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Abstract

Global efforts for environmental cleanliness through the control of gaseous
emissions from vehicles are gaining momentum and attracting increasing at-
tention. Calibration plays a crucial role in these efforts by ensuring the quan-
titative assessment of emissions for informed decisions on environmental
treatments. This paper describes a method for the calibration of CO/CO,
monitors used for periodic inspections of vehicles in cites. The calibration
was performed in the selected ranges: 900 - 12,000 pmol/mol for CO and
2000 - 20,000 pmol/mol for CO,. The traceability of the measurement results
to the SI units was ensured by using certified reference materials from CO/N,
and CO,/N, primary gas mixtures. The method performance was evaluated
by assessing its linearity, accuracy, precision, bias, and uncertainty of the ca-
libration results. The calibration data exhibited a strong linear trend with R?
values close to 1, indicating an excellent fit between the measured values and
the calibration lines. Precision, expressed as relative standard deviation (%RSD),
ranged from 0.48 to 4.56% for CO and from 0.97 to 3.53% for CO,, staying
well below the 5% threshold for reporting results at a 95% confidence level.
Accuracy measured as percent recovery, was consistently high (= 99.1%) for
CO and ranged from 84.90% to 101.54% across the calibration range for CO.,.
In addition, the method exhibited minimal bias for both CO and CO, calibra-
tions and thus provided a reliable and accurate approach for calibrating CO/CO,
monitors used in vehicle inspections. Thus, it ensures the effectiveness of ex-
haust emission control for better environment.
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1. Introduction

The monitoring of carbon monoxide (CO) and carbon dioxide (CO) in car ex-
haust emissions plays a crucial role in regulating air quality and ensuring adhe-
rence to environmental standards [1] [2]. Monitoring is also important for health
reasons since vehicle emissions result in environmental pollution causing cardi-
ovascular and lung diseases [3] [4] [5] [6] [7]. The amount of CO, CO,, NOx and
hydrocarbon emissions produced by old cars is seven times higher than that of
new vehicles. Therefore, periodical vehicle emission checks are crucial for envi-
ronmental control [8]. Monitoring of vehicles emissions is carried out in toll sta-
tions, because they include traffic congestion, idling vehicles, and frequent acce-
leration, which leads to significant increases in emissions causing environmental
problems [9] [10]. To assess the severity of this pollution, fixed monitoring sta-
tions are often positioned near toll collection points [11]. In recent years, mobile
monitoring of vehicle emissions has also gained significant attraction among re-
searchers, since it offers real-time, on-the-go detection of pollutants directly from
moving vehicles. Portable Emission Measurement Systems (PEMS) stand out as a
particularly reliable method within mobile monitoring [12] [13] [14]. In addi-
tion, periodic motor vehicles inspection is carried out at fixed stations equipped
with CO, CO, and HC monitors. The quality of emission data depends on the
condition of the monitor, which can be noticed from its response values to the
CRM mole fractions. It also depends on the reliability and validity of the CRM
used for calibration. The measured gaseous emission values are then compared
to the permissible limits established by the regulations in force within countries
that utilize this approach and inspected cars are either licensed or rejected ac-
cordingly like in Saudi Arabia [15]. However, the validity of these measurements
depends on the accuracy and reliability of the monitoring instruments, which is
attained by calibration using certified reference materials (CRMs) to ensure tra-
ceability to the SI units. Metrological traceability is defined as: property of a
measurement result whereby the result can be related to a reference through a
documented unbroken chain of calibrations, each contributing to the measure-
ment uncertainty [16]. In the present paper, we describe the development and
validation of a calibration method for carbon monoxide (CO) and carbon dio-
xide (CO,) monitors used in periodic inspections of vehicles at fixed stations in
Saudi Arabia. The proposed method utilizes CO and CO, primary gas mixtures
CRMs to ensure traceability of the measurement results to the SI units. The li-
nearity, precision, accuracy and bias of the calibration method will be studied to
establish its performance characteristics [17]. Additionally, an uncertainty
budget will be assessed to quantify the various sources of uncertainty associated
with the calibration results [18]. This developed calibration method will enhance
the reliability of data collected from motor vehicles periodic inspection networks
leading to more accurate vehicles inspection and improved environmental deci-

sion making.
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2. Materials and Methods
2.1. Equipment

