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1. Introduction

Contemporary state of thermo-technical equipment 
in the post-Soviet countries is characterized by a consid-
erable period of operation and low efficiency. In Ukraine, 
about 11 000 boilers of power from 0,1 Gcal/h to 1 Gcal/h 
have been in operation for more than 20 years, more than 
6000 boiler plants function with the efficiency around 
70 %. Technical condition of existing boiler units re-
quires their immediate improvement. Maximum effect in 
a number of such technologies is possible to attain by the 
automation of the process of fuel combustion [1]. In this 
case, the optimization of the process of fuel combustion is 
directed toward the formation of stoichiometric air-fuel 
mixture (AFM).

In order to control the process of fuel combustion in the 
furnace of a boiler, the excess air ratio coefficient (EAC) is 
applied, which is determined by the ratio of the amount of air 
that enters a combustion chamber to theoretically necessary 
for full combustion of fuel. In practice, EAC depends on the 
volumetric concentrations of oxygen in air (constant, 21 %) 
and output gases. 

Taking into account the EAC value for the process of 
fuel combustion, a relevant task is to increase the accuracy 
of measuring EAC with regard to meteorological environ-
mental parameters.

2. Literature review and problem statement

Literary sources [2–5] present different methods for 
optimization of the process of fuel combustion in the 
industrial high power boiler units (exceeding 3,5 MW). 
Coal, brown coal, peat, shales, biomass, petroleum resi-
due, other solid and liquid-fuel materials are often consid-
ered as fuel [2]. A highly effective process of fuel combus-
tion is reached by the minimization of EAC, the boundary 
of which is a sharp increase of CO in the output gases 
(higher than 100 ppm) [3]. In this case, an amount of NOx 

is also reduced, the minimum value of which is reached at 
EAC in the range of 0,8–0,95 [4]. Frequently in the tech-
nological processes they use heat recovery of the waste 
gases, which makes it possible to reduce the consumption 
of fuel to 30 % [5].
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To provide for a highly effective combustion of fuel, 
different types of the systems are used: biodiesel plant as 
a part of cogeneration system [6], a two-level intelligent 
control system of the process of fuel combustion in steam 
boilers and steam generators [7], a system of active carbu-
retion for the water-heating boilers with capacity of up to 
600 MW [8], a multilevel system of recirculation of gases in 
steam generators [9].

Many examined methods and systems regard EAC as 
the informative parameter. Paper [10] proposed a method for 
increasing the accuracy of its measurement based on the as-
sumption about inconstancy of the gas concentration in the 
air. The importance of predicting gas concentrations, which 
form part of atmospheric air, is given emphasis in article [11]. 
Paper [12] presents studies of the influence of pollutants in 
air on changes in the synoptic and meteorological parame-
ters of medium. 

In practice, for determining EAC, a so-called “oxygen” 
formula is used, which with complete fuel combustion takes 
the following form:

α =
− 2 out

21
,

21 [O ] 	

 (1)

where 21 is the volumetric concentration of oxygen (VCO) 
in air, %, [O2]out is the VCO in the flue gases, %. 

The quantity of VCO is considered to be constant at 
any climatic changes and phenomena, in the mountains 
and in the plains. However, long-term climate and physical 
observations [13] refute this assertion, which necessitates 
conducting research in this field.

3. The aim and tasks of the study

The research we conducted set the goal of determining 
peculiarities of change in VCO in the air depending on me-
teorological environmental parameters, which will make it 
possible to increase the accuracy of determining EAC and, 
consequently, to increase efficiency of the fuel combustion 
in boiler units.

To achieve this aim, the following tasks were set:
– to determine functional interrelation between the 

current meteorological parameters (temperature, humidity, 
pressure) and VCO in the air;

– to explore daily/seasonal dynamics of the change in 
current VCO by direct (with the aid of a gas analyzing 
instrument) and indirect (based on meteorological param-
eters) methods;

– to carry out a metrological assessment of the obtained 
results;

– to propose a functional dependence of EAC on the cur-
rent VCO in the air and to estimate the accuracy of its mea-
surement.

