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A B S T R A C T

Line-by-line models based on spectroscopic databases are powerful tools for the generation of accurate gas
absorption spectra but still require validation for high-temperature and high-pressure conditions. Therefore,
this study carried out spectral transmissivity measurements of CO2/N2 mixtures at temperatures of approx-
imately 773K and 1273K and pressures between 1 bar and 60 bar. The measurement data was obtained in
a spectral range from 1900 cm−1 to 6600 cm−1 at a spectral resolution of 1 cm−1 and was compared with
line-by-line predictions. The comparisons show that the absorption spectra of CO2 can be predicted for high-
temperature and high-pressure conditions with good accuracy if the line-by-line calculations are performed
using modified line profiles and the HITEMP-2010 database. In comparison with standard line-shape functions,
both the Voigt line-shape function combined with the cut-off criterion of Alberti et al. (Combust. Flame 162
(2015) 597–612) and the Price line-shape function modified with one of the two 𝜉 corrections of Westlye et al.
(J. Quant. Spectrosc. Radiat. Transfer 302 (2023) 108555; J. Quant. Spectrosc. Radiat. Transfer 280 (2022)
108089) provided significantly superior predictions. However, deficiencies of the cut-off criterion of Alberti
et al. become clear in the transmissivity predictions of the right wings of the 4.3 μm band and the 2.7 μm band.
The Price line-shape function combined with the first 𝜉 correction of Westlye et al. was able to overcome these
erroneous predictions of the wings, while the Price line-shape function modified with the second 𝜉 correction
of Westlye et al. only proved superior for gas mixtures with 20% CO2 and 80% N2 (in mole fractions).
1. Introduction

High-pressure combustion and high-pressure entrained flow gasi-
fication processes are characterised by high temperatures and large
partial pressures of water vapour and carbon dioxide. Mathematical
modelling of both processes thus pays special attention to thermal
radiation and the incorporation of appropriate thermal gas radiation
property models based on accurate absorption spectra [1,2]. The lat-
ter can be obtained through spectral line-by-line calculations using
the most recent available spectroscopic databases (such as HITEMP-
2010 [3], CDSD-4000 [4], UCL-4000 [5] and AI-3000K [6]) and the
most appropriate mathematical representation of spectral line shapes.
However, validation of predictions has mainly been performed for
atmospheric-pressure conditions [7–13] whereas the validation data
for high-temperature and high-pressure conditions [14–20] is scarce.

∗ Corresponding author.
1 ORCID: https://orcid.org/0000-0002-2851-7787.

Furthermore, previous studies [16,21–23] have demonstrated that ab-
sorption coefficients are overestimated in the line wings while under-
estimated at the line centre due to deficiencies of standard line-shape
functions such as the Lorentz line-shape function and the Voigt line-
shape function. This has led to the development of empirical correc-
tion methods such as 𝜒 functions, line-mixing approaches and cut-off
criteria.

Perin and Hartmann [16], Hartmann et al. [22], Brodbeck et al. [24]
and Tran et al. [18] suggested 𝜒 functions with tabulated coefficients
for specific temperature and wavenumber ranges for H2O, CO2 and CO.
The 𝜒 functions are multiplied with the Lorentz line-shape function
and correct the line wing predictions. This is usually pursued without
re-scaling to preserve the line intensity, leading to increasing loss of
integrated intensity with increasing pressure.
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Nomenclature

Latin symbols

𝑎 function for 𝜉 correction of Westlye et al.
𝑏 function for 𝜉 correction of Westlye et al.
𝑐 speed of light
𝑑 parameter for Voigt line-shape function
𝑒̇ emissive power
𝑓 parameter for Voigt line-shape function
𝑔 line-shape function
𝐼 transformed intensity
𝑘 temperature dependence coefficient
𝑘B Boltzmann constant
𝐾 absorption coefficient
𝐿 length
𝑚 mass
𝑛 number of half-widths
𝑁 number density
𝑝 pressure
𝑆 line intensity
𝑇 temperature
𝑥 mole fraction

Greek symbols

𝛿 pressure-shift parameter
𝛥 half-width
𝜀 emissivity
𝜂 wavenumber
𝜏 transmissivity
𝜉 correction parameter

Subscripts and superscripts

air for air-broadening/foreign-broadening
b blackbody
c centre
cold without external blackbody radiation
D Doppler
gas gas
hot with external blackbody radiation
inert with inert gas
L Lorentz
max maximum
min minimum
P Price
self for self-broadening
target with target gas
V Voigt
𝜀 with respect to the emissivity
𝜂 spectral
𝜏 with respect to the transmissivity
∗ apparent
0 reference

Niro et al. [25] and Lamouroux et al. [26] developed a line-mixing
pproach that provides the sub-Lorentzian behaviour in the wings of
he CO2 lines at temperatures below 400K.

Alberti et al. [21,27–31] developed cut-off criteria that provide the

umber of half-widths away from the line centre above which each line

2 
Acronyms

A based on the Voigt line-shape function
terminated at 5000 half-widths or be-
low 10−9 cm−1

AD absolute deviation
B based on the Voigt line-shape function

combined with the cut-off criterion of
Alberti et al.

C based on the Price line-shape function
terminated at 5000 half-widths or be-
low 10−9 cm−1 and combined with the first
𝜉 correction of Westlye et al.

D based on the Price line-shape function
terminated at 5000 half-widths or be-
low 10−9 cm−1 and combined with the
second 𝜉 correction of Westlye et al.

DTU Technical University of Denmark
HTPGC high-temperature and high-pressure gas

cell
LBL line-by-line
LSF line-shape function
RD relative deviation
TAF triangular apodisation function

is to be cut [31]. The criteria were developed for H2O, CO2 and CO
using existing measurement data [7,14,16,22,24,32,33] and omitting
re-scaling to preserve the line intensity; however, the loss of integrated
intensity was regarded as minor [31].

Westlye et al. [34,35] and Ren et al. [23] recently derived ex-
pressions for the 𝜉 parameter of the Price line-shape function [36]
to conserve the line intensity by accounting for super-Lorentzian be-
haviour at the line centre and sub-Lorentzian behaviour in line wings.
Existing measurement data [15,16,18,20,22,24,32] was used to develop
and test the 𝜉 corrections for H2O, CO2 and CO. A first 𝜉 correction
or CO2 [23,34] was not correlated with the CO2 mole fraction and
rovided the best predictions at moderate gas temperatures and high
as pressures compared to other modifications such as cut-off criteria
nd 𝜒 functions. A second 𝜉 correction for CO2 [35] was developed as
unction of the CO2 species mole fraction. The Price line-shape function
ombined with this 𝜉 correction provided superior predictions for the
.3 μm band at CO2 mole fractions of up to 20% but was found to be
ess accurate and appropriate for pure CO2 conditions.

In order to further advance the database validation and the mod-
lling approach, this study carried out spectral transmissivity measure-
ents of CO2/N2 mixtures and line-by-line (LBL) calculations following
revious studies [13,20,35]. Specifically, new measurement data was
ompared with LBL predictions based on standard or truncated Voigt
ine profiles, standard or truncated Lorentz line profiles and Price line
rofiles combined with the first 𝜉 correction or the second 𝜉 correction.

The methods and the results are described in Section 2 and Section 3,
respectively. The conclusions are given in Section 4.

2. Methods

This section describes the methods that were applied to perform the
spectral transmissivity measurements and the LBL calculations.

2.1. Spectral transmissivity measurements

Spectral transmissivity measurements were performed using the
high-temperature and high-pressure gas cell (HTPGC) [20] at the De-
partment of Chemical and Biochemical Engineering of DTU. The target
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Fig. 1. Measurement set-up with high-temperature and high-pressure gas cell.
gas temperatures were 296.15K, 773.15K and 1273.15K while 1 bar,
5 bar, 10 bar, 20 bar, 40 bar and 60 bar were targeted as total gas pres-
sures. The gas cell shown in Fig. 1 has a measuring path length of
30.28 cm and consists of (i) an outer ceramic tube and two inner
ceramic tubes, each made of Al2O3, (ii) two water-cooled brass flanges
at the outer ends, (iii) two robust UV-grade sapphire windows (cut-
off at 1640 cm−1) and (iv) heating coils wrapped around the outer
ceramic tube. Three fixed thermocouples are used as part of a heating
system with three gas zones (N2, N2 + CO2 and N2) to ensure tem-
perature uniformity over the entire measuring path length. Before the
spectroscopic measurements, temperature profiles along the measuring
path length inside the gas cell were measured to determine the set
temperatures. Due to radiation losses, the temperature profiles changed
with increasing amount of radiating gases and with increasing gas
pressure. Therefore, the temperature settings were optimised to obtain
uniform temperature profiles within a ±10K accuracy for different
CO2 concentrations.

The interferograms were recorded twice using a FTIR spectrometer
(Agilent Cary 660) with KBr beam splitter and InSb detector (1850–
7000 cm−1) and were converted to single-beam spectra with a Fast
Fourier Transformation routine using a zero filling factor of 4 and the
triangular apodisation function. Following previous approach [20], the
apparent spectral transmissivity 𝜏∗𝜂,gas at a spectral resolution of 1 cm−1

was obtained by

𝜏∗𝜂,gas =
𝐼target,hot − 𝐼target,cold

𝐼inert,hot − 𝐼inert,cold
, (1)

where 𝐼target,hot is the transformed intensity from the measurement
with target gas and external blackbody radiation at 1073.15K (see
Fig. 1), 𝐼target,cold is the transformed intensity from the measurement
with target gas and without external blackbody radiation (i. e. with
hot gas emission from the gas cell and background radiation at am-
bient temperature only), 𝐼inert,hot is the transformed intensity from the
measurement with inert gas and with external blackbody radiation and
𝐼inert,cold is the transformed intensity from the measurement with inert
gas and without external blackbody radiation. N2 (5.0, i. e. with a
purity of 99.999%) were used as inert gas while CO2 (4.8, i. e. with
a purity of 99.998%) and mixtures of 20% CO2 (4.5, i. e. with a purity
of 99.995%) and 80% N2 (5.0) were applied as target gases. The upper
wavenumber limit 𝜂max was between 6600 cm−1 and 6800 cm−1 while
the lower limit 𝜂min of approximately 1900 cm−1 was restricted by
the cut-off of the sapphire windows and the InSb detector. Thus, the
measurements focussed on the 4.3 μm band, the 2.7 μm band and the
2.0 μm band of CO2 while measurements for the 15.0 μm band should
be conducted in future studies. The conditions of the measured spectra
are summarised in Table 1.

The interferograms were slightly affected by ice formation on the
inner surface of the window of the InSb detector due to vacuum
conditions. As the ice developed with increasing time and the impact
of ice and H2O could be identified in the measured data due to the
local well-defined broad/sharp structures, the erroneous signals were
removed from the flawed apparent transmissivity spectra.
3 
Table 1
Conditions of the measured spectra: mixture, gas temperature 𝑇gas, gas pressure 𝑝gas,
minimum wavenumber 𝜂min and maximum wavenumber 𝜂max.

Mixture
𝑇gas

K
𝑝gas

bar
𝜂min
cm−1

𝜂max
cm−1

1 100% CO2 296.75 1.02 1900 6600
2 20% CO2 + 80% N2 784.25 1.05 1900 6800
3 20% CO2 + 80% N2 783.25 5.03 1900 6800
4 20% CO2 + 80% N2 781.35 10.30 1900 6800
5 20% CO2 + 80% N2 777.15 20.26 1900 6800
6 20% CO2 + 80% N2 772.25 40.05 1900 6800
7 20% CO2 + 80% N2 773.15 60.22 1900 6740
8 20% CO2 + 80% N2 1281.54 1.04 1900 6800
9 20% CO2 + 80% N2 1280.67 5.03 1900 6800
10 20% CO2 + 80% N2 1276.01 10.00 1900 6800
11 20% CO2 + 80% N2 1275.82 19.96 1900 6800
12 20% CO2 + 80% N2 1265.92 40.00 1900 6800
13 20% CO2 + 80% N2 1280.57 54.14 1900 6600
14 100% CO2 780.15 1.01 1900 6800
15 100% CO2 780.15 5.13 1900 6800
16 100% CO2 779.63 10.27 1900 6800
17 100% CO2 771.39 20.27 1900 6800
18 100% CO2 775.56 40.14 1900 6800
19 100% CO2 1281.54 1.02 1900 6600
20 100% CO2 1280.67 5.025 1900 6600
21 100% CO2 1276.01 10.00 1900 6600
22 100% CO2 1276.01 20.00 1900 6600
23 100% CO2 1265.92 40.00 1900 6600

2.2. LBL calculations

LBL calculations were carried out using the HITEMP-2010 database
for CO2 [3] and the LBL software of Alberti et al. [21,27,28,30,31].
The HITEMP-2010 database provided the parameters for the calculation
of the absorption lines of CO2 at the reference pressure 𝑝0 = 1 atm
and the reference temperature 𝑇0 = 296K, including the vacuum
centre wavenumbers 𝜂c,0, the reference integrated line intensities 𝑆0,
the pressure-shift parameters 𝛿, the reference half-widths for self-
broadening 𝛥self,0, the reference half-widths for air-broadening2 𝛥air,0
and the dimensionless temperature dependence coefficients 𝑘. The
LBL software enabled the calculation of the gas absorption spectra
at the measured gas conditions between a minimum wavenumber
𝜂min = 0 and a maximum wavenumber 𝜂max < 15 000 cm−1 with a
wavenumber step size of 0.01 cm−1. The gas absorption spectra were
obtained through summation of the absorption contributions of all
lines, i. e. the spectral gas absorption coefficient 𝐾𝜂,gas was determined
by

𝐾𝜂,gas (𝜂) =
11193608
∑

𝑖=1
𝐾𝜂,𝑖 (𝜂) , (2)

2 Air-broadening parameters instead of N2-broadening parameters results in
negligible differences in line intensities based on the experience of the authors.
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where 𝐾𝜂,𝑖 is the spectral absorption coefficient 𝐾𝜂 of line 𝑖. The spectral
bsorption coefficient 𝐾𝜂 of a line is described by

𝜂

(

𝜂, 𝑝gas, 𝑇gas, 𝑥CO2 ,gas

)

= 𝑆
(

𝑇gas
)

𝑁
(

𝑝gas, 𝑇gas, 𝑥CO2 ,gas

)

𝑔
(

𝜂 − 𝜂c, 𝑝gas, 𝑇gas, 𝑥CO2 ,gas

)

,
(3)

where 𝑆 is the temperature-scaled line intensity based on the reference
line intensity 𝑆0, 𝑁 is the number density based on the ideal gas
equation of state, 𝑔 is the line-shape function as function of the centre
wavenumber 𝜂c = 𝜂c,0 + 𝛿 𝑝gas, 𝑝gas is the gas pressure, 𝑇gas is the gas
temperature and 𝑥CO2 ,gas is the gas species mole fraction of CO2. Three
line-shape functions were applied in this study: the Lorentz line-shape
function 𝑔L, the Price line-shape function 𝑔P and the Voigt line-shape
function 𝑔V. The Lorentz line-shape function 𝑔L is defined by

𝑔L = 1
𝜋 𝛥L

(

1 +
(

𝜂 − 𝜂c
𝛥L

)2
)−1

, (4)

where

𝛥L =
(

𝑝CO2 ,gas 𝛥self,0 +
(

𝑝gas − 𝑝CO2 ,gas

)

𝛥air,0

)

(

𝑇0
𝑇gas

)𝑘

(5)

is the simplified expression for the Lorentz half-width taking into
account both self-broadening and foreign-broadening. The Price line-
shape function 𝑔P is given by

P =
𝜉 sin (𝜋∕𝜉)
2𝜋 𝛥L

(

1 +
|

|

|

|

𝜂 − 𝜂c
𝛥L

|

|

|

|

𝜉)−1

, (6)

here 𝜉 = 𝜉
(

𝑝gas, 𝑇gas, 𝑥CO2 ,gas

)

is a line-shape correction parameter.
ecently, Westlye et al. suggested two possible approaches. The first
pproach is given by [23,34]

=

⎧

⎪

⎨

⎪

⎩

2 +

(

e−1 − exp

(

−
( 𝑝gas

1 bar

)0.1
))

𝑏
(

𝑇gas
)

, if 𝑝gas ≥ 1 bar

2 , else
, (7)

here 𝑏
(

𝑇gas
)

=
(

632.19K∕𝑇gas
)3.48 + 6.98. The second approach is

efined by [35]

= 2 + 𝑎
(

𝑝gas
)

𝑏
(

𝑇gas
)

(

1 − 𝑥CO2 ,gas

)

, (8)

here 𝑎
(

𝑝gas
)

= exp
(

1 −
(

𝑝0∕𝑝gas
)0.1

)

and 𝑏
(

𝑇gas
)

= 3.66
(

𝑇0∕𝑇gas
)0.23.

The Voigt line-shape function 𝑔V, which also accounts for Doppler
broadening, is described by

𝑔V =
𝑑
√

ln (2)
𝜋3∕2 𝛥D ∫

∞

−∞

exp
(

−𝑦2
)

𝑑2 +
(

𝑓 − 𝑦2
) d𝑦 , (9)

where 𝑑 =
√

ln (2)𝛥L∕𝛥D and 𝑓 =
√

ln (2)
(

𝜂 − 𝜂c
)

∕𝛥D are parameters
and

𝛥D =
𝜂c
𝑐

√

2 𝑘B 𝑇gas

𝑚
ln (2) (10)

s the expression for the Doppler half-width with 𝑐 for the speed of light,
B for the Boltzmann constant and 𝑚 for the mass of the molecule.

The line-shape functions asymptotically approach zero. The infinitely
ong lines were therefore truncated in the wings. Specifically, as ex-
ending the lines below 10−9 cm−1 or beyond 5000 half-widths brings
inor changes to the line and the spectrum absorptance, the lines were

erminated when the absorption coefficient was below 10−9 cm−1 or
he distance to the line centre exceeded 5000 half-widths. As another
pproach, lines based on the Lorentz line-shape function or the Voigt
ine-shape function were cut at 𝑛 half-widths based on the empirical
ut-off criterion of Alberti et al. [31]

(𝑝gas, 𝑇gas) = 429.99 ⋅

(

𝑇gas 1 bar
)0.822

. (11)

296K 𝑝gas 𝜀

4 
2.2.1. Line-shape deficiencies
Corrections to line-shape functions either through the approaches

of Westlye et al. [23,34,35] or through the cut-off criterion of Alberti
et al. [31] are ad-hoc modifications derived to match the calculated
transmissivities with the measured ones and to heal the deficiencies of
the standard line-shape functions.

Several new functions have recently been introduced and tested in
order to provide a sub-percent accuracy in the mathematical descrip-
tion of a single absorption line [37]. However, these new functions
require a high number of additional line-shape parameters [37] and
may be considered in future studies.

2.2.2. Line-mixing effects
Single absorption lines cannot be regarded as collisionally isolated

one from another when collisions between molecules are numerous.
Thus, line-mixing effects occur [37,38] between clusters of lines. The
line-mixing affects absorption coefficients close to the centre of the
cluster when radiator-perturber interactions permit efficient population
exchange between the lower and the upper energy levels. This results
in an enhanced absorption in a narrower region at the cluster centre
and a weaker absorption in the cluster wings.

Several approaches [38,39] have been developed to account for
line mixing as it is important for CO2 absorption in the Earth’s atmo-
sphere [37]. Furthermore, it is apparent that the line-mixing effects
increase with increasing density. Thus, line-mixing effects are expected
to be pronounced for most of the conditions listed in Table 1. Specifi-
cally, the line-mixing effects could be significant for the cluster wings
as most of the line-clusters are saturated at the cluster centre. How-
ever, the approaches are for low-temperature conditions only, while
no general methods are currently available for high-temperature and
high-pressure conditions since the problem is complex. Therefore, these
effects were not accounted for in the LBL calculations of this study.

2.2.3. Comparisons
For the CO2 line at 2125.000030 cm−1, 773.15K and 60 bar in

20% CO2 and 80% N2, four line profiles are compared in Fig. 2:
(A) the standard Voigt profile terminated at 5000 half-widths (which
completely overlaps with the standard Lorentz profile), (B) the Voigt
profile terminated at 33 half-widths based on the cut-off criterion
of Alberti et al. [21] (which completely overlaps with the truncated
Lorentz profile), (C) the Price profile terminated at 5000 half-widths
and 𝜉 = 2.99 based on the first 𝜉 correction of Westlye et al. [23,34] and
(D) the Price profile terminated at 5000 half-widths and 𝜉 = 2.85 based
on the second 𝜉 correction of Westlye et al. [35]. The Price profiles
suggest lower absorption in the line wings and higher absorption at
the line centre compared to the Lorentz and Voigt profiles and may
provide a superior mathematical line representation, recalling that both
Lorentz and Voigt profiles overestimate the absorption in the line
wings. However, the overestimation is typically reduced when Lorentz
and Voigt profiles are truncated using the cut-off criterion of Alberti
et al. [31].

2.3. Transmissivities and emissivities

Predicted apparent spectral transmissivity and predicted apparent
spectral emissivity spectra were determined through convolution of the
calculated gas transmissivity spectrum with the Fourier transform of
the triangular apodisation function used for the single beam spectra
calculations from the measured interferograms (see Section 2.1). The
convolution was performed to enable a comparison with the mea-
surement data at the spectral resolution of 1 cm−1 (see [13,35]). The
apparent spectral gas transmissivity 𝜏∗𝜂,gas and the apparent spectral gas
missivity 𝜀∗𝜂,gas are given by

∗
𝜂,gas = exp

(

−𝐾𝜂,gas 𝐿
)

∗  TAF , (12)
∗ ∗

𝜂,gas = 1 − 𝜏𝜂,gas , (13)
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Table 2
Minimum wavenumbers 𝜂min and maximum wavenumbers 𝜂max used
for the calculation of the apparent total gas emissivities and the
apparent band gas emissivities.

Gas emissivity
𝜂min
cm−1

𝜂max
cm−1

Total 1900 6600
4.3 μm band 1800 2700
2.7 μm band 3200 4000
2.0 μm band 4600 5400

Fig. 2. Voigt and Price line profiles for CO2 line at 2125.000030 cm−1, 773.15K and
60 bar in 20% CO2 and 80% N2. For details of legend, see list of acronyms.

where 𝐾𝜂,gas is the spectral gas absorption coefficient, 𝐿 is the path
ength and  TAF = sinc2

(

𝜂∕cm−1) cm−1 is the Fourier transform of
the triangular apodisation function (i. e. the instrument line-shape func-
tion with an instrument resolution of 1 cm−1). The apparent band gas
emissivities or the apparent total gas emissivities 𝜀∗gas were calculated
by

𝜀∗gas =
∫ 𝜂max
𝜂min

𝜀∗𝜂,gas 𝑒̇𝜂,b (𝜂, 𝑇 ) d𝜂

∫ 𝜂max
𝜂min

𝑒̇𝜂,b (𝜂, 𝑇 ) d𝜂
, (14)

here 𝜂min and 𝜂max are the minimum and the maximum wavenumbers
or the respective apparent band gas emissivity or the apparent total
as emissivity and 𝑒̇𝜂,b is the Planck function. Apparent total gas
missivities and apparent band gas emissivities for the 4.3 μm band, the
.7 μm band and the 2.0 μm band were determined using the minimum
avenumbers 𝜂min and the maximum wavenumbers 𝜂max given in
able 2.

.4. Absolute and relative deviations

Results of the transmissivity measurements and the LBL calculations
re compared using absolute deviations (AD) and relative deviations
RD) which are given by

∗ | ∗ |
D𝜏 = 𝜏𝜂,gas|
|LBL

− 𝜏𝜂,gas|
|HTPGC

, (15)

5 
RD𝜀 =
𝜀∗gas

|

|

|LBL
− 𝜀∗gas

|

|

|HTPGC

𝜀∗gas
|

|

|HTPGC

, (16)

here LBL refers to the LBL calculations and HTPGC refers to the
ransmissivity measurements.

. Results

This section presents the results of the transmissivity measurements
nd the LBL calculations, while the measured transmissivity spectra are
rovided in the Supplementary material.

.1. Transmissivity spectra

Measured and predicted apparent transmissivity spectra are com-
ared in Figs. 3–25 (each on the left side). The predicted spectra were
btained using (A) the standard Voigt line-shape function terminated at
000 half-widths or below 10−9 cm−1 (infinitely long), (B) the Voigt line-
hape function combined with the cut-off criterion of Alberti et al. [21]
nd (C) the Price line-shape function terminated at 5000 half-widths or
elow 10−9 cm−1 (infinitely long) and combined with the first 𝜉 correc-

tion of Westlye et al. [23,34]. The comparisons show that the measured
spectra can be well predicted if the cut-off approach is applied or the
first 𝜉 correction is incorporated into the Price line-shape function.
Furthermore, for high-temperature and high-pressure conditions (for
example, see Fig. 8 (left; condition 6) and Fig. 25 (left; condition 23)),
the Price line-shape function with the first 𝜉 correction is typically
superior to the Voigt line-shape function combined with the cut-off
criterion as the cut-off approach has deficiencies in the predictions
of the right wings of the 4.3 μm band and the 2.7 μm band. Absolute
local deviations in small wavenumber ranges can be larger than 0.6
in the case of the right wing of the 4.3 μm band. In contrast, for
atmospheric-pressure conditions (see Fig. 3 (left; condition 1)), the
measured spectrum is in good agreement with the spectrum calculated
using the Voigt line-shape function and the cut-off criterion, while the
standard Voigt line-shape function and the Price line-shape function
with the first 𝜉 correction of Westlye et al. [23,34] underpredict the
right wing of the 4.3 μm band.

