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Abstract
Reducing vehicles exhaust emissions pollution associated with gasoline combustion become growing interest locally 
and global-wide. To satisfy the exhaust gas emissions rules and regulations it is very significant and critical for gasoline 
internal combustion engines to have an accurate control of air–fuel ratio (AFR). Therefore, studying the relationship 
between the AFR, lambda (λ) and the exhaust emissions of gasoline-fueled vehicles is very important and necessary. A 
sensitive and detailed analysis conducted to analyze and predict the relationship between the AFR, lambda (λ) and the 
exhaust emissions percentages and values of gasoline-fueled vehicles. The results of the study provides better understat-
ing to the relation between AFR, lambda (λ) and the gasoline-fueled vehicles exhaust emissions percentages and values, 
because it is connecting the actual field measurements and results with theoretical relation between AFR, lambda (λ) and 
the gasoline-fueled vehicles exhaust emissions percentages and values. Also as a part of this study results, significant 
relations determined between the studied variables in the form of polynomial and linear equations with high accuracy, 
which helps in understanding the relationship between the studