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A B S T R A C T   

CO2/impurities cocapture in CCS technology allows reducing the purification costs and avoiding the emission of 
pollutants into the atmosphere. The viability of the transport by pipeline and the geological storage of the non- 
purified flue gas from oxy-fuel combustion of biomass and other processes, keeping the impurities O2 or NO in 
the stream along with CO2, is assessed considering thermodynamic and hydraulic aspects. For this, we experi
mentally determined, under CCS conditions, the density, vapor-liquid equilibrium, and speed of sound of three 
CO2 + O2 and CO2 + NO mixtures as binary models of the gas, and we calculated their Joule-Thomson co
efficients from the experimental data. Additionally, we compared the values calculated for the determined 
properties using the equations of state EOS-CG, GERG-2008 and PC-SAFT to our results of CO2 + O2, validating 
all three equations for this system. For the CO2 + NO mixtures, only PC-SAFT could be applied, which was also 
validated using the parameters obtained in this work. Finally, we calculated several selected CCS parameters 
from our data and concluded that both O2 and NO have negative effects on the transport and storage steps of this 
technology, which are negligible in the case of NO with the investigated concentrations.   

1. Introduction 

According to the International Panel of Climate Change, Global CCS 
Institute, and others (Friedmann et al., 2020; Global CCS Institute, 2021; 
IPCC, 2018), projections indicate that CO2 net global emissions to the 
atmosphere (approximately 40 Gt in 2020) must be totally avoided by 
2050 in order to achieve a 1.5 ◦C climate outcome. 

The potential of CCS (carbon capture and storage) technology as a 
climate change mitigation tool has been recognized as a possible solu
tion for many years, but its deployment has been slow. Nevertheless, 
given the reluctance of many countries to heavily reduce the con
sumption of fossil fuels in the short run and the tepid results of COP26 
(COP26, 2021), CCS appears to be an essential technology (in 
conjunction with other mitigation options) to reach these targets. This 
method consists of the capture of anthropogenic CO2 at emission facil
ities, its subsequent transport, typically by pipeline, and its underground 
storage into adequate reservoirs. Despite the COVID-19 crisis, many 
investments in this technology have been announced since the begin
ning of 2020, principally in Europe and the USA but also in Australia, 
New Zealand, China, Korea and the Middle East (IEA, 2020). 

Unfortunately, Russia invaded Ukraine on 2022–02–24, strongly 
altering the geopolitical scenario and the global energy landscape. Given 
that the use of fossil fuels for energy production is the major source of 
greenhouse gas emissions, the future is very uncertain. Countries are 
returning to coal (Euronews, 2022-06–24), and the European Parliament 
modifies the green taxonomy to equate gas and nuclear with renewables 
(European Parliament News, 2022-07–06). In addition, the US Supreme 
Court has hobbled the EPA’s (Environmental Protection Agency) au
thority over climate emissions (Nature news, 2022-06–30). In this sce
nario, advances in climate change mitigation are unavoidable, and 
considering that CCS technology makes it possible to minimize the 
negative effects of fossil fuels use and to develop zero-emissions energy 
production processes, broadening the technical knowledge regarding 
CCS is indispensable. 

One of the ways to transition from fossil fuels to clean energies is the 
use of biomass or blends of biomass with fossil fuels as combustible, 
combined with CCS technology (BECCS or Bio-CCS). This technology is 
considered to produce negative emissions, and it is envisaged to have an 
important role in decarbonization strategic maps (Bui et al., 2017). 

This paper is a part of a wider project whose main global objective is 
to evaluate the oxy-fuel combustion of biomass, pure or blended with 
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coal, under different O2/CO2/H2O atmospheres without NOx mitigation 
measures followed by the capture of the flue gas without further puri
fication (CO2/impurities cocapture) for transport and storage. The 
global conclusions will show the most expedient conditions for its 
integration into power production. Although the purification of 
anthropogenic CO2 is technically accessible, its high cost makes it 
economically unaffordable (Anheden et al., 2004; Olajire, 2010). This 
high cost barrier is why CO2/impurities cocapture appears to be an 
interesting option if the properties of the raw stream are adequate. 

In this work, we evaluate the characteristics of the CO2/impurity 
cocapture for three CO2-rich binary mixtures containing O2 or NO as 
impurities under conditions of interest for CCS. The compositions of the 
mixtures were CO2 + 3.01 mol% O2, CO2 + 0.3012 mol% NO and CO2 
+ 0.1991 mol% NO. These mixtures are considered binary mixture 
models for the raw flue gas without further purification from the above- 
cited BECCS or Bio-CCS processes (Lupiáñez et al., 2013a, 2013b; Pipi
tone and Bolland, 2009; Williams et al., 2012). Additionally, NO at the 
studied concentrations appears to be an impurity in emissions from 
other processes, such as gas engine combustion (Crismaru and 
Dragomir-Stanciu, 2015; Owczuk et al., 2018). Thus, the studied 
NO-containing mixtures are also binary mixture models for the flue gas 
for these processes without further purification. Binary mixture models 
are the first step on the study of more complex mixtures containing a 
higher number of impurities that would model the real flue gas. The 
effects of O2 and NO as noncondensable impurities are evaluated and 
compared with those of other impurities of this type, such as CO or CH4, 
that were previously studied by the authors (Blanco et al., 2012, 2014; 
Rivas et al., 2013). The study was carried out from the thermodynamic 
and hydraulic points of view without considering the possible chemical 
effects of the impurities. 

Thus, density, ρ, vapor liquid equilibrium (VLE) and speed of sound, 
c, were experimentally determined for the studied mixtures at nine 
temperatures from 263 to 373 K and between atmospheric pressure and 
30 MPa for densities and VLE and up to 190 MPa for speeds of sound. 
The p and T ranges include the conditions of interest for the CCS steps of 
transport, injection and storage (Li et al., 2011). Given the acoustic 
opacity of the mixtures at the operating frequency of 5 MHz, speeds of 
sound were determined by doping the mixtures with small amounts of 
methanol, a method previously tested by the authors and reported in 
preceding publications (Gimeno et al., 2017, 2018, 2019, 2021; Rivas 
et al., 2016). Despite doping, acoustic signals were not obtained in the 
low-pressure area of interest for CCS. For this reason, this work exper
imental data were extrapolated to lower pressures, and the results were 
validated using the GERG-2008 and the PC-SAFT equations of state, EoS 
(see Section 3.2). 

We found in the literature a few experimental data for the CO2 + O2 
mixture under similar conditions (Al-Siyabi, 2013; Fredenslund and 
Sather, 1970; Lasala et al., 2016; Mantovani et al., 2012; Westman et al., 
2016), which are compared with those obtained in this work. No com
parable data were found for the CO2 + NO mixtures under similar 
conditions to those of this work, then our results fill this important gap 
in the literature since NO is a pollutant from combustion processes al
ways present in the atmosphere. 

From our experimental data, we calculated the Joule-Thomson co
efficients, μJT, which describe the thermal behavior of the fluid under 
depressurization, for the mixtures CO2 + 3.01 mol% O2 and CO2 
+ 0.3012 mol% NO at the studied pressures and temperatures. 

CCS processes involve a wide range of compositions, pressures and 
temperatures, thus the availability of a predictive tool, such an equation 
of state (EoS), will be extraordinarily useful for this technology. The 
experimental data were utilized to evaluate three EoSs: EOS-CG 
(Equation of State for Combustion Gases, from Gernet and Span, 
2016), developed for application to CO2-rich mixtures of interest for 
CCS, among others; GERG-2008 (Groupe Européen de Recherches 
Gazières model, Kunz and Wagner, 2012), on which the above is based; 
and PC-SAFT (Perturbed-Chain Statistical Associating Fluid Theory 
equation of state, Gross and Sadowski, 2001), extensively used in the 
field of engineering. 

Finally, from the presented experimental data and others from the 
literature, we calculated several design and operation CCS parameters. 
They were the minimum operational pressure, the pressure and density 
drops along a pipeline and the pipeline internal diameter, related to the 
transport; the permeation flux during injection; the storage capacity of 
the reservoir; and the velocity of the rising plume in saline aquifers. To 
assess the effect of the impurities on this technology, we compared the 
values of these parameters for the studied mixtures with those obtained 
for pure CO2 and for the mixtures CO2 + CO or + CH4 with impurity 
concentrations similar to those used in this work. The storage parame
ters were also calculated for various real CCS saline aquifers (Table 1). 

In the medium and long term, CCS can be vital in reducing CO2 
emissions where it is impossible to apply other measures, and from a 
circular economy perspective, to transform waste into a resource. This 
work focuses on the possibility of reduction of CO2 emissions by means 
of the evaluation of the viability of transport and storage of CO2-rich flue 
gases containing O2 or NO as impurities, CO2/O2 or NO cotransport, 
coinjection and costorage, leading to a reduction in purification costs. 

Nomenclature 

ai Coefficients of the polynomials used to correlate the speed 
of sound values. 

c Speed of sound. 
d Distance advanced by the stream along a pipeline. 
D Inner diameter of a pipeline. 
kij Binary interaction parameter (PC-SAFT EoS). 
m Segment number (PC-SAFT EoS). 
M/M0 Normalized storage capacity of a reservoir. 
Ṁ/Ṁ0 Normalized permeation flux of a plume in a reservoir. 
MRDX Mean relative deviation for a property X. 

MRDX
̿ 

Global average mean relative deviation for property X. 
n Mole number. 
p Pressure. 
p# Reference pressure in the polynomials used to correlate the 

speed of sound values. 
pbubble Bubble pressure. 
pdew Dew pressure. 
psat Saturation pressure. 
T Temperature. 
Tc Critical temperature. 
u(X) Combined uncertainty of a property X. 
Δvc Volume translation parameter (PC-SAFT EoS). 
v/v0 Normalized velocity of the rising plume in saline aquifers. 
x Mole fraction. 
Z Compressibility factor. 
ε Segment energy (PC-SAFT EoS). 
η Viscosity. 
μJT Joule-Thomson coefficient. 
ρ Density. 
σ Segment diameter (PC-SAFT EoS).  

A.P. Melendo et al.                                                                                                                                                                                                                             



Process Safety and Environmental Protection 172 (2023) 1120–1131

1122

2. Materials and methods 

2.1. Materials 

Table 2 collects the compositions of the mixtures object of this study, 
all of them supplied by Air Liquide. 

The binary mixtures Mix 1 and Mix 2 were doped with methanol for 
speed of sound measuring purposes. CH3OH (biotech grade, purity of 
99.996% from gas chromatography) supplied by Sigma Aldrich was used 
immediately after being degassed. 

2.2. Apparatus and methods 

The hazards involved in the experimental part of this work are the 
high pressures reached inside the devices and those due to the reactivity 
and the toxicity of the studied impurities. O2 is a strong oxidizing gas, 
and NO is a toxic gas that quickly reacts with air to produce NO2, which 
is toxic as well. To avoid the risks consequence of these processes, a 
vacuum was created for at least two hours before putting the studied 
mixtures into the experimental installations, and leak detectors were 
used to find possible gas leaks after the investigated fluids entered into 
the apparatuses. In order to maintain safe the users from possible acci
dental throws, mobile polycarbonate transparent barriers were placed 
around the experimental facilities. 

The guide suggested by NIST (JCGM 100:2008, 2008) was used to 
calculate the combined standard uncertainties of the experimental data 
obtained in this work. 

The binary mixtures used for density and VLE measurements are 
detailed in Table 2. To measure the speeds of sound in Mix 1 and Mix 2 
(Table 2), these mixtures were doped with ≈ 1 mol% of methanol given 
that the respective undoped mixtures were found opaque to the sound at 
the frequency of 5 MHz of our apparatus. The speed of sound of Mix 3 
was not measured because the difference in impurity concentration 
between Mix 2 and Mix 3 is too low to be detected in our experimental 
device. A variable-volume cell with maximum volume of 0.51 L and 
maximum working pressure of 30 MPa was used to prepare the doped 
mixtures, introducing first the needed amount of methanol followed by 
Mix 1 or Mix 2. Methanol degassing was performed inside the variable- 
volume cell via intermittent vacuum with agitation. The mass of each 
introduced fluid was determined as the difference between the masses of 
the cell before and after its introduction. A Sartorius CCE 2004 mass 
comparator, which has a maximum weighing capacity of 2500 g and a 
repeatability better than 0.2 mg was used. When the doped mixtures 
were prepared, they were transferred to the experimental speed of sound 
installation. Detailed procedures can be found in previous publications 
(Gimeno et al., 2017). Table 3 shows the mole fractions of the doped 

mixtures, xi, and the respective combined standard uncertainties, u(xi). 
For the ternary mixture CO2 + CH3OH + O2 (doped Mix 1), the mole 

fraction of methanol, xCH3OH, was determined by the relation 

xCH3OH =
nCH3OH

nCH3OH + nMix1
(1)  

with 

nCH3OH =
(m2 − m1)

MCH3OH
(2)  

nMix1 =
(m3 − m2)

MMix1
(3)  

where m1 is the empty cell mass, m2 is the mass after methanol is added, 
and m3 is the mass after Mix 1 is added into the variable-volume cell. 
MCH3OH is the molar mass of methanol, MMix1 is calculated as 
[
MCO2 •

(
1 − xO2 ,Mix1

)
+MO2 • xO2 ,Mix1

]
, MCO2 and MO2 are the molar 

masses of CO2 and O2, respectively, and xO2 ,Mix1 is taken from Table 2. 
The mole fractions of CO2 and O2 in the CO2 + CH3OH + O2 mixtures 

were determined by the following equations: 

xCO2 =
nMix1 •

(
1 − xO2 ,Mix1

)

nCH3OH + nMix1
(4)  

xO2 =
nMix1•xO2 ,Mix1

nCH3OH + nMix1
(5) 

u(xi), was estimated from (JCGM 100:2008, 2008):  

where u(nCH3OH) and u(nMix1)represent the standard uncertainties in the 
mole number of methanol and Mix 1, respectively, and u(xO2 ,Mix1) is the 
standard uncertainty of the O2 mole fraction in Mix 1 given in Table 3. 
u(nCH3OH) was estimated as the square root of the sum of the square of the 

Table 1 
Conditions of the saline aquifers studied in this work. ρbr is the density of the brine.  

Reservoir Sleipner Nagaoka Frio Nisku Fm. #1 Deadwood Fm. #2 Basal Cambrian Fm. Snøhvit 

p/MPa 10.3 11.9 15.2 17.4 23.6 27.0 29.0 
T/K 317 319 329 329 338 348 373 
Depth/m 1000 1100 1546 2050 2560 2734 2600 
ρbr/kg•m¡3 1017 999 1048 1076 1009 1137 1090 
References. [a], [b] [a], [b] [a], [b] [b], [c] [b], [d] [b], [c] [e], [f], [g] 

[a]: Michael et al. (2010); [b]: Long and Chierici (1959); [c]: Bachu and Bennion (2008); [d]: Bachu (2013); [e]: IEAGHG (2015); [f]: Hansen et al. (2011); [g]: Grude 
et al. (2014). 

u(xi) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂xi

∂nCH3OH

)2

u
(
nCH3OH

)2
+

(
∂xi

∂nMix1

)2

u(nMix1)
2
+

(
∂xi

∂xO2 ,Mix1

)2

u
(
xO2 ,Mix1

)2

√

(6)   

Table 2 
Compositions (mole fractions) of the studied binary mixtures and expanded 
uncertainties (coverage factor k = 2) in parentheses.  

Components Mix 1 Mix 2 Mix 3 

CO2 0.9699 0.996988 0.998009 
O2 0.0301 

(0.00030)   
NO  0.003012 

(0.000030) 
0.001991 
(0.000020) 

Analysis 
Method 

SM SM SM 

SM: Supplier methods. The techniques reported were gas chromatography and 
electrolytic hygrometry. 
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standard deviation of the mole values calculated from the repetitive 
mass measurements after adding the methanol to the cell, plus the 
square of the estimated uncertainty due to the presence of impurities in 
that fluid. u(nMix1) was evaluated as the standard deviation of the mole 
values calculated from the repetitive mass measurements after adding 
Mix 1 to the cell. u(xO2 ,Mix1) was calculated as half of the standard 
expanded uncertainty (coverage factor k = 2) given for xO2 ,Mix1 in 
Table 2. 

xi and u(xi) for doped Mix 2 CO2 + CH3OH + NO were obtained in 
the same way as those for doped Mix 1 and are given in Table 3. 

The setup (provided by ARMINES) for the density and VLE mea
surements is designed for the accurate generation of p − ρ − T data for 
fluids in the vapor and liquid phases and in the supercritical state. It is 
based on an Anton Paar DMA HPM vibrating-tube densimeter that is 
integrated in the installation (Fig. 1). The device works from 263 to 
423 K of temperature, and the pressure reaches 70 MPa. Detailed ex
planations of the facility and procedures can be found in Blanco et al. 
(2014), Gimeno et al. (2017), and Velasco et al. (2011). After the 
acquisition of the installation, the fluid flow control was enhanced by 
the incorporation of electronically controlled electric motors to the 
valves that regulate the pressure variation during the measurements. 
The motors provided an optimization of the stability of the fluid flow, 
which was maintained below 0.005 MPa•s− 1, and ensured the thermo
dynamic quasi-equilibrium through quasi-static transformations (Bou
chot and Richon, 1998). 

The densimeter determines the vibration period, τ, with an 

uncertainty of u(τ)= 2 × 10− 5 ms (provided by the manufacturer). The 
measuring temperature, i.e., the temperature of the fluid inside the 
vibrating tube, was measured by a 100 Ω platinum probe which was 
calibrated before this work by the Centro Español de Metrología (CEM, 
2000). The estimated standard uncertainty in temperature was 
u(T)= 0.006 K and the variation of the temperature during the mea
surement of an p − ρ − T isotherm was lower than ± 0.04 K. Two pres
sure transducers (GE Infrastructure model PTX 611), one of them for 
pressures below 6 MPa and the other from 6 to 70 MPa, were used to 
determine the pressure inside the densimeter. Both transducers were 
calibrated by the authors using a Wika CPH 6000 calibrator, and their 
accuracy was 0.025% over the entire scale. The combined standard 
uncertainty in pressure, u(p), was 0.0020 MPa for p < 6 MPa and 
0.024 MPa for 6 MPa ≤ p ≤ 70 MPa (Euramet, 2017). The vibrating 
tube was calibrated using the “forced path mechanical calibration” 
(FMPC) model, as the designers of the device recommend (Bouchot and 
Richon, 2001). The fluid used for calibration was pure CO2, given that 
this compound is the principal component of the studied mixtures, and 
the calibration ranges covered from 263.15 to 373.15 K and up to 
70 MPa (more details in the Supplementary material, p. S4). 

The combined standard uncertainty in the density, u(ρ), for each 
experimental p − ρ − T point of the studied mixtures was calculated from 
the contributing uncertainties using the error propagation law (Gimeno 
et al., 2021; Supplementary material, p. S6). The uncertainty values 
accompany the experimental density data in the Supplementary mate
rial, Tables S1 and S2, and vary from 0.20 to 0.40 kg/m3. 

The p − ρ − T data was analyzed by the tangents method as described 
in Gimeno et al., (2017, 2018), revealing the dew pressure and bubble 
pressure, pdew and pbubble, as well as the densities of the vapor, ρV , and 
liquid, ρL, phases in the VLE, and their respective combined standard 
uncertainties. The VLE data and their uncertainties are shown in 
Table S3. 

p − c − T isotherms were determined by means of a 5 MHz pulsed 
ultrasonic system (Fig. 2) (Rivas et al., 2016). The installation allows to 
work between 253 K and 473 K and from 0.1 MPa to 200 MPa, being 
u(T) = 0.015 K and u(p) = 0.02 MPa. CO2 presents a high sound 

Table 3 
Mole fractions of the mixtures studied in the speed of sound installation, xi, and 
their combined standard uncertainties, u(xi).  

Component Doped Mix 1 Doped Mix 2  

xi u(xi) xi u(xi)

CO2 0.96000 0.00015 0.986893 0.000031 
CH3OH 0.010205 0.000011 0.0101257 0.0000099 
O2 0.02979 0.00015   
NO   0.002982 0.000030  

Fig. 1. Experimental facility for volumetric measurements: (1) feeding mixtures from Table 2; (2) syringe pump; (3) fluid entry; (4) screw pump; (5) vibrating tube 
densimeter; (6) densimeter way out; (7) safety disk; (8) pressure sensors; (9) temperature probe; (10) connected external liquid thermoregulated bath; (11) liquid 
thermoregulated bath; (12) evaluation unit and data acquisition; (13) evacuation and vacuum line. 
Figure adapted from Bouchot and Richon (1998). 

A.P. Melendo et al.                                                                                                                                                                                                                             



Process Safety and Environmental Protection 172 (2023) 1120–1131

1124

absorption at 5 MHz (Rivas et al., 2016), and as a consequence, pure CO2 
is opaque to the sound at this frequency, and the same occurs for the 
studied mixtures (Mix 1 and Mix 2) since O2 and NO do not lower the 
sound absorption of the mixtures. The authors found in a previous work 
(Rivas et al., 2016) that the doping of CO2 with approximately 1.0 mol% 
of CH3OH allowed them to obtain proper signals along an adequate 
interval of pressures, with reproducible speed of sound values that 
showed mean deviations of 0.38% in regard to pure CO2 (Span and 
Wagner, 1996). This value is smaller than the tolerance margin reported 
by the Span and Wagner EoS (reference EoS for this compound) under 
the studied conditions, which ranges between 0.5% and 2%. Based on 
these results, we measured the speed of sound of Mix 1 and Mix 2 doped 
with ≈ 1.0 mol% CH3OH. This doping method was formerly applied by 
the authors in previous studies on CO2-rich mixtures containing SO2 
(Gimeno et al., 2017, 2018, 2019, 2021; Rivas et al., 2016). In these 
systems, a lower concentration of methanol (≈ 0.8 mol%) was enough to 
achieve doping purposes, given that the presence of SO2 in those mix
tures lowered the sound absorption of CO2 at 5 MHz and favored sound 
propagation through the fluid, which is not the case for O2 and NO. 

The combined standard uncertainty obtained for the experimental 
values of c, u(c), was calculated using the following equation (Lin and 
Trusler, 2014): 

(u(c))2
=

[
(∂c/∂T)p,xuT

]2
+
[
(∂c/∂p)T,xup

]2
+
[
(∂c/∂x)p,T ux

]2
+(u∗(c))2

(7)  

where u∗(c) is the standard repeatability uncertainty. 
To determine u∗(c) for the CO2 + CH3OH + O2 (doped Mix 1) and 

CO2 + CH3OH + NO (doped Mix 2) systems, we prepared two mixtures 
with the same composition for each system, and we determined the 
p − c − T isotherms for each mixture at 263, 293, and 313 K and pressures 
ranging from 10 to 197 MPa. Each isotherm was determined twice. The 
compositions of the mixtures and their uncertainties are shown in 
Table 3 and S4, and the measured c values are shown in Table S5. From 
these experiments, we obtained a u∗(c) =1.3 × 10− 3 • c for CO2 
+ CH3OH + O2, and the combined standard uncertainty of c was u(c) =
1.3 × 10− 3 • c. For CO2 + CH3OH + NO, the results were u∗(c) =9.5×

10− 4 • c, and u(c) = 9.5 × 10− 4 • c. These values are comparable to 
those provided by the literature for mixtures (liquids or compressed 

gases) using this type of apparatus (Ball and Trusler, 2001; Gimeno 
et al., 2017, 2018, 2019, 2021; Rivas et al., 2016). 

3. Results and discussion 

We present in the Section 3.1 the results obtained in this work, both 
experimental and calculated, and the discussion regarding the influence 
of each impurity on them. Section 3.2 develops a discussion on the 
predictive capability of the three evaluated equations of state. Section 
3.3 studies the influence of the impurities O2 or NO on several param
eters related to the design and operation of the stages of transport 
(3.3.1), injection and storage (3.3.2) of the CCS technology, including 
their effect in seven selected real saline aquifers (Table 1). Along these 
sections, the comparison with the influence of other noncondensable 
impurities such as CO and CH4 (Blanco et al., 2012, 2014; Rivas et al., 
2013) is also discussed. The effect of NO is only evaluated on the min
imum operational pressure and the storage capacity because the 
remaining parameters require viscosity values, which are not available 
for the CO2 + NO system. 

3.1. Results 

We measured 9 p − ρ − T isotherms per mixture for Mix 1 (CO2 +

3.01 mol% O2), Mix 2 (CO2 + 0.3012 mol% NO) and Mix 3 (CO2 +

0.1991 mol% NO) (Table 2) at nominal temperatures of T = 263.15, 
273.15, 283.15, 293.15, 303.15 and 313.15 K and pressures up to 
20 MPa and at nominal temperatures of T = 333.15, 353.15 and 
373.15 K and pressures up to 30 MPa. The experimental results, con
sisting of approximately 31,500 points, each data accompanied by its 
respective combined standard uncertainty, are presented in Table S1 
(Supplementary material), and are also displayed in Fig. 3a and S2. Sets 
containing a lower number of points (approximately 50 per isotherm) 
are collected in Table S2 to make easier their use, along with their 
corresponding compressibility factors, Z, and their respective combined 
standard uncertainties. 

The density of each mixture increases when pressure increases and 
temperature decreases. The three studied mixtures are subcritical at 
263.15 K ≤ T ≤ 293.15 K and their VLE are presented in Table S3 and in  
Fig. 4 and S3. These tables and figures include the values corresponding 

Fig. 2. Experimental facility for the measurement of the speed of sound: (1) variable-volume cell; (2) bottle of compressed nitrogen (used to push the piston of the 
variable-volume cell); (3) syringe pump; (4) fluid entry; (5) screw pump; (6) recirculation pump; (7) pressure sensor; (8) pressure vessel containing the ultrasonic cell; 
(9) thermostatic bath; (10) oscilloscope; (11) temperature probe; (12) drain line; (13) data acquisition unit; (14) evacuation line. 
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to pure CO2 (Span and Wagner, 1996) for comparison. The rest of the 
studied temperatures were supercritical. 

The CO2 + NO mixtures present continuity of the data at 303.15 K 
along the whole range of pressures studied (supercritical behavior), but 
we could not obtain reproducible results between approximately 5.8 and 
7.3 MPa. For this reason, the densities in this interval of pressure are not 
reported for either mixture. It should be noted that 303.15 K is a su
percritical temperature for the studied CO2 + O2 and CO2 + NO mix
tures but is still subcritical for pure CO2 (critical temperature Tc =

304.21 K, Gil et al., 2008). 
Mix 1, which contains 3.01 mol% of a noncondensable impurity such 

as O2, presents a density lower than that of CO2 at all the studied con
ditions (Fig. S2). The mean relative deviation, MRD, between the den
sities of Mix 1 and those of pure CO2 (Span and Wagner, 1996) at each 
temperature increases from 2.69% at 263 K to 7.46% at 303 K and then 
decreases as T increases, down to MRD = 4.01% at 373.15 K. 

From the comparison of literature density data for CO2 + O2 
(Al-Siyabi, 2013; Mantovani el al, 2012) with our results at equal tem
perature (283.15 and 293.15 K) or analogous (301.15 and 303.22 K vs. 
303.15 K), we obtained that all of them are consistent (Fig. S4). They are 
not directly comparable given that the O2 concentrations in the litera
ture are ≈ 5 mol% (Al-Siyabi, 2013) and ≈ 6 mol% (Mantovani et al., 
2012), but Mix 1 contains ≈ 3 mol%. 

Fig. S5a shows the densities of Mix 1 (CO2 + 0.301 mol% O2) and of 
other CO2–rich mixtures containing noncondensable impurities previ
ously published by the authors (Blanco et al., 2012, 2014; Rivas et al., 
2013), along with those of pure CO2 (Span and Wagner, 1996), as a 

function of the temperature and at selected pressures of transport and/or 
storage (8, 14, 20, and 30 MPa). The impurities were CO and CH4 with 
concentrations similar to O2 in Mix 1 (CO2 + 3.00 mol% CO, and CO2 +

2.81 mol% CH4). All the studied impurities similarly reduce the density 
of the mixtures with respect to CO2, except at 8 MPa from 303 to 313 K. 
Under these conditions, near the critical point of the mixtures, the 
impact of the three noncondensable impurities, in addition to being the 
highest, is clearly distinguishable, with CO showing the greatest density 
diminishing effect and O2 showing the second greatest. 

In the binary mixture CO2 + 0.3012 mol% NO (Mix 2), the presence 
of NO reduces the density of the mixture, showing MRD values from 
0.17% at 263 K to 0.60% at 333 K, without a clear trend of these values 
with T. The differences between the densities of Mix 2 and those of CO2 
are represented in Fig. S6a for each isotherm. The greatest deviations are 
observed at 303.15 K between 7 and 9 MPa, which are the studied 
conditions closest to the critical point of this mixture. 

In relation to CO2 + 0.1991 mol% NO (Mix 3), a decreasing effect of 
the density is observed with respect to CO2 with MRD values, which does 
not show a clear trend with T and ranges from 0.16% at 333 K to 0.39% 
at 303 K. The greatest deviations (ρMix3 − ρCO2

) are obtained at 303.15 K 
from 7 to 9 MPa (Fig. S6b), similar to Mix 2, but with a lower value of the 
deviation at the minimum of the 303.15 K isotherm in Fig. S6. The 
values of the positive deviations in Fig. S6a and S6b are lower than or 
equal to the combined uncertainties estimated for the density of those 
points. In Fig. S5b, the densities of Mix 2 are compared with those of the 
previously studied mixtures CO2 + 0.40 mol% CO and CO2 + 0.39 mol 
% CH4 (Blanco et al., 2012, 2014; Rivas et al., 2013) and with those of 

Fig. 3. (a) Experimental densities, ρ, for Mix 1. (b) Experimental (symbols) and extrapolated (dotted lines) speeds of sound, c, for doped Mix 2. Both versus pressure, 
p, and at the nominal temperatures T. 

Fig. 4. Experimental and calculated VLE for the CO2 + O2 and CO2 + NO systems and for pure CO2. Dew and bubble points for Mix 1 (a) and 2 (b).PC-SAFT pa
rameters in (a) were taken from Diamantonis (2013a) and (b) uses parameters from this work (Table S10). 
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pure CO2 (Span and Wagner, 1996) at the studied temperatures and 
selected pressures (8, 14, 20, and 30 MPa). All of these densities are very 
close to each other at each temperature and pressure. 

From the obtained p − ρ − T experimental data, we determined the 
limits of the VLE, pdew and pbubble, and the densities of the phases at 
equilibrium, ρV (vapor) and ρL (liquid), along with their respective u(p)
and u(ρ), for Mix 1, Mix 2 and Mix 3 (Table S3, Fig. 4 and S3). The 
tangents method was applied, as recommended by the authors of the 
experimental facility design and procedure (Bouchot and Richon, 1998) 
and as used in previous publications, where it is detailed (Gimeno et al., 
2017, 2018, 2019, 2021). Fig. 4a presents our experimental pdew and 
pbubble values for Mix 1 along with data for CO2 + O2 mixtures with 
similar compositions from the literature (Fredenslund and Sather, 1970; 
Lasala et al., 2016; Westman et al., 2016) and psat for CO2 (Span and 
Wagner, 1996). Given that the compositions are not exactly the same, 
good agreement is observed between our data and those from the 
literature at 263, 273 and 293 K, while the differences are higher at 
283 K. No VLE literature data were found on CO2 + NO under similar 
pressure, temperature and composition conditions. 

The presence of O2 results in values for both the dew and bubble 
pressures of Mix 1 (CO2 + 0.301 mol% O2) that are higher than the 
saturation pressure of pure CO2, psat, at each temperature (Table S3). The 
differences (pbubble − psat)decreased with increasing temperature, with 
an average MRD value of 36%, while (pdew − psat)increased with 
increasing temperature, and an average MRD value of 8% was obtained. 
Decreases from 2% to 8% are observed in ρL with respect to CO2 and 
increases from 8% to 17% in ρV . For both densities, the differences 
compared to CO2 increase as T increases. When comparing Mix 1 with 
the mixtures CO2 + 3.00 mol% CO and CO2 + 2.81 mol% CH4 (Blanco 
et al., 2012, 2014) (Fig. S7a), we find that Mix 1 pdew are somewhat 
higher than those of the other two mixtures at each temperature, with 
differences that increase with increasing temperature. Mix 1 pbubble, 
instead, presents an intermediate value between those of the other 
mixtures, and the difference decreases with increasing temperature. 

The effect of NO in Mix 2 (CO2 + 0.3012 mol% NO) and Mix 3 (CO2 
+ 0.1991 mol% NO) is the increase in the bubble and dew pressures of 
the mixture with respect to CO2 psat values, thus showing a noncon
densable impurity behavior. The observed differences between the 
values for Mix 2 and those of CO2 are 2.4% and 0.8% on average for 
pbubble and pdew, respectively; for Mix 3, the average differences are 1.6% 
and 0.7%, respectively. Regarding ρL, average decreases of 0.3% and 
0.2% with respect to pure CO2 are obtained for Mix 2 and Mix 3, 
respectively, and average increases of 1.4% and 1.5% in ρV . The effect of 
the presence of ≈ 0.2–0.4 mol% of each noncondensable impurity (NO, 
CO, CH4) on the VLE of the binary mixtures represented in Fig. S7b is 
negligible with respect to CO2 psat, except for CO2 + 0.40 mol% CO 
pbubble, which is clearly higher than CO2 psat (Blanco et al., 2012, 2014). 

In reference to the speed of sound measurements, we determined 9 
p − c − T − x isotherms per mixture for doped Mix 1 and doped Mix 2 
(Table 3) at identical nominal temperatures to those used for the den
sities and up to 190 MPa. Mix 1 and Mix 2 were doped with ≈ 1.0 mol% 
of methanol to obtain acceptable sound signals in an adequate range of 
pressures. The results are presented in Table S6, Fig. 3b, and Fig. S8. 

The variations of c in relation to p and T are similar to those shown by 
the density. The values of c in doped Mix 1 are lower than those found in 
pure CO2, decreasing the differences as T increases; the MRD values per 
isotherm range from 2.35% to 1.24%. In the case of doped Mix 2, the c 
values are lower with respect to CO2 at 353 and 373 K along the studied 
pressure range with MRD values of 0.18% and 0.15%, respectively. 
However, at the remaining isotherms, a reduction in the c values with 
respect to those of CO2 is observed at pressures higher than 
≈ 70–85 MPa, but an increase is obtained at lower pressures. In Fig. S9, 
the relative differences between the c values in the doped Mix 2 and in 
CO2 are represented for each isotherm. The greatest variations are the 
reduction of c of 0.81% at 263 K and 190 MPa and the increase of 0.60% 
at 293 K and 30 MPa. There are published values for c on CO2 

+ 6.52 mol% O2 (Al-Siyabi, 2013), which are not directly comparable 
with ours but are consistent. We did not find references in the literature 
about the speed of sound in the CO2 + NO, CO2 + CH3OH + O2 and CO2 
+ CH3OH + NO systems. 

To carry out the comparisons aimed at obtaining the uncertainties 
and to be able to obtain extrapolations to the low-pressure zone, we 
correlated the experimental c values of c at each temperature and 
composition as a function of pressure using the polynomial (Lin and 
Trusler, 2014): 

(p − p#) =
∑3

i=1
ai(c − c#)

i (8)  

being p# an adequate reference pressure for each isotherm and c# the 
corresponding speed of sound at p = p#. The values of p# and the co
efficients ai in Eq. (8), as well as the MRDc(%) for the experimental and 

fitted data, are shown in Table S7. The overall MRDc
̿ 

values were 
0.004% for doped Mix 1% and 0.005% for doped Mix 2, which are lower 
than the respective uncertainties for the experimental data. 

Despite doping, we could not find acceptable sound signals in the 
low-pressure range, which is of interest for CCS technology. Therefore, 
in order to obtain suitable data in this zone, we used the fitted poly
nomials (Eq. 8, Table S7) to extrapolate the c results at low pressure at 
each temperature and composition (Table S8). The extrapolated data on 
CO2 + O2 were validated by comparison with the GERG-2008 EoS (Kunz 
and Wagner, 2012), which is the equation that better reproduces the 
experimental data of c in this mixture among the EoSs evaluated in this 
work, and the extrapolated data on CO2 + NO were validated by com
parison with PC-SAFT (Gross and Sadowski, 2001) (see next section). 

From our experimental and extrapolated values, we calculated the 
Joule-Thomson coefficient, μJT, for Mix 1 at nominal temperatures of 
263.15, 273.15, 283.15, 293.15, 303.15, 313.15, 333.15, and 353.15 K, 
and for Mix 2 at the same nominal temperatures plus nominal 373.15 K 
(Table S9). μJT establishes how the stream thermally behaves during 
pipeline depressurization or release (operational or accidental) and 
during transport and injection, given that its sign determines whether 
the fluid cools up (positive) or warms up (negative) upon pressure drop, 
and its absolute value determines the magnitude of the thermal effect. 
The calculations were made via the following equations: 

μJT =

(
∂T
∂p

)

H
=

V
Cp

(
αpT − 1

)
(9)  

Cp =
α2

pT
ρ(κT − κS)

(10)  

where V is the molar volume, Cp is the heat capacity at constant pres
sure, and αp, κT, and κS are the isobaric thermal expansivity, the 
isothermal compressibility and the isentropic compressibility, respec
tively. αp was calculated from our experimental density data 
(263–373 K); to improve the calculations at the temperatures of the 
endpoints of the interval, values calculated using the GERG-2008 EoS 
(Kunz and Wagner, 2012) at 253.15 K and 383.15 K were also used. κT 
was obtained from the experimental ρ values, and κS was determined 
from the experimental ρ data and experimental and extrapolated c data. 
The results can be found in Table S9 and Fig. 5, where the μJT values for 
the binary mixtures are represented along with those for pure CO2 (Span 
and Wagner, 1996) for comparison. At all the studied temperatures and 
pressures, the presence of 3.01 mol% O2 in Mix 1 increases the values of 
μJT with respect to those for CO2. The average deviations per isotherm 
increase as T increases from 263.15 to 313.15 K (0.057–0.334 K⋅MPa− 1) 
and decrease at 333.15 and 353.15 K (0.177 and 0.108 K⋅MPa− 1, 
respectively). 

In Mix 2, an increasing effect of the presence of NO is observed in 
most of the T and p conditions studied, although μJT for Mix 2 and CO2 
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are very close. 
μJT of Mix 1 and Mix 2 are positive at the studied T and p, with the 

exception of T = 263.15 K and p ≳ 18.8 MPa for Mix 1 and T = 263.15 K 
and p ≳ 17.2 MPa for Mix 2, where they change to negative values. These 
inversion pressures are higher than the inversion pressure of pure CO2 at 
each temperature, 15.65 MPa (Span and Wagner, 1996). A positive μJT 
indicates that the fluid cools under depressurization, and a negative 
means that the fluid warms. 

3.2. Comparison of the experimental data with those obtained from the 
EoS 

The physical properties of anthropogenic CO2 can significantly 
change due to the diverse compositions of the fluid and to the different 
values of T and p through the stages of CCS technology. Currently, there 
is no identified in the bibliography an optimal EoS to calculate the 
properties of the stream in the amplitude of conditions in which it can be 
found (Diamantonis et al., 2013b; Seevam et al., 2008; Wilhelmsen 
et al., 2012). 