The exhaust gas monitor utilized in stations of periodic technical inspection of
vehicles for measuring CO and CO, exhaust levels was of model CET 210, man-
ufactured by CARTEC, Italy. This monitor requires a 10 min warm-up time and
operates with a gas flow of 4 L/min, with a minimum acceptable flow of 2.5
L/min. In addition, it features an rpm counter ranging from 300 to 9990 /min, a

power supply of 11/15 V DC, and a pressure range of 85 - 106 kPa.

2.2. The CO and CO; CRMs

Two series of CO/N; and CO,/N, primary gas mixtures were produced at SASO/
NMCC as certified reference materials in accordance with the requirements of
ISO 6142, ISO 6143 and ISO 17034 using the same procedure published before
for CO and CO, monitors calibration [19] [20] [21]. Each CRM series contains 5
ascending mole fractions with associated expanded uncertainty as shown in Ta-
ble 1.

Table 1. The CO and CO, CRMs used for calibration of exhaust monitors.

CO/N;
Cylinder code PSM266484 PSM266396 PSM266443 PSM298348 PSM266458
Mole fraction (umol/mol) 988.875 2493.118 6810.028 8196.32 11482.979
Uexp (umol/mol) 1.15 6.14 7.01 5.15 7.3
CO2/N2
Cylinder code PSM298317 PSM266408 PSM266479 PSM298259 PSM266486

Mole fraction (umol/mol)

Uexp (umol/mol)

2497.000 4893.039 12249.490 16151.317 19965.534

2.5 4.55 491 522 7.21

These CRMs were filled-in in 5 L aluminum cylinders supplied from Air Li-
quide (Netherlands). A gas cylinder regulator (CONCOA, USA) was used to
control the gas flow from each cylinder. The high-purity nitrogen gas (99.999%)
used to establish the zero background before calibration was obtained from
LINDE-SIGAS (Germany).

2.3. Calibration Procedures

Calibration was performed for a monitor that reads CO and CO; at a station in
the city of Jeddah. The resolution of the monitor was 0.01 and the accuracy was
0.2%. In the calibration process, the five CRM cylinders were measured in an
ascending order stating from the smallest mole fraction up to the largest one.

The calibration procedure begins by powering on the monitor then connecting
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the nitrogen gas cylinder to it using a regulator and a plastic pipeline to establish
the zero background. When the zero-reading appeared and remained stable for
one minute, the nitrogen cylinder was disconnected and the first CO or CO,
CRM cylinder was connected to the monitor at the safe pressure specified in the
manual. The CO or CO, mole fraction was measured five times, taking one
measurement per minute, and the calibration results were recorded. Once fi-
nished with the first cylinder, it was disconnected and we proceeded to the next
one until the five CRM cylinders were measured (see Figure 1). The response of
the monitors in % was converted to umol/mol (ppm) in order to interpret the

results in terms of SI units.

Monitor
Display
2 CRM cylinder
Pipeline
Regulator

Figure 1. Calibration of CO/CO, monitors using CRMs.

3. Results and Discussion
3.1. The Calibration Lines

Accurate exhaust CO and CO, measurement results are ensured by calibrating
the measuring monitors using certified reference materials (CRMs). The calibra-
tion range was chosen based on customer request: 900 - 12,000 ppm for CO and
2000 - 20,000 ppm for CO,. Figure 2 presents the calibration results for the CO
monitor. As shown by the equation, y = 0.9987x — 10.359, the calibration data
follows a linear trend. The R” value of unity signifies an excellent fit between the
data points and the calibration line [2]. The slope of the calibration line (0.9987),
which is near unity, indicates high sensitivity of the monitor since the sensor
output response is almost identical to a unit change in the CO CRM mole frac-
tion. This linear relationship between the CRM CO mole fraction and the moni-
tor response, along with the high R? value, confirms that the CO monitor is
functioning properly within the CO mole fraction range tested during calibra-

tion.
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Figure 2. Calibration graph of CO monitor.