4. Methods and equipment for research into the influence 
of meteorological parameters on the change in oxygen 

concentration in the air

4. 1. Methods of determining volumetric concentra-
tion of oxygen in the air

An analytical value of the partial density of oxygen 
(E, g/m3) is directly proportional to atmospheric pressure 

(P, hPa) minus the partial pressure of water vapor (e, hPa) and 
it is inversely proportional to the temperature of air (T, K):

−
= ⋅ ⋅

⋅
3 P e

E 23,15 10 �,
R T

 	 (2)

where R is the specific gas constant for dry air, J/kg·K; 
23,15 is the mass concentration of oxygen in dry air, %. 

Calculation of the partial pressure of water vapor is de-
termined by formula:

= ϕ⋅ vape p �,
	

 (3)

where φ is the humidity of air, %; pvap is the quantity, which 
can be determined according to recommendations of the 
Guide to Meteorological Instruments and Methods of Ob-
servation (Switzerland):

( ) ( ) ( )=′ ⋅ ′vapp P,T f P r T �, 	 (4)

− −= + ⋅ ⋅ − ⋅6 1f(P) 1,0016 3,15 10 P 0,074 P , 	  (5)
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′⋅
′+= ⋅′

17,62 T
�
243,2 Tr T 6,112 e �,

	
 (6)

where T´ is the temperature of air in the Celsius degrees, оС. 
Transition to the volumetric concentration of oxygen 

occurs by the following ratio:

⋅ ⋅
=

⋅′
2

2
O

6,236 E T
[O ] �,

P M
 	 (7)

where [O2] is the volumetric concentration of oxygen in the 
air, %; P’ is the atmospheric pressure, mm Hg; MO2 is the 
molar mass of oxygen, g/mol. 

The final analytical representation of functional depen-
dence of the volumetric concentration of oxygen in the air on 
meteorological parameters takes the form [10]:

ϕ′ ϕ = ⋅ −′   2

e(P,T , )
[O ](P,T , ) 20,957 1 .

P
 	 (8)

4. 2. Equipment for investigating daily/seasonal dy-
namics of the change in the volumetric concentration of 
oxygen in the air

To determine the current VCO in the air by direct method, 
we used the portable gas analyzer OKSI-5M with absolute er-
ror of determining the oxygen concentration ΔО2=±0,1 %. 

To determine VCO in the air indirectly, we used a set of 
tools of measurement instruments, consisting of two mete-
orological psychometric thermometers TM4-1 (ΔТ=±0,2 оС, 
Δφ=±3 %) and the barometer-aneroid BAMM-1 (ΔР=±20 hPa).

5. Results of research into the change in  
the volumetric concentration of oxygen in the air

To conduct experimental studies to determine the cur-
rent volumetric concentration of oxygen in the air by direct 
(with the aid of a gas analyzer) and indirect (based on the 
meteorological data on temperature, absolute pressure and 
relative humidity) methods, we selected a locality in the ter-
ritory of the city of Lubny, Poltava Region (Ukraine), with 

,

,

,

,
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the following geographical coordinates: latitude – 50,013о, 
longitude – 32,991о.

Moderate-cold climate predominates in the territory of 
the city of Lubny. According to the Koppen classification, 
climate in the territory of the city corresponds to the level 
Dfb (moderately cold climate with uniform humidification). 
Based on the statistical data between 1982 and 2012, av-
erage annual temperature in the city of Lubny is 8 оС. The 
average annual rainfall is 628 mm.

An experiment to determine the current VCO in the air 
by direct and indirect methods lasted for 8 months: from Au-
gust 2015 to March 2016. Parallel measurements were taken 
3 times per day around 09:00, 15:00 and 20:00 local time at 
any weather phenomena (rain, snow, gusty wind, etc.) in a 
special protected housing at the local meteorological station. 
Totally it was obtained 475 sets of measurements. 

Fig. 1 demonstrates results of direct measurements of 
VCO in the air in the course of entire experiment.

Fig. 1. Volumetric concentration of oxygen,  
measured by the gas analyzer OKSI-5N

In the course of conducting the experiment, in parallel 
with measuring the volumetric concentration of oxygen in 
the air using the gas analyzer OKSI-5M, we measured basic 
meteorological parameters – temperature, humidity and 
pressure (Fig. 2–4).