The EOS-CG mixture model (Gernert and Span, 2016) was developed 
to be applied to humid gases, gases from combustion processes and 
CO2-rich mixtures of interest for CCS, and constitutes a positive break
through. This model, based on the GERG-2008 model (Kunz and Wag
ner, 2012), improves the prediction of phase boundaries of CO2 mixtures 
along wide temperature and pressure ranges (Gernert and Span, 2016). 
EOS-CG and GERG-2008 were used to calculate the properties of Mix 1 
as implemented in TREND 4.0 software (Span et al., 2019) and 
REFPROP 10 (Lemmon et al., 2018), respectively. Neither of the two 
equations have an available CO2 + NO mixture model. 

In addition, the PC-SAFT EoS (Gross and Sadowski, 2001), derived 
from statistical mechanics and widely used in the field of engineering 
and others, was also evaluated using VLXE software (Laursen, 2012). For 
the CO2 + O2 mixture, three different sets from the literature were used 
(Abolala et al., 2019, 2003) for the pure compound parameters, m 
(segment number), σ (segment diameter) and ε (segment energy), and 
for the binary interaction parameter, kij. Volume translation parameters, 
Δvc, were not introduced since those authors did not use them. 

We did not find in the literature PC-SAFT parameters for the CO2 
+ NO binary mixture, either for pure NO. Consequently, we adjusted 
first the PC-SAFT parameters for NO, including Δvc, from vapor pres
sure, saturated liquid density and heat capacity data of this compound 
taken from the Design Institute for Physical Properties (DIPPR) database 
available in VLXE software (Laursen, 2012). The overall MRD between 
the data from the literature and those calculated using the adjusted 
parameters were 2.15% for the vapor pressure, 8.76⋅10− 5% for the 
saturated liquid density and 0.97% for the heat capacity. The CO2 pure 
compound parameters were sourced from Gross and Sadowski (2001). 

The CO2-NO binary interaction parameter was adjusted using our 
experimental results on pdew and pbubble for Mix 2 and Mix 3. The PC-SAFT 
parameters used in this work are collected in Table S10. 

In the case of c measurements in doped Mix 1 and Mix 2, they were 
modeled while considering them as pseudobinary mixtures, i.e, the mole 
fractions of methanol were added to those of CO2 (Gimeno et al., 2017, 
2018, 2019, 2021). 

The comparison of the predicted values to our experimental data 
allows us to evaluate the EoSs. The differences are given in terms of the 
MRD for each property X, MRDX, and are presented in Tables S11 and 
S12 along with the global average values of the MRDs for each property 

X, MRDX
̿

. The relative deviations between the values calculated from the 
evaluated EoSs and the experimental properties obtained in this work 
are represented for each isotherm in Figs. S10 and S11. 

The EOS-CG and GERG-2008 EoSs similarly reproduce the experi
mental values of the density of Mix 1 (CO2 + 3.01 mol% O2), with 
overall deviations of 0.80% and 0.79%, respectively. The maximum 
deviations for both EoSs are obtained at 303 K: 1.60% and 1.65%, 
respectively. PC-SAFT provides higher, but adequate, differences in the 
prediction of densities, with overall deviations of 1.64% (Set 1, Dia
mantonis et al., 2013a), 1.66% (Set 2, Abolala et al., 2019) and 1.46% 
(Set 3, Stoll et al., 2003). The EOS-CG is the equation that better re
produces the VLE data except for pdew, which is slightly closer to the 
predictions of GERG-2008 and PC-SAFT with the parameters of Set 1. ρV 
is the VLE property whose predictions with all the evaluated EoS present 
higher deviations from the experimental data (from 5.44% to 10.31%), 
but the remainder of the experimental VLE properties are reproduced 
quite properly, with the exception of pbubble by GERG-2008 EoS, which 
gives an average deviation of 8.68%. 

The experimental speed of sound data for doped Mix 1 are slightly 
worse when reproduced by the EOS-CG (overall deviation of 0.82%) 
than densities, but the opposite is found for GERG-2008 with 

MRDc,exp
̿

= 0.34%. PC-SAFT with the parameters of Set 1 (MRDc,exp
̿

=

2.63%) and Set 3 (MRDc,exp
̿

= 2.89%) provides closer results to the 

experimental c data than those using the parameters of Set 2 (MRDc,exp
̿

=

4.25%), all of which are clearly worse than those obtained using the 
other EoSs. Given that GERG-2008 provided very good results for the 
speed of sound, we used this EoS to validate our extrapolations at low 
pressures. The deviations between the extrapolated values of speed of 
sound (Table S8) and those provided by the EoS are shown in Table S11, 

and their global average values (MRDc,ext
̿

) are 0.95% for EOS-CG, 0.67% 
for GERG 2008, and between 2.7% and 3.1% for PC-SAFT with the used 
sets of parameters. 

PC-SAFT with the parameters of Table S10 (this work) predicts the 

Fig. 5. Calculated Joule-Thomson coefficient, μJT , at several pressures, p, and temperatures, T, for Mix 1 (a) and 2 (b). Symbols, this work. Solid lines, GERG-2008 
EoS (Kunz and Wagner, 2012) (a) or PC-SAFT EoS with coefficients from Table S10 (b). Dotted lines, pure CO2 (Span and Wagner, 2016). 
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experimental densities of Mix 2 (CO2 + 0.3012 mol% NO) and Mix 3 
(CO2 + 0.1991 mol% NO) with similar values of MRDρ,exp per isotherm 
for both mixtures and reproduces the densities of the subcritical iso
therms better than those at supercritical temperatures. The overall de
viation is 1.08%. This equation properly reproduces the VLE data 
showing the highest deviations in the prediction of ρV, and no marked 
differences are obtained related to the composition of the mixtures. The 
experimental values of speed of sound in the doped mixtures are worse 

reproduced than the densities, MRDc
̿

= 4.25% and MRDρ
̿

= 1.09% for 
Mix 2. The extrapolated values of the speed of sound in Mix 2 at low 
pressures (Table S8) were validated by means of this EoS. The deviations 

(MRDc
̿

= 3.05%) were lower than those obtained for experimental c 
(Table S11). 

We also assessed the capacity of the evaluated EoSs to reproduce μJT 
of Mix 1 and Mix 2 by comparing the values calculated using the EoSs to 
those obtained in this work. The differences, given as ADD, are pre
sented in Table S13. EOS-CG and GERG-2008 EoS reproduce this 
property better than PC-SAFT, and in relation to PC-SAFT, parameters 
from Abolala et al. (2019) provide better results than the other two sets 
evaluated in this work. 

The ADD values obtained in the predictions for Mix 2 using the PC- 
SAFT parameters adjusted in this work are similar to those obtained 
for Mix 1 with parameters from Abolala et al. (2019). 

3.3. Influence of O2 or NO on the transport, injection and storage stages 
of CCS technology 

Anthropogenic CO2 contains a variety of impurities, whose nature 
and concentrations determine the properties of the stream and, conse
quently, how the fluid behaves along the different operations of CCS 
technology. 

In this section, we obtain several selected design and operation pa
rameters related to the stages of transport, injection and storage of CCS 
technology, and we compare them with those obtained for CO2 (Span 
and Wagner, 1996) to quantify and discuss the effect of the studied 
impurities, O2 and NO. Additionally, the obtained CCS parameters are 
compared with those corresponding to CO2-rich mixtures containing CO 
or CH4 as noncondensable impurities at similar concentrations, as pre
viously published (Blanco et al., 2012, 2014; Rivas et al., 2013). 

The selected parameters for the transport step were the minimum 
operational pressure, pmin; the pressure and density drops along the 
pipeline, p(d) and ρ(d), respectively, being d the distance; and the inner 
diameter of the pipeline, D. The injection and storage parameters were 
calculated as normalized parameters, X/X0, where X is the value for the 
mixture and X0 is the value for pure CO2. These parameters were the 
storage capacity of the reservoir, M; the velocity of the rising plume of 
the injected fluid inside deep saline aquifers, v; and the permeation flux, 
Ṁ. The transport parameters were calculated at the temperatures of 
transport, ranging from 263 to 303 K, and pressures up to 20 MPa, while 
the injection and storage parameters were evaluated under storage 
conditions, i.e., nominal temperatures ranging from 303 to 373 K and 
pressures p ≥ 7 MPa. 