Examining Figure 3, the calibration curve for the CO, monitor also shows
goo linearity, expressed by the equation y = 1.0227x — 332.17. The R? value
(0.9992), close to 1, indicates a good fit of the measured points to the line.
Similar to the CO monitor, the slope approaching 1 suggests high monitor

sensitivity.
= 25000 y=1.022x - 332.1
R2=0.999
£ 20000
=}
g
2 15000
3
& 10000
2
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Figure 3. Calibration graph of CO2 monitor.

3.2. Precision

According to ICH, the precision of an analytical procedure is usually expressed
as the variance, standard deviation, or coefficient of variation of a series of mea-
surements [22]. The coefficient of variation (%RSD) calculated by equation 1 is a

unitless value, which allows for easier comparison between calibration results.

sD
%RSD = — 100 1)
X

The %RSD threshold of 5% is often considered the limit of acceptable preci-
sion when reporting the results at a 95% confidence interval. A lower %RSD in-
dicates a more precise calibration result, and vice versa. Looking at the results of
the CO calibration in Table 2, we find that all the CO response levels produced
consistent standard deviations and %RSD ranging from 0.48 to 4.56%, which in-

dicates quite satisfactory precision. In the case of the CO, monitor calibration
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results, we find that the standard deviation fell into two categories: the first is
(44.72, 44.72) and the second is (438.18, 447.21, 447.21). This difference can be
attributed to the inherently less stable nature of CO, measurements compared to
CO. Nevertheless, the corresponding %RSD ranged from 0.97 to 3.53%, which
were consistent and lower than 5%, ensuring good precision of the calibration

method as well.

Table 2. The calibration results of CO and CO; exhaust monitors.

CO Monitor
900 2400 6700 8100 11400
1000 2500 6800 8200 11400
Monitor response
1000 2500 6800 8200 11500
(umol/mol)

1000 2500 6800 8200 11500

1000 2500 6800 8200 11500

X 980 2480 6780 8180 11460

SD 44.72 44.72 44.72 44.72 54.77

%RSD 4.56 1.80 0.66 0.55 0.48
CO2 Monitor
2200 4700 13200 17200 19000
2100 4600 12200 16200 20000
Monitor response
2100 4600 12300 16200 20000
(umol/mol)

2100 4600 12200 16200 20000

2100 4600 12200 16200 20000

X 2120 4620 12420 16400 19800

SD 44.72 44.72 438.18  447.21  447.21

%RSD 2.11 0.97 3.53 2.73 2.26

3.3. Accuracy (Recovery)

Table 3 shows recovery results for CO and CO; calibration results. Recovery was

calculated using equation 2 and it refers to the percentage of the average (X )

concentration of a certified reference material (CRM) [17].

X

R (%)z x100 (2
Xcrm
Table 3. The recovery (accuracy) results of the CO and CO:; calibrations.
CO Monitor
CRM (pmol/mol) 988.88 2493.12 6810.03 8196.32 11482.98
X (pmol/mol) 980 2480 6780 8180 11460
% Recovery 99.10 99.47 99.56 99.80 99.80
CO: Monitor
CRM (pmol/mol) 2497.00 4893.04 12249.49 16151.32 19965.53
X (pmol/mol) 2120 4620 12420 16400 19800
% Recovery 84.90 94.42 101.39 101.54 99.17
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Form this table, the CO % recovery values are very high (99.10% to 99.80%), in-
dicating the method is accurately measuring CO mole fraction. There is a slight
upward trend in recovery with increasing CRM mole fraction, though the differ-
ence is minimal. With regard to the CO,, the % recovery, was more variable
(84.90% to 101.54%), suggesting the method might be affected by CO, mole frac-
tion. Three recoveries exceed 100%, possibly due to matrix effects ie. other com-
pounds influencing the CO, measurement. Overall, recoveries indicate that the

method seems very reliable and accurate for CO and CO, calibration results.

