %: 1 %: 0.2 %. Fig. 4 shows the spatial distribution of dissolved SO2 and NO2 after six years of injection. In the 
sandstone reservoir layer both impurities cover the same horizontal extent. This is to be expected, as the dissolution 
constant was identical for both components. The dominant SO2 reaction in the sandstone reservoir layer, i.e. ankerite 
dissolution and anhydrite precipitation, is still active as long as NO2 is present. However, dissolved NO2 reacts to form
charged solutes, mainly NO2

-. Hence, due to the previously mentioned restriction of TOUGHREACT to ionic strength 
values below a fixed threshold [12], less SO2 may dissolve in the presence of dissolved NO2 and related species, 
whereby less ankerite to anhydrite conversion occurs and a smaller increase in porosity increase is observed.

Besides the acidification by NO2, its main chemical impact in this simulated system is the oxidation of reduced 
sulfur compounds while NO2 (N oxidation state IV) is reduced to NO2

- (N oxidation state III). Thus the precipitation 
of pyrite (FeS2) is lower and its corresponding porosity decrease has a lower magnitude (panel (c) of Fig. 4) than in
the absence of NO2. This holds especially in the lowest part of the intermediate shale layer (see colouring magnitude 
of panel (c) in Fig. 2 and Fig. 4).

A prominent difference between both impurities concerning the aqueous concentrations can be found in the lowest 
part of the intermediate shale layer: Due to the low permeability of this layer the CO2 phase and with it the impurities 
intrude only slowly the shale rock. Compared to the slow transport, both impurities dissolve relatively fast into the 
aqueous phase. The acidic nature of both components leads to the dissolution of calcite and ankerite. While SO2 leads 
to formation of sulfate which subsequently precipitates at high rates as anhydrite, no NO2 bearing minerals appear and 
thus NO2 accumulates in the aqueous phase in this particular region of the shale layer.
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Fig. 1. CO2 saturation (Sg) and pH values of simulations after ten years of CO2 injection including 1 % SO2. (a) Sg using trace gas transport 
simulation TGT; (b) pH using TGT; (c) Sg using additional brine injection ABI; (d) pH using ABI. The positions of the four different rock layers 
are denoted in panel (a).



3542   J.L. Wolf et al.  /  Energy Procedia   114  ( 2017 )  3537 – 3546 

Fig. 2. Changes of ankerite and anhydrite volume fractions as well as change in porosity after ten years of CO2 + 1 % SO2 injection using trace 
gas transport approach. (a) change in ankerite volume fraction; (b) change in anhydrite volume fraction; (c) change in porosity.
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Fig. 3. Changes of ankerite and anhydrite volume fractions as well as change in porosity after ten years of CO2 + 1 % SO2 injection using 
additional brine injection approach. (a) change in ankerite volume fraction; (b) change in anhydrite volume fraction; (c) change in porosity.
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Fig. 4. Simulation results after six years of co-injection of CO2 + 1 % SO2 + 0.2 % NO2 using trace gas transport approach. (a) aqueous 
concentration of dissolved SO2(aq); (b) aqueous concentration of dissolved NO2(aq); (c) change in porosity.
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4. Conclusions

For the simulated injection and storage scenario the presented results indicate that the chemical impact of the 
impurities SO2 and NO2 on the reservoir rock is limited to the vicinity of the injection well. The chemically induced 
changes of the rock compositions are dominated by a pronounced carbonate (ankerite and calcite) dissolution and 
subsequent anhydrite precipitation. In case of ankerite reactions in the sandstone reservoir layer a slight porosity 
increase is predicted. This increase is expected to enhance the permeability of the reservoir rock, which would be 
beneficial for the flow of the CO2 phase during injection. Simulating coupled chemical and transport processes, the 
initial composition of the reservoir complex has a decisive influence on qualitative and quantitative results of 
geochemical reactions. When calcite is present in the intermediate shale layer, a decrease in porosity is observed at 
the end of the injection period. As this decrease is expected to reduce the permeability, the reaction of the impurities 
with the shale rock would lead to some kind of “self-sealing” of this shale rock, supporting its barrier properties. In 
general, these simulation results are qualitatively independent from the chosen modelling approach (TGT or ABI) and 
the co-injected impurity (SO2 or SO2 + NO2). However, the quantitative magnitude is clearly influenced by the 
modelling techniques and thus has to be carefully evaluated during analysis of simulation data, e.g. by comparison 
with experimental field data.
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