The equations used for calculating the related parameters are rec
ommended by the literature (ElementEnergy, 2010; Vandeginste and 
Piessens, 2008; Wang et al., 2011) and are presented in Table S14. To 
apply these equations, we used the density data obtained in this work for 
the CO2 + O2 mixture and values from the literature for CO2 + CO and 
CO2 + CH4 (Blanco et al., 2012, 2014; Rivas et al., 2013) and for CO2 
(Span and Wagner, 1996). The required viscosities were calculated for 
the CO2 + O2 mixture using an improved extended corresponding states 
method (Klein et al., 1997) implemented in the REFPROP 10.0 software 
(Lemmon et al., 2018), given that we did not find experimental data in 
the literature. For the CO2 + NO mixture, neither experimental data nor 
adequate calculation methods were found, so only the minimum 

operational pressure and the storage capacity, which do not require 
viscosity values, could be calculated. 

The densities of the brines contained in the saline aquifers reported 
in Table 1, ρbr, were estimated from the conditions of salinity, temper
ature and pressure in the respective reservoirs (Gimeno et al., 2017, 
2019, 2021). 

3.3.1. Influence of O2 or NO on transport 
Minimum operational pressure, pmin. To keep the fluid in a dense or 

supercritical phase is necessary to avoid biphasic flow and to optimize 
the transport capacity of the facilities. (Knoope et al., 2013; McCoy and 
Rubin, 2008). Therefore, transport and other operations must be carried 
out at pressures above the bubble pressure of the fluid at the working 
temperatures, with pbubble plus an adequate safety margin stated as the 
minimum operational pressure. As demonstrated in previous publica
tions (Blanco et al., 2012, 2014), the presence of noncondensable im
purities, such as O2, NO, CO or CH4, increases the bubble pressure of the 
mixture at each given temperature with respect to CO2 saturation 
pressure, psat (Span and Wagner, 1996), with differences that may be 
important depending on the nature and concentration of the impurities. 
Therefore, for the CO2 + O2 mixture with 3.01 mol% O2, pbubbleincreases 
by factors of 1.52, 1.38, 1.27, and 1.18 at nominal values of 263.15, 
273.15, 283.15, and 293.15 K, respectively, with respect to psat of pure 
CO2. This behavior is intermediate between those presented by the 
mixtures of CO2 with CO or CH4 with similar concentrations: factors 
2.04, 1.72, 1.46, and 1.30 for CO2 + CO (3.00 mol%) and factors 1.28, 
1.21, 1.17, and 1.12 for CO2 + CH4 (2.81 mol%) at the same respective 
temperatures. Nevertheless, the presence of small concentrations of NO, 
such as 0.3012 or 0.1991 mol%, does not produce a significant increase 
in pbubble with respect to pure CO2 psat, presenting increment factors 
below 1.03 at both compositions and the studied temperatures. The 
pbubblevalues of the CO2 + NO mixtures are slightly lower than those 
corresponding to CO2 + CH4 (0.39 mol%), with differences lower than 
1%, and lower than those for CO2 + CO (0.40 mol%), with differences 
up to 13%. pbubblefor all the discussed mixtures are presented in Fig. S7 
along with pure CO2 psat. 

The increase in pbubble leads to an increase in the minimum opera
tional pressure; hence, CO2 + O2 and CO2 + NO mixtures are not 
favorable for this parameter with respect to the transport of pure CO2 at 
all the studied transport temperatures. 

Pressure and density drops along the pipeline, p(d) and ρ(d). For the 
pressure and density drop calculations, we considered a pipeline with an 
inner diameter of 20 in. (0.508 m) which transports a mass flow of 10 
Mt/year (317.1 kg/s), whose roughness height is 0.00015 ft (4 ×10− 5 

m) and with an inlet pressure of 20.00 MPa. The pressure and density 
profiles along the pipeline for the mixture CO2 + O2 (3.01 mol%) and for 
pure CO2 are represented in Fig. S12 at the studied transport tempera
tures. Fig. S13 shows the pressure and density at d = 300 km for CO2 
+ O2 (3.01 mol%), CO2 + CO (3.00 mol%), CO2 + CH4 (2.81 mol%), 
and pure CO2 as a function of the transport temperature. The presence of 
3.01 mol% O2 causes faster pressure and density drops along the pipe
line than pure CO2. At 300 km from the pipeline inlet, the pressure drops 
to 57.0%, 55.2%, 53.1%, 49.9% and 45.0% of the inlet pressure at 263, 
273, 283, 293 and 303 K, respectively, and the density drops to 96.6%, 
95.4%, 93.4%, 89.0% and 74.6% of the inlet density at the same 
respective temperatures (for pure CO2, the pressure drops to 57.6%, 
56.3%, 54.3%, 51.9%, and 48.4%, and the density drops to 97.0%, 
96.2%, 94.6%, 91.9%, and 85.7%, respectively). This behavior is similar 
to those observed for the mixtures of CO2 with CO or CH4 with analo
gous concentrations, with similar drops of pressure and density except at 
the highest studied transport temperatures, 303 and 304 K, near the 
critical temperature of the mixtures, where the differences are higher. 

Pipeline inner diameter, D. Fig. S14 presents the inner diameter of the 
pipeline, D, necessary to carry a mass flow of 10 Mt/year (317.1 kg/s) 
through a pipeline with a roughness height of 0.00015 ft for CO2 + O2 
(3.01 mol%), CO2 + CO (3.00 mol%), CO2 + CH4 (2.81 mol%) and pure 
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CO2, as a function of the transport temperature, T, and at three selected 
pressures (8, 14 and 20 MPa). An average value of the pressure drop per 
meter of 31.8 Pa.m− 1 was used. The presence of O2, a noncondensable 
impurity, increases the diameter needed to transport a given flow, with 
differences that increase when temperature increases and pressure de
creases. Thus, at the studied temperatures and 20 MPa, D is between 2 
and 4 mm larger for CO2 + O2 (3.01 mol%) than for pure CO2 and be
tween 2 and 5 mm at 14 MPa. At 8 MPa, differences are also small at low 
temperatures but much more important at elevated temperatures, near 
the critical region of the mixture: 3 mm at 263 and 273 K, 4 mm at 
283 K, 8 mm at 293 K and 43 mm at 303 K. For a pipeline of standard 
carbon steel, API 5 L X70, having an inner diameter of 508 mm (20 in.) 
and a wall thickness of 16 mm (McCoy and Rubin, 2008), an increase of 
10 mm in the inner diameter while maintaining wall thickness, corre
sponds to an increase of approximately 3.9 tons of steel per km of 
pipeline (1.9%). An increase of 40 mm (inner diameter of 548 mm) re
quires a wall thickness of 17 mm (McCoy and Rubin, 2008) and entails 
an increase of approximately 30 tons of steel per km (15%). When 
comparing CO2 + O2 (3.01 mol%) with the mixtures CO2 + CO 
(3.00 mol%) and CO2 + CH4 (2.81 mol%), one can observe that the 
behaviors of the three mixtures with respect to D are very similar at all 
the studied temperatures and pressures (with a maximum difference of 
1.2 mm) except at 303/304 K and 8 MPa, where the differences are 
much higher, and CO2 + O2 presents an intermediate behavior between 
the others. Thus, the CO2 + O2 mixture presents unfavorable charac
teristics with respect to pure CO2 for this transport parameter, as well as 
the CO2 + CO and CO2 + CH4 mixtures do. 