3.4. Bias

In calibration methods, bias which is a systematic error causing consistent devi-
ation from the true value, is identified by comparing instrument readings to a
known CRM value, and understanding this discrepancy is crucial for accurate
measurements and informed decisions based on reliable data. The absolute and %
bias in the CO and CO, calibration results were calculated by equations 3 and 4
and reported in Table 4 [17].

b = ;_XCRM ©))
b(%)= X;Cﬂxloo (@)

Table 4. Results of evaluation of the CO and CO; calibration method bias.

CO Monitor
URept (SD/l/H) 20.00 20.00 20.00 20.00 24.49
o 20.03 20.92 21.19 20.65 25.56
+20 40.07 41.84 42.39 41.30 51.12
-20 —40.07 —41.84 —42.39 —41.30 -51.12
bias (umol/mol) —8.88 -13.12 -30.03 -16.32 -22.98
bias % -0.90 —-0.53 —-0.44 —-0.20 -0.20
CO: Monitor
URept (SD/l/H) 20.00 20.00 195.96 200.00 200.00
o 20.16 20.51 196.02 200.07 200.13
+20 40.31 41.02 392.04 400.14 400.26
-20 —40.31 —41.02 —392.04 -400.14 -400.26
bias (umol/mol) (umol/mol) —377.00 -273.04  170.51 248.68  —165.53
bias % -15.10 -5.58 1.39 1.54 —-0.83

To assess the significance of the bias, equation 5 was used, where the standard
deviation (o) was calculated by equation 6, combining the squared repeatability
uncertainty and the standard uncertainty of the CRM [23] [24]. The calculated ¢
was reported in Table 4 with values of the =2 ¢ and +2 o.

20 <b< +20 (5)

- —\/ (5 + (U ©)

From this table, it can be seen that, in case of the five CO calibration levels, the
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bias values were inside the expected range of variation, —20< b < +2¢. This means
that no statistically significant bias was found. With regard to the CO, calibration,
level 1 exhibited a bias of —377 pmol/mol, which was less than —2¢ (—40.31
umol/mol). Likewise, level 2 exhibited a bias of —273.04 umol/mol which was less
than —20 (—41.02 pmol/mol). Meanwhile, the bias values of calibration levels 3, 4,
and 5 were smaller than +2¢. This means that bias of the CO, calibration levels 1,
2, 3, 4 and 5 fall inside the range of —20 < b < +20. Hence, no statistically signifi-
cant bias was found in the CO and CO, calibration method results, which, in-

creases confidence in the accuracy of the measurements made using that method.

3.5. The Uncertainty of Measurements

Estimating the uncertainty associated with calibration results of CO and CO,
exhaust monitors is crucial for ensuring the reliability of the measured gas mole
fractions. The measurand is the mole fraction () of the CO and CO, gas emis-
sions that is defined in equation 7 and the uncertainty estimation was based on

ISO GUM [25].
y=ax+b @)

where,

y—response of the monitor;

x—mole fraction of CRM (pumol/mol);

b—intercept;

a—slope.

From this equation, the explicit sources of uncertainty are: 1) slope, 2) mole
fraction of the CRM (x) and 3) the intercept. Beyond these explicit sources, ad-
ditional implicit uncertainties are: 1) monitor resolution, 2) monitor accuracy

and 3) repeatability of the monitor response.

3.5.1. Estimation of Uncertainty of Explicit Sources
The standard uncertainty of the CRM mole fraction was calculated by dividing the
expanded uncertainty, U, laid down in the CRM certificate by 2 using equation 8.

u Yoo 8)
cRM T,

With regard to the uncertainty of the slope and intercept, it is required firstly

to determine the standard deviation of the residuals, S using equation 9.