3.2. Emissivities

Measured and predicted apparent total gas emissivities and mea-
sured and predicted apparent band gas emissivities are shown alongside
the relative deviations in Figs. 3–25 (each on the right side). The
predicted emissivities were obtained using (A) the standard Voigt line-
shape function terminated at 5000 half-widths or below 10−9 cm−1

(infinitely long), (B) the Voigt line-shape function applied with the cut-
off criterion of Alberti et al. [21] and (C) the Price line-shape function
terminated at 5000 half-widths or below 10−9 cm−1 (infinitely long) and
ombined with the first 𝜉 correction of Westlye et al. [23,34].

3.2.1. Voigt line-shape function with cut-off criterion
The apparent total gas emissivities are predicted well using the

Voigt line-shape function and the cut-off criterion of Alberti et al. [21]
(for example, see Fig. 8 (right; condition 6) and Fig. 25 (right; condi-
tion 23)). The absolute relative deviations for the apparent total gas
emissivities are always below 11% and mainly below 5% (see results
for line-shape function B in Table 3). Realising that the cut-off criterion
was developed to obtain reliable overall results, this is again reflected
in the accuracy of the predicted apparent total gas emissivities. Some
larger absolute relative deviations can be found for the apparent band
gas emissivities in Tables 4–6 (see results for line-shape function B). For
the 2.0 μm band, this is mainly due to the low absolute values of the
band gas emissivities. For the 2.7 μm band and the 4.3 μm band, this is
due to the erroneous predictions of the right wings, where the errors

are larger for the 4.3 μm band than for the 2.7 μm band. The LBL model
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Table 3
Relative deviations concerning the apparent total gas emissivities of CO2
based on the LBL model with the HITEMP-2010 database and three line-shape
functions. B: Voigt line-shape function with the cut-off criterion of Alberti et al.
[21], C: Price line-shape function with the first 𝜉 correction of Westlye et al.
[23,34], D: Price line-shape function with the second 𝜉 correction of Westlye
et al. [35].

LSF 𝑥CO2 ,gas
𝑇gas

K
RD𝜀 ∕%

1 bar 5 bar 10 bar 20 bar 40 bar 60 bar

B
0.2 773.15 −2.02 0.80 1.29 5.32 8.74 10.82

1273.15 −3.94 −0.93 −0.73 0.26 2.64 −3.77

1.0 773.15 −3.14 1.98 4.67 7.54 6.87 −

1273.15 −1.80 0.10 0.32 3.00 6.11 −

C
0.2 773.15 −2.10 0.09 −0.74 0.01 −0.48 0.72

1273.15
⁓⁓⁓
−4.06

⁓⁓⁓
−1.25

⁓⁓⁓
−1.20

⁓⁓⁓
−1.13 −0.88 −0.75

1.0 773.15 −2.73 −0.03 −0.38 −0.45 −0.08 −

1273.15 −1.77
⁓⁓⁓
−0.48

⁓⁓⁓
−1.13 −0.38 0.48 −

D
0.2 773.15 −2.02 0.24 −0.48 0.60 0.97 3.10

1273.15 −4.01
⁓⁓⁓
−1.16

⁓⁓⁓
−1.11

⁓⁓⁓
−0.94 −0.41 −0.08

1.0 773.15 −2.73
⁓⁓
9.43

⁓⁓⁓
26.11

⁓⁓⁓
63.70

⁓⁓⁓
122.45 −

1273.15 −1.75
⁓⁓
1.67

⁓⁓⁓
4.93

⁓⁓⁓
16.11

⁓⁓⁓
40.37 −

Table 4
Relative deviations concerning the apparent band gas emissivities of the
4.3 μm band of CO2 based on the LBL model with the HITEMP-2010 database
and three line-shape functions. B: Voigt line-shape function with the cut-off
criterion of Alberti et al. [21], C: Price line-shape function with the first
𝜉 correction of Westlye et al. [23,34], D: Price line-shape function with the
second 𝜉 correction of Westlye et al. [35].

LSF 𝑥CO2 ,gas
𝑇gas

K
RD𝜀 ∕%

1 bar 5 bar 10 bar 20 bar 40 bar 60 bar

B
0.2 773.15 −1.47 1.53 2.91 7.92 12.64 14.24

1273.15 −1.79 0.61 0.91 2.77 6.89 9.60

1.0 773.15 −1.37 3.27 7.16 10.48 8.48 −

1273.15 −0.50 1.92 2.73 6.62 10.86 −

C
0.2 773.15 −1.55 0.83 0.48 0.98 0.30 0.95

1273.15
⁓⁓⁓
−1.93 0.23 0.24 0.44 0.46 1.07

1.0 773.15 −0.90 1.02 0.28 −0.34 −0.13 −

1273.15
⁓⁓⁓
−0.45 1.25 0.18 0.04 0.29 −

D
0.2 773.15 −1.47 0.97 0.77 1.72 2.20 4.11

1273.15 −1.87 0.33 0.35 0.72 1.25 2.29

1.0 773.15 −0.90
⁓⁓⁓
12.16

⁓⁓⁓
33.17

⁓⁓⁓
75.14

⁓⁓⁓
126.00 −

1273.15 −0.42
⁓⁓
4.20

⁓⁓⁓
9.91

⁓⁓⁓
27.15

⁓⁓⁓
60.28 −

with the cut-off criterion can only roughly compensate the imperfect
Voigt line-shape function.

Cutting the line profiles leads to losses of integrated intensity com-
pared to the analytical intensity. However, the absolute errors are
mainly less than 1% for predictions using the Voigt line-shape function
and the cut-off criterion of Alberti et al. [21] as shown in Table 7. This
is in agreement with previous observations [31,38].

3.2.2. Price line-shape function with first 𝜉 correction
The apparent total gas and the apparent band gas emissivities are

also predicted quite well using the Price line-shape function and the
first 𝜉 correction of Westlye et al. [23,34] (for example, see Fig. 8 (right;
condition 6) and Fig. 25 (right; condition 23). This is also evident from
the relative deviations given in Tables 3–6 (see results for line-shape
function C). Blue-coloured values indicate that the absolute relative
 t

6 
Table 5
Relative deviations concerning the apparent band gas emissivities of the
2.7 μm band of CO2 based on the LBL model with the HITEMP-2010 database
and three line-shape functions. B: Voigt line-shape function with the cut-off
criterion of Alberti et al. [21], C: Price line-shape function with the first
𝜉 correction of Westlye et al. [23,34], D: Price line-shape function with the
second 𝜉 correction of Westlye et al. [35].

LSF 𝑥CO2 ,gas
𝑇gas

K
RD𝜀 ∕%

1 bar 5 bar 10 bar 20 bar 40 bar 60 bar

B
0.2 773.15 −11.00 −3.51 −4.43 −2.35 −0.81 2.32

1273.15 −18.15 −5.09 −3.87 −3.50 −2.30 −2.35

1.0 773.15 −13.40 −1.52 −1.07 0.74 3.39 −

1273.15 −7.72 −2.72 −2.35 −0.64 1.51 −

C
0.2 773.15 −11.04

⁓⁓⁓
−4.35

⁓⁓⁓
−4.78

⁓⁓⁓
−2.61

⁓⁓⁓
−1.89 0.26

1273.15 −18.16
⁓⁓⁓
−5.19 −3.84 −3.35 −2.33

⁓⁓⁓
−2.62

1.0 773.15 −13.39
⁓⁓⁓
−2.95

⁓⁓⁓
−1.77

⁓⁓⁓
−0.48 0.01 −

1273.15 −7.27
⁓⁓⁓
−3.19

⁓⁓⁓
−2.59

⁓⁓⁓
−0.98 0.28 −

D
0.2 773.15 −11.01

⁓⁓⁓
−4.20

⁓⁓⁓
−4.70

⁓⁓⁓
−2.56

⁓⁓⁓
−1.79 0.42

1273.15 −18.16 −5.14 −3.81 −3.30 −2.30
⁓⁓⁓
−2.57

1.0 773.15 −13.39 −1.05 0.38
⁓⁓⁓
5.31

⁓⁓⁓
17.50 −

1273.15 −7.25 −2.60 −1.90 0.62
⁓⁓⁓
5.39 −

Table 6
Relative deviations concerning the apparent band gas emissivities of the
2.0 μm band of CO2 based on the LBL model with the HITEMP-2010 database
and three line-shape functions. B: Voigt line-shape function with the cut-off
criterion of Alberti et al. [21], C: Price line-shape function with the first
𝜉 correction of Westlye et al. [23,34], D: Price line-shape function with the
second 𝜉 correction of Westlye et al. [35].

LSF 𝑥CO2 ,gas
𝑇gas

K
RD𝜀 ∕%

1 bar 5 bar 10 bar 20 bar 40 bar 60 bar

B
0.2 773.15 −40.60 −10.71 −2.75 −6.99 −4.31 −5.84

1273.15 −44.80 −17.95 −17.42 −5.84 −3.13 −9.43

1.0 773.15 −26.53 −3.09 −5.77 −3.26 −2.09 −

1273.15 9.67 0.54 −4.52 −1.61 −1.13 −

C
0.2 773.15 −40.59 −10.47 −2.28 −6.24 −3.04 −4.17

1273.15 −44.80 −17.64 −17.01 −5.18 −2.10 −8.26

1.0 773.15 −26.51 −2.92 −5.40 −2.63 −1.22 −

1273.15 9.67
⁓⁓
0.76 −4.19 −1.07 −0.28 −

D
0.2 773.15 −40.59 −10.48 −2.29 −6.24 −3.03 −4.16

1273.15 −44.81 −17.68 −17.04 −5.21 −2.13 −8.28

1.0 773.15 −26.51 −2.83 −4.31 3.20
⁓⁓⁓
10.97 −

1273.15 9.67 0.60 −4.28 −0.61
⁓⁓⁓
4.37 −

deviations are smaller than corresponding values based on the Voigt
line-shape function and the cut-off criterion of Alberti et al. [21], while
brown-coloured values mean that the absolute relative deviations are
larger. Thus, the Price line-shape function with the first 𝜉 correction
of Westlye et al. [23,34] mainly provides superior results for the
apparent total gas emissivities and the apparent gas emissivities of the
4.3 μm band. The absolute relative deviations are typically below 2%
or the apparent total gas emissivities and below 1% for the apparent
and gas emissivities of the 4.3 μm band. In contrast, the apparent gas
missivities of the 2.7 μm band and the 2.0 μm band are only slightly
etter compared to the values that were obtained using the Voigt
ine-shape function and the cut-off criterion.

Since the existing adjustments of the line profiles have only mi-
or effects on the predicted spectra of both the 2.7 μm band and
he 2.0 μm band and further adjustments are expected not to provide
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Table 7
Losses of integrated intensity based on the LBL model with the HITEMP-2010 database, the Voigt line-shape function
and the cut-off criterion of Alberti et al. [21].

𝑥CO2 ,gas
𝑇gas

K
Loss of integrated intensity ∕%

1 bar 5 bar 10 bar 20 bar 40 bar 60 bar

0.2 773.15 −0.07 −0.25 −0.45 −0.77 −1.38 −5.84
1273.15 −0.05 −0.17 −0.30 −0.53 −0.93 −9.43

1.0 773.15 −0.07 −0.26 −0.45 −0.80 −1.38 −
1273.15 −0.05 −0.17 −0.30 −0.52 −0.92 −
Table 8
Relative deviations concerning the apparent total gas emissivities of CO2 based on the
LBL model with the HITRAN-2020 database and two line-shape functions. B: Voigt line-shape
function with the cut-off criterion of Alberti et al. [21], C: Price line-shape function with the
first 𝜉 correction of Westlye et al. [23,34].

LSF 𝑥CO2 ,gas
𝑇gas

K
RD𝜀 ∕%

1 bar 5 bar 10 bar 20 bar 40 bar 60 bar

B
0.2 773.15

⁓⁓⁓
−3.09 −0.18 −0.19 3.12 5.76 7.36

1273.15
⁓⁓⁓⁓
−12.59

⁓⁓⁓⁓
−12.72

⁓⁓⁓⁓
−14.46

⁓⁓⁓⁓
−14.78

⁓⁓⁓⁓
−12.47

⁓⁓⁓⁓
−11.75

1.0 773.15
⁓⁓⁓
−4.13 −0.17 1.77 4.14 3.38 −

1273.15
⁓⁓⁓⁓
−14.15

⁓⁓⁓⁓
−15.71

⁓⁓⁓⁓
−15.42

⁓⁓⁓⁓
−13.08

⁓⁓⁓⁓
−10.55 −

C
0.2 773.15

⁓⁓⁓
−3.18 −0.85

⁓⁓⁓
−2.01

⁓⁓⁓
−1.69

⁓⁓⁓
−2.73

⁓⁓⁓
−2.01

1273.15
⁓⁓⁓⁓
−12.75

⁓⁓⁓⁓
−13.11

⁓⁓⁓⁓
−14.97

⁓⁓⁓⁓
−16.21

⁓⁓⁓⁓
−16.11

⁓⁓⁓⁓
−16.51

1.0 773.15
⁓⁓⁓
−3.73

⁓⁓⁓
−2.04

⁓⁓⁓
−2.89

⁓⁓⁓
−3.34

⁓⁓⁓
−3.52 −

1273.15
⁓⁓⁓⁓
−14.12

⁓⁓⁓⁓
−16.37

⁓⁓⁓⁓
−16.93

⁓⁓⁓⁓
−16.51

⁓⁓⁓⁓
−16.36 −
Fig. 3. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 1 (100% CO2
t 1.02 bar and 296.75K). For details of legend, see list of acronyms.
l
t
1
2

ignificant improvements, the differences between the measured and
redicted data for the 2.7 μm band and the 2.0 μm band are analysed
elow.

For 20% CO2 and the 2.0 μm band (see results for line-shape
unction C in Table 6), the absolute relative deviations are significantly
 a

7 
arger at 1273.15K than at 773.15K for pressures up to 10 bar, while
he absolute relative deviations are similar at both 773.15K and
273.15K for higher pressures. Furthermore, for 20% CO2 and the
.7 μm band (see results for line-shape function C in Table 5), the
bsolute relative deviations significantly decrease from 1 bar to 5 bar
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Fig. 4. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 2
(20% CO2+80% N2 at 1.05 bar and 784.25K). For details of legend, see list of acronyms.

Fig. 5. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 3
(20% CO2+80% N2 at 5.03 bar and 783.25K). For details of legend, see list of acronyms.
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Fig. 6. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 4
(20% CO2+80% N2 at 10.30 bar and 781.35K). For details of legend, see list of acronyms.

Fig. 7. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 5
(20% CO2+80% N2 at 20.26 bar and 777.15K). For details of legend, see list of acronyms.
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Fig. 8. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 6
(20% CO2+80% N2 at 40.05 bar and 772.25K). For details of legend, see list of acronyms.

Fig. 9. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 7
(20% CO2+80% N2 at 60.22 bar and 773.15K). For details of legend, see list of acronyms.
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Fig. 10. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 8
(20% CO2+80% N2 at 1.04 bar and 1281.54K). For details of legend, see list of acronyms.

Fig. 11. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 9
(20% CO2+80% N2 at 5.03 bar and 1280.67K). For details of legend, see list of acronyms.
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Fig. 12. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 10
(20% CO2+80% N2 at 10.00 bar and 1276.01K). For details of legend, see list of acronyms.

Fig. 13. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 11
(20% CO2+80% N2 at 19.96 bar and 1275.82K). For details of legend, see list of acronyms.
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Fig. 14. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 12
(20% CO2+80% N2 at 40.00 bar and 1265.92K). For details of legend, see list of acronyms.

Fig. 15. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 13
(20% CO2+80% N2 at 54.14 bar and 1280.67K). For details of legend, see list of acronyms.
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Fig. 16. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 14 (100% CO2
at 1.01 bar and 780.15K). For details of legend, see list of acronyms.

Fig. 17. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 15 (100% CO2
at 5.13 bar and 780.15K). For details of legend, see list of acronyms.
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Fig. 18. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 16 (100% CO2
at 10.27 bar and 779.63K). For details of legend, see list of acronyms.

Fig. 19. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 17 (100% CO2
at 20.27 bar and 771.39K). For details of legend, see list of acronyms.
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Fig. 20. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 18 (100% CO2
at 40.14 bar and 775.56K). For details of legend, see list of acronyms.

Fig. 21. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 19 (100% CO2
at 1.02 bar and 1281.54K). For details of legend, see list of acronyms.
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Fig. 22. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 20 (100% CO2
at 5.025 bar and 1280.67K). For details of legend, see list of acronyms.

Fig. 23. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 21 (100% CO2
at 10.00 bar and 1276.01K). For details of legend, see list of acronyms.
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Fig. 24. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 22 (100% CO2
at 20.00 bar and 1276.01K). For details of legend, see list of acronyms.

Fig. 25. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 23 (100% CO2
at 40.00 bar and 1265.92K). For details of legend, see list of acronyms.
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at both 773.15K and 1273.15K. These strong changes are connected
with the appearance of numerous vibrational CO2 lines. At high tem-
peratures and high pressures, such weak lines are magnified while the
strong lines contribute to the saturation of the transmissivity/emissivity
spectra. While most of the strong lines in the 2.7 μm band are already
in saturation for pressures above 1 bar, this effect is observed for the
2.0 μm band and 1273.15K above 10 bar.

For 100% CO2 and both the 2.7 μm band and the 2.0 μm band
(see results for line-shape function C in Tables 5 and 6), only small
differences between the measured and predicted data can be found
for pressures above 5 bar. This is because the strongest lines do not
contribute any more to the band gas emissivities, while the weak ones
do.

Concluding, the presented measurement and modelling results show
that the weak CO2 lines in the 2.7 μm band and the 2.0 μm band
have the appropriate line strengths, while the line strengths of the
strong lines in the 2.7 μm band and the 2.0 μm band are systematically
nderestimated in the HITEMP-2010 database. This conclusion assumes
hat line-mixing effects can be ignored, i. e. the observed deficiency
f the line strengths of the strong lines could be also attributed to
ine-mixing and might disappear if line-mixing effects are accounted
or.

.2.3. Lorentz line-shape function with cut-off criterion
The Voigt line-shape function was used as baseline function to

ccount for Doppler broadening. For comparison, apparent total gas
missivities and apparent band gas emissivities were also obtained
sing the Lorentz line-shape function and the cut-off criterion of Alberti
t al. [21]. The results show that predictions change less than 0.07% for
total gas pressure of 1 bar and less than 0.007% for total gas pressures
etween 5 bar and 60 bar. Thus, both the Voigt line-shape function and
he Lorentz line-shape function can be applied with good accuracy in
ombination with the cut-off criterion of Alberti et al. [21].

.2.4. Price line-shape function with second 𝜉 correction
The Price line-shape function was also combined with the revised

correction of Westlye et al. [35]. The relative deviations concerning
he apparent total gas emissivities and the apparent band gas emissiv-
ties are given in Tables 3–6 (see results for line-shape function D).
he values are marked in blue and brown according to Section 3.2.2.
hus, for 20% CO2, the Price line-shape function with the second
correction of Westlye et al. [35] provides superior results for the

pparent gas emissivities of the 4.3 μm band compared to the Voigt
line-shape function with the cut-off criterion. This in agreement with
the previous validation of Westlye et al. [35] for the 4.3 μm band and
the fact that the second 𝜉 correction of Westlye et al. [35] was derived
for gas conditions with smaller CO2 concentrations, i. e. conditions that
can be expected in combustion flames. However, the results are slightly
inferior to the predictions based on the first 𝜉 correction.

Furthermore, for 100% CO2, Tables 3 and 4 (see results for line-
shape function D) show less impressive results for the apparent total
gas emissivity and the apparent band gas emissivity of the 4.3 μm band.
This is attributable to two factors. Firstly, the Price line-shape function
with the second 𝜉 correction was used outside its validation range.
Secondly, for 100% CO2, the second 𝜉 correction of Westlye et al. [35]
reduces to 𝜉 = 2. Thus, the modified Price line-shape function collapses
to the Lorentz line-shape function.

Concluding, predictions using the Price line-shape function with the
second 𝜉 correction of Westlye et al. [35] are inferior to predictions
relying on the Price line-shape function with the first 𝜉 correction of
Westlye et al. [23,34]. The second 𝜉 correction of Westlye et al. [35]
should only be used for gas conditions with CO2 mole fractions of up
to 20%, which rises the question why Westlye et al. [35] revised the
𝜉 correction. First of all, Westlye et al. [35] used previous measurement
data (up to 20% CO2) for derivation and validation. Furthermore, it

could be related to the fact that the Price line-shape function cannot
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describe well the right wing of the 4.3 μm band for 100% CO2 with
igh accuracy [35]. However, the results of the previous study of Ren
t al. [23] and this study show that this deficiency can be accepted for
redictions at up to 1273.15K and 40 bar.

.2.5. Impact of gas temperature
The measured gas temperature profiles are shown for 20% CO2 in

Figs. S1-S5. Similar to previous measurements [13,20], uniform gas
temperature profiles could be achieved within an accuracy of ±10K.
However, to investigate the impact of the gas temperature accuracy on
the predicted apparent gas emissivities, LBL calculations based on the
Voigt line-shape function and the cut-off criterion of Alberti et al. [21]
or on the Price line-shape function and the first 𝜉 correction function
of Westlye et al. [23,34] were performed using gas temperatures either
increased or decreased by 10K. The results show that the uncertainties
are typically less than ±0.5% and always less than ±0.9% for both the
apparent total gas emissivities and the apparent band gas emissivities.
Thus, small temperature uncertainties within an accuracy of ±10K are
not decisive for the accuracy of the LBL predictions.

3.2.6. Impact of spectroscopic database
The HITEMP-2010 database was used for the LBL calculations as it

contains numerous additional lines at elevated temperatures compared
to the HITRAN database [3]. However, LBL calculations were also
carried out using the HITRAN-2020 database [40] to analyse whether
the HITRAN-2020 database can better account for the strongest lines at
moderate pressures than the HITEMP-2010 database and whether the
higher uncertainties of the weak lines of the HITEMP-2010 database
could have contributed to the erroneous predictions. The LBL calcu-
lations were performed using both standard and modified line-shape
functions even though cut-off criteria and 𝜉 corrections were developed
using the HITEMP-2010 databases. The relative deviations for the
apparent total gas emissivities based on the Voigt line-shape function
and the cut-off criterion of Alberti et al. [21] or on the Price line-shape
function and the first 𝜉 correction function of Westlye et al. [23,34]
are given in Table 8. The values are marked in blue and brown
according to Section 3.2.2 and demonstrate that the apparent total gas
emissivities are slightly better predicted for 20% CO2 at 773.15K if the
Voigt line-shape function is combined with the cut-off criterion (see
results for line-shape function B in Table 3). Otherwise, significantly
larger deviations on an absolute basis can be observed compared to
the predictions based on the HITEMP-2010 database (see results for
line-shape functions B and C in Table 3).

Further comparisons of measured and calculated apparent gas emis-
sivities of the 4.3 μm band, the 2.7 μm band and 2.0 μm band can
be found in the Supplementary material (see Tables S1–S3) or are
available on request.

4. Conclusions

Spectral transmissivity measurements of CO2/N2 mixtures at high-
temperature and high-pressure conditions were combined with line-by-
line calculations. The measurement data was obtained in a spectral
range from 1900 cm−1 to 6600 cm−1 at gas temperatures of approxi-
mately 773K and 1273K and gas pressures between 1 bar and 60 bar.
The measurements thus focussed on typical furnace conditions when
most of the absorption lines in both the 2.7 μm band and the 2.0 μm
band are saturated. The data is given in the Supplementary material
and was compared with line-by-line predictions based on various line
profiles.

The comparisons demonstrated that predictions of the spectral gas
transmissivity, the total gas emissivity and the band gas emissivities
are overall accurate if the line-by-line model is based on the Voigt
line-shape function and the cut-off criterion of Alberti et al. [21] or

on the Price line-shape function and the first 𝜉 correction of Westlye
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et al. [23,34]. For the Voigt line-shape function combined with the cut-
off criterion, the absolute relative deviations were up to 8.8% for the
apparent total gas emissivities and up to 18% for the apparent band
gas emissivities above gas pressures of 5 bar. In particular, erroneous
predictions were found for the right wings of the 4.3 μm band and the
2.7 μm band. For the Price line-shape function with the first 𝜉 correc-
tion, the absolute relative deviations concerning the apparent total gas
emissivities were up to 4.1% and thus significantly smaller than for the
Voigt line-shape function combined with the cut-off criterion. The Price
line-shape function with the first 𝜉 correction also provided superior
mathematical descriptions of the right wings of the 4.3 μm band and
the 2.7 μm band and quite impressive results for the apparent band
gas emissivities of the 4.3 μm band. However, similar predictions were
obtained for the apparent band gas emissivities of the 2.7 μm band
and the 2.0 μm band. This could indicate that the line strengths of the
strong lines in both bands are systematically underestimated in the
HITEMP-2010 database. However, line-mixing effects, which have not
been considered in this study, may also result in enhanced absorption
close to the centre of the line clusters and should be focussed in future
studies, where the Price line-shape function might help to account for
some of the line-mixing effects.

Furthermore, the Price line-shape function was tested with the sec-
ond and most recent 𝜉 correction of Westlye et al. [35]. This approach
provided accurate results for mixtures of 20% CO2 and 80% N2 (in mole
fractions), while inferior results were obtained for 100% CO2. There-
fore, the Price line-shape function combined with the first 𝜉 correction
should be applied in future LBL calculations at high-temperature and
high-pressure conditions, while the second 𝜉 correction should be de-
veloped further for higher CO2 concentrations using new measurement
data.

Finally, the impacts of the gas temperature accuracy and the spec-
troscopic database on the predictions were analysed. The comparisons
showed that temperature uncertainties within an accuracy of ±10K
are not decisive for the accuracy of the LBL predictions and that the
accuracy of the LBL predictions significantly decreases when using the
HITRAN-2020 database instead of the HITEMP-2010 database.
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