Fig. 2. Measured values of air temperature during 
experimental period

Fig. 3. Measured values of relative air humidity  
during experimental period

Fig. 4. Measured values of atmospheric pressure  
during experimental period

Based on the received data, taking into account depen-
dence (8), we obtained theoretical dependence of the change 

in the volumetric concentration of oxygen in the air over 
entire course of the experiment (Fig. 5).

Fig. 5. Indirect values of the volumetric concentration of 
oxygen during experimental period

Experimental studies were conducted over a wide range of 
meteorological parameters; in this case, maximum and min-
imum values of temperature, absolute pressure and relative 
humidity comprised, respectively: Tmax=31,8 °C; Tmin=–15,1 °C; 
Pmax=1046 hPa; Pmin=990 hPa; φmax=86 %; φmin=29 %.

The observed minimum of VCO in the air by the direct 
measurement reached 20,5 %, the maximum – 21,3 %; min-
imum value of VCO in the air by the indirect measurement 
reached 20,5 %, the maximum – 21,0 %.

6. Discussion of results of  
research into the volumetric concentration of  

oxygen in the air

To compare accuracy of the two methods of determining 
VCO, we performed calculation of measurement uncertainty 
using the MathCAD programming software.

Direct method of measuring the volumetric concentration 
of oxygen

The gas analyzer OKSI-5N in the mode of determining 
has a scale value of 0,1 %. Its absolute error of measurement 
(according to specifications) is also 0,1 %.

Experimental measurements were one-time and they were 
obtained at the different levels of output quantity. The array 
of the obtained values of VCO was divided into 95 groups of 
5 values. An uncertainty of the A type is regarded as the me-
dian estimation of the mean-square deviations of the obtained 
groups, which comprised 0,024 %.

An uncertainty of the B type of the direct method of 
measurements for the uniform law of distribution of proba-
bilities of random variables is:

∆
= =2O

Bû 0,058 %.
3

	  (10)

The estimation of summary standard uncertainty is 
equal to:

= + =2 2
c A Bû u u 0,063 %.  	 (11)

The estimation of the extended expanded uncertainty of 
the direct method of measurements at the confidence coeffi-
cient 95 % is calculated according to [14]:

= ⋅ =

  
= ⋅ + ⋅ =     

1 P eff c

22
A

0,95 eff c2
B

ˆ ˆ ˆU t (v ) u

û
ˆt f 1 u 0,104 %,

û

 	
(12)

 

where P effˆt (v )  is the Student’s coefficient for probability P 
and the number of degrees of freedom = −eff if n 1, in  is the 
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number of measurements, carried out when assessing the i-th 
contribution of uncertainty.

Indirect method of measuring the volumetric concentra-
tion of oxygen.

Conducting the evaluation of the extended expanded 
uncertainty of the proposed indirect method of the mea-
surement of VCO by a classic method is impossible since 
the analytical representation of the model of measurement 
takes the form of complex nonlinear functional dependence 
on three input values. When differentiating function (8), 
we have the not simplified polynomials of partial deriva-
tives, which complicates subsequent calculations, including 
determining the correlation coefficients of input quantities. 
Therefore, to solve this problem, we propose to estimate the 
extended expanded uncertainty of the indirect method of 
measurement by using imitation simulation according to 
the Monte-Carlo method [15].

By the calculated values of VCO, based on the mea-
surements of meteorological parameters, we isolated the 
sets of values of input values corresponding to 20 levels of 
output quantity. The values of each input quantity from 
the chosen sets were accepted as the estimation of mathe-
matical expectation for the generation of arrays of random 
numbers. As an estimation of mean-square deviation 
(MSD), we accepted the ratio of absolute instrument er-
ror and coefficient, which connects MSD of the Gauss’ law 
with its boundaries with (k=1,96 at P=95 %). A quantity 
of iterations of the generation of arrays of random input 
variables is equal to 105.

According to data on the generated arrays of input ran-
dom quantities, we obtained 20 arrays of output random 
quantity. Mathematical expectations of the simulated array 
of the VCO values differ in the fifth sign after comma from 
those calculated by formula (8) by the VCO value (Table 1), 
respectively.

A hypothesis on the normality of the law of distribution 
of the simulated output quantity is confirmed by the statis-
tical criterion Pearson’s χ-square. The distribution of prob-
abilities of the simulated VCO value is represented in Fig. 6 
in the form of histogram. 

An evaluation of the extended expanded uncertainty 
of VCO measured by indirect method according to the 
results of simulation by the Monte Carlo method is the 
interval of scope with confidence coefficient P=95 % (10). 
The values of estimation of the extended expanded un-
certainty for the sets of input quantities are presented in 
Table 1.

1 P 1 P
1

2 2

2 m 2 m

2

(O ) (O )

Û ,
2

− −−

−

=

		   

(13)

where ( )
q2 m

f O
 
is the value of q-quantile of the function of 

distribution of the density of probabilities of the VCO value 
being simulated.

Fig. 7–9 demonstrate diagrams, which reflect depen-
dence of the change in the extended expanded uncertainty 
of output quantity (P, T, φ) with an increase of MSD of 
one input physical quantity by 2, 3 and 4 times, respec-
tively. We examined the sets of values of the input quanti-
ties that correspond to the minimum, mean and maximum 
levels of output quantity.

Table 1

Calculated and simulated by  
the Monte Carlo method values of VCO

Number of 
measurement

VCO values, 
calculated by (8)

Mathematical 
expectation of the 

simulated VCO

VCO 
uncertainty

0 20,71503 20,71498 0,01288

35 20,69303 20,69298 0,02079

70 20,76964 20,76961 0,01162

105 20,67201 20,67198 0,02150

130 20,77282 20,77281 0,00960

140 20,86138 20,86136 0,00815

172 20,84103 20,84102 0,00710

204 20,85621 20,85620 0,00662

236 20,85598 20,85597 0,00687

268 20,85677 20,85677 0,00658

270 20,84035 20,84032 0,00683

295 20,87586 20,87586 0,00475

320 20,88221 20,88221 0,00492

345 20,90193 20,90193 0,00367

370 20,87519 20,87517 0,00495

375 20,85319 20,85318 0,00580

400 20,93778 20,93778 0,00168

425 20,88545 20,88546 0,00453

450 20,93647 20,93647 0,00183

474 20,87782 20,87781 0,00494

Fig. 6. Distribution of probabilities of  
the simulated VCO value that corresponds to  

the 236th set of input quantities

 

 

Fig. 7. Relative changes in the extended expanded uncertainty of 
minimum VCO value (for the set of measurements No. 105) on 

the change in MSD of measuring input quantities
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Fig. 8. Relative changes in the extended expanded 
uncertainty of mean value of VCO (for the set of 
measurements No. 270) on the change in MSD of  

measuring input quantities

Fig. 9. Relative changes in the extended expanded 
uncertainty of maximum value of VCO (for the set of 

measurements No. 400) on the change in MSD of  
measuring input quantities

Based on the received data of research into the nature 
of change in the extended expanded uncertainty of VCO in 
the air on the MSD of meteorological parameters, it follows 
that relative air humidity is the most influencing input phys-
ical quantity. In this case, the effect of temperature and of 
atmospheric air pressure on the estimation of the extended 
expanded uncertainty of VCO at the mean level is less than 
that at the minimum and maximum levels.

Fig. 10 demonstrates dependence of the extended ex-
panded uncertainty on the VCO value, calculated by the 
indirect method.

Fig. 10. Dependence of uncertainty on the indirect 
measurement of VCO

It follows from Fig. 10 that the proposed dependence 
has specific character, which is represented by the spread 
of estimation of the measurement uncertainty of VCO 
over the entire range. A variable set of values of input 

quantities that corresponds to the narrow range of output 
quantity might be one of the probable reasons for this be-
havior of dependence. 

A comparison of numerical results of uncertainties of the 
VCO values measured by the direct (0,104 %) and indirect 
(≤0,03 %) methods reveals that the former can be applied in 
practice for the calculation of VCO with a better accuracy.

Taking into account the data represented above on 
the instability of VCO in the air, it is relevant to consider 
daily/seasonal change in the meteorological parameters of 
medium and operating conditions of a boiler unit when ex-
ecuting control and managing the process of fuel combus-
tion. The experiment performed in the work attests to the 
fact that VCO in the air (21 %) accepted as the constant 
cannot be used for the technological and ecological calcu-
lations of thermo-technical equipment performance. Thus, 
to increase the accuracy of EAC measurement, formula (1) 
must be transformed as follows:

α = = +
ϕ′−  ⋅ − −  

2 out2

2 2 out
2 out

[O ][O ]
1 .

e(P,T , )[O ] [O ]
20,957 1 [O ]

P

	

 (14)

Represented below is the two-parameter dependence of 
correction (absolute methodical error in the measurement 
of EAC):

⋅ −
∆α =

− ⋅ −
2 out 2

2 2 out
2 2 out 2 out

[O ] (21 [O ])
([O ],[O ] ) .

([O ] [O ] ) (21 [O ] )
	 (15)

It is shown based on theoretical calculations that the 
application of the proposed method of EAC measurement, 
taking into account the current VCO in the air, makes it 
possible to considerably reduce methodological error of the 
measurement (to 1,2 of the absolute value of EAC quantity 
(at [O2]=20,5 %, [O2]out=18 %)).

The conducted research allows us to considerably 
enlarge the understanding of the effect of meteorological 
parameters on the gas composition of medium. The dis-
covered functional interrelations make it possible to qual-
itatively increase the efficiency of fuel combustion due 
to an increase in the accuracy of measurement of EAC. 
However, the elimination of methodological error when 
determining EAC requires additional equipment in the 
form of an oxygen sensor, or a set of temperature sensors, 
pressure and humidity sensors, which will be introduced 
to the analytical block of a gas analyzing device. This may 
lead to additional financial expenditures.

Results of the conducted research can be used not only 
in the field of thermal-power engineering for the quality 
control over fuel materials combustion, but also:

– in medicine – for the creation of microclimatic zones 
with the assigned gas composition of the environment; 

– in agriculture – to control growth of agricultural crops; 
– in ecology when compiling climatic maps, as well as 

other areas. 
We plan to conduct further experimental studies on 

the dynamics of change in VCO in the air in other climatic 
zones. The functional interrelations we received might be 
used as well for measuring the volumetric concentrations of 
nitrogen and carbon dioxide in the environment.
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7. Conclusions

1. Based on basic gas laws and the Mendeleyev-Klapey-
ron equation, we received function of dependence of VCO 
in the air on temperature, absolute pressure and relative 
humidity of the environment in the form [O2]=f(T, P, φ).

2. It was established that VCO in the air depending on 
day or night and season can vary in the range of 0,1…0,6 %. 
These results are confirmed both by direct and indirect mea-
surement of VCO.

3. An estimation of the extended expanded uncertainty 
of the direct method of measurement at confidence coeffi-
cient 95 % is 0,104 %. To evaluate the extended expanded 
uncertainty of the indirect method of measurement, we car-
ried out imitation simulation, which consisted in a sequential 
increase in the instrumental errors of measuring tools. It was 
revealed as a result that the largest influence on the extend-

ed expanded uncertainty of measuring VCO by the indirect 
method is exerted by an increase in the instrumental error 
of hygrometer. In this case, a quantity of the extended ex-
panded uncertainty of the indirect method of measurement 
did not exceed 0,03 %. A comparison of the uncertainties 
of VCO measurement by indirect (≤0,03 %) and direct 
(0,104 %) methods reflects the possibility of applying the 
former in the course of technological and ecological calcula-
tions of functioning of thermo-technical equipment.

4. We proposed a method for measuring EAC, which 
is based on the calculation of the current VCO in the air, 
which makes it possible to exclude a methodological error 
in the measurement. It is shown that the quantity of de-
termining EAC, according to the proposed method, may 
amount to 1,2 of absolute value of the quantity. In this 
case, its value may grow depending on VCO in the air and 
output gases.
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