(9)

where,
N—is the number of measurements in the calibration process;
y—is the response of the monitor;
b—is the intercept;
a—is the slope;

x—1is the mole fraction of CRM.
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Using the calculated S value, the uncertainty of the slope, u(a) was calculated

by equation 10

(10)
where,
S—standard deviation of regression;
x—1is the mole fraction of the CRM;
X —is the average mole fraction of CRM.
The uncertainty of the intercept was calculated using equation 11.
(11)

3.5.2. Estimation of Uncertainty of Implicit Sources
The resolution and accuracy are two technical specifications of the CO/CO, mo-
nitorsand their uncertainty contributions were determined by equations 12 and

13 respectively.

Resolution

uresol ZT (12)
%A

Upy = . % (13)

Accu T

The uncertainty (Type A) of the repeatability of the monitor response was
calculated by equation 14, in which SD is the standard deviation and 1z is the

number of measurements.
SD

rept — ﬁ

In order to fit the three implicit sources of uncertainty into the mathematical

u (14)

model, they were denoted by the term Jzand combined by equation 15 in which
¢1, ¢; and ¢; are the sensitivity coefficients [26]. Each of these coefficients equals
1 since the three uncertainties were expressed in pmol/mol like CO and CO,
gases [27].

0z = \/(Cl “Uresol )2 + (CZ “Uaeey )2 + (03 “Urept )2 (15)

The mathematical model in equation 7 was then modified in equation 16 by
adding the term Jz in condition that its mole fraction equals zero but it contri-

butes to the uncertainty associated with the measured mole fraction.

y=ax+b+oz (16)

Equation 16 was differentiated to determine the sensitivity coefficients, which
account for how each source of uncertainty influences the final mole fraction

measurement. The combined standard uncertainty, u. was calculated by equa-
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tion 17 in which dy/da, Sy/0x, Sy/0b and Sy/Oz are the sensitivity coefficients of
the slope, mole fraction of the CRM, intercept and the term Jz respectively.

u :\/[@) (2] o (2] + (L) (7)
oa Ox ob oz

The expanded uncertainty (U.,,) was then calculated using Equation 18 at a

confidence level, typically 95% using a coverage factor & = 2, and the results were
given in Table 5. This uncertainty provides a broader range within which the

true value is expected to fall with a specific level of confidence.

Ugp = U, xK (18)

Table 5. The uncertainty budget of CO and CO: calibration results.

X (umol/mol) 980 2480 6780 8180 11460
o % Uep 423 1.99 1.23 1.17 115
X (wmol/mol) 2120 4620 12420 16400 19800
c0: % Uerp 479 4.05 4.85 4.41 427

From these results, one can notice that the percent uncertainties for CO cali-
brations range from 1.15% to 4.23%, with a generally decreasing trend as the
mole fraction increases. This suggests that the calibration becomes more precise
at higher mole fraction. Meanwhile, the percent uncertainties for CO, calibra-
tions range from 4.05% to 4.79%, with no apparent trend across the mole frac-
tion range. This indicates that the calibration uncertainty is independent of the

mole fraction for CO,.

4. Conclusion

A method for the calibration of CO/CO, monitors employed in periodic vehicle
inspections was developed and assessed. The method demonstrated excellent
performance across the chosen calibration ranges with ensured traceability of
the measurements to the SI units through certified reference materials. Statistical
analysis of the calibration results revealed strong linearity with R* almost equals
one, high precision (%RSD < 5%) and good accuracy (= 99.1% for CO and 84.90% -
101.54% for CO,). The method also showed a non-significant bias indicating re-
liable calibration results. Thus, it provides an effective means for exhaust emission
control contributing to improved environmental cleanliness in urban centers

and supporting global efforts in this critical area.
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