3.3.2. Influence of O2 and NO on injection and storage 
Normalized storage capacity, M/M0. From the experimental density 

values of the binary CO2 + O2 and CO2 + NO mixtures, we obtained the 
influence of T, p and the composition of the anthropogenic CO2 on the 
amount of the stored fluid in a specific reservoir. In Fig. S15a, the 
M/M0 − p isotherms for Mix 1 (CO2 + 3.01 mol% O2) show minimums, 
corresponding to a noncondensable impurity such as O2. These mini
mums present increasing values and positions which shift to higher 
pressure when T increases. At pressures higher than ≈ 18 MPa, the in
fluence of temperature and pressure on this parameter diminishes, and 
the highest storing efficiencies are reached for this mixture, with re
ductions of M of only ≈ 5–9% with respect to pure CO2. Regarding NO, 
this impurity, with the studied concentrations, produces a small effect 
on M in most of the studied conditions. The reductions of M with respect 
to M0 are lower than ≈ 0.5% and ≈ 0.25% for CO2 + 0.3012 mol% NO 
(Fig. S15b) and CO2 + 0.1991 mol% NO (Fig. S15c), respectively, at 
T = 313.15–373.15 K along the studied pressure range and at 303.15 K 
and pressures higher than 9 MPa. The higher reductions are found at 
303.15 K and at pressures lower than 9 MPa, with maximum decreases 

of ≈ 6.2% and ≈ 4.8% for Mix 2 and Mix 3, respectively. 
The effects of the studied noncondensable impurities with concen

trations lower than or equal to 0.4 mol% represented in Fig. 6a (NO, CO, 
CH4) are similar to each other. They result in reductions of M that are 
less than ≈ 1.7% with respect to pure CO2 in the seven reservoirs of 
Table 1. The studied impurities with concentrations of 3 mol% (O2, CO, 
CH4) have unequal negative effects in the three shallower reservoirs, 
with O2 leading to lower storage efficiencies in them. For the remaining 
reservoirs, the influence of the three impurities is similar and becomes 
less important, with reductions of M lower than 8% with respect to CO2. 

Normalized velocity of the rising plume in saline aquifers, v/v0. Two 
different concentrations of the brine into the saline aquifer were 
considered: a concentrated brine with density ρbr = 1250 kg/m3 and a 
dilute brine with ρbr = 1025 kg/m3. The concentration of O2 in Mix 1 
(3.01 mol%) results in values of v/v0> 1 at all the considered T and p 
ranges (Fig. S16a and S16b), a characteristic effect of the presence of a 
noncondensable impurity in anthropogenic CO2. This behavior weakens 
the safety of the reservoir because the retention of the fluid into the 
confinement diminishes as a consequence of the reduction of the stored 
fluid-brine contact. The unfavorable effect is less important in saline 
aquifers with concentrated brine (Fig. S16a) than with more diluted 
brine (Fig. S16b). In addition, the v/v0 − p isotherms exhibit values of v/
v0 close to unity at high temperatures and pressures, and deeper reser
voirs are advisable confinements for this mixture. 

In all the currently and recently operational aquifers considered 
(Fig. 6b), the addition to CO2 of 0.4 mol% of the noncondensable im
purities CO or CH4 increases v with respect to CO2 by as much as 5%. 
However, the addition of 3 mol% O2, CO or CH4 to CO2 considerably 
increases v, giving values for this parameter, which diminishes as the 
depth of the reservoir increases. The mixtures with O2 or CO or CH4 
exhibit similar values of v/v0 except for Sleipner and Nagaoka. O2 pro
vides a value of v/v0markedly greater than that of CO in Sleipner and is 
similar to that in Nagaoka, while CH4 with the same concentration, 
3 mol%, is less unfavorable than O2 and CO in all the studied aquifers. 

Normalized permeation flux, Ṁ/Ṁ0. This parameter allows us to 
evaluate the injectivity of the handled fluid and is calculated as the 
product of M/M0 and the η0/ηrelation (η0 is the viscosity of pure CO2). 
Most values of Ṁ/Ṁ0 in Fig. S16c for CO2 + 3.01 mol% O2 are higher 
than the values of M/M0in Fig. S15a at the same p and T, which means 
that the viscosity of this mixture favors its injectivity under the studied 
conditions. Thus, the permeation flux of this mixture improves that of 
pure CO2 at 303.15 K and p≳7.5 MPa and 313.15 K and p ≳9.5 MPa. 

The evaluated impurities give Ṁ/Ṁ0 ≥ 1for the mixtures in the four 
shallower reservoirs studied (Fig. S17). In the Deadwood and Basal 
Cambrian reservoirs (deep aquifers), the CO2 + 3 mol% CO mixture is 
the only one with Ṁ/Ṁ0 < 1, and in Snøhvit, the deepest aquifer, none 
of the evaluated compositions improve the permeation flux of the 

Fig. 6. (a) Normalized storage capacity, M/M0, of the studied saline aquifers (Table 1). (b) Normalized rising velocity, ν/ν0, in the same reservoirs. In both cases, 
different mixtures were considered. [a] This work; [b] Blanco et al. (2014); [c] Blanco et al. (2012). 
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mixtures with respect to CO2. 

4. Conclusions 

We experimentally determined the density and VLE of the binary 
mixtures Mix 1 [CO2 + 3.01 mol% O2], Mix 2 [CO2 + 0.3012 mol% NO] 
and Mix 3 [CO2 + 0.1991 mol% NO] and the speed of sound of Mix 1 
and Mix 2. The compositions of the mixtures correspond to binary 
models for the flue emissions from the oxy-fuel combustion of biomass 
(used alone or blended with coal) under different O2/CO2/H2O atmo
spheres without NOx mitigation measures or further purification. In 
addition, CO2 + NO binary mixtures could be considered model mix
tures of gas engine combustion emissions. Temperatures and pressures 
ranged from 263 to 373 K and up to 30 MPa (densities) and up to 
190 MPa (speeds of sound), which include the conditions of operation 
for the transport, injection and storage steps of the CCS technology. 

Both impurities show noncondensable behavior. Their presence re
sults in the decreasing of the density of the mixtures with respect to that 
of pure CO2. Nominal 303.15 K, subcritical temperature for CO2, is su
percritical for the studied mixtures, and both the pdew and pbubble of the 
mixtures are higher than psat of pure CO2 at the studied subcritical 
temperatures. The effects are clearly stronger in Mix 1, which contains 
3 mol% of O2, than in Mix 2 and Mix 3, with only 0.3 and 0.2 mol% of 
NO, respectively, in which are considered weak. The presence of O2 
decreases the speed of sound of Mix 1 with respect to pure CO2 over the 
entire ranges of T and p, while NO diminishes the speed of sound of Mix 
2 in the majority of the studied T and p but not in their entirety. 

The calculated Joule-Thomson coefficients for Mix 1 and 2 are pos
itive at the studied pressures and temperatures, except at 263.15 K and 
the highest of the studied pressures. They are clearly higher than those 
of pure et aCO2 for Mix 1 and very close to them for Mix 2. 

From our experimental data, we validated the EOS-CG, the GERG- 
2008 and the PC-SAFT EoSs for Mix 1. Globally, GERG-2008 better re
produces the density and speed of sound data than the others do, and 
EOS-CG is the best EoS to predict the VLE. For Mix 2 and Mix 3, we 
validated PC-SAFT using parameters adjusted in this work. 

By using the experimental and calculated values obtained in this 
work, we evaluate the viability of the CO2/O2 or NO cotransport, cost
orage and coinjection, which would allow us to reduce the purification 
costs of the flue gas before transport. For that, we quantify the effect of 
the studied impurities in several transport, injection and storage tech
nical parameters. 

Thus, we found that the effect of O2 is negative on all the studied 
transport parameters at all the studied temperatures and pressures: it 
increases the minimum operational pressure (pbubble), the pressure and 
density drops along the pipeline, and the inner diameter necessary to 
transport a given mass flow. This behavior is similar to those of other 
noncondensable impurities, such as CO and CH4, with similar concen
trations, except near the critical region, where differences can be 
important. 

CO2/O2 coinjection would be beneficial in the majority of current 
aquifers studied, and deep reservoirs are advisable for CO2/O2 costoring 
since the negative effects of this impurity in the storage capacity and the 
rising velocity of the plume are minimized in them. The effect of O2, CO 
or CH4 in the current aquifers of Table 1 is unequal for the high impurity 
concentrations (3 mol%) in the shallow reservoirs but similar for the rest 
of the studied conditions. 

For Mix 2 and Mix 3, only the minimum operational pressure and the 
reservoir capacity could be calculated given the lack of viscosity data of 
the mixtures. Given the low concentrations, the effects of NO are so low 
that mixtures behave practically like pure CO2. 

We considered only thermodynamic and hydraulic aspects of the 
CO2/impurity evaluated processes. Chemical effects due to the presence 
of impurities were not considered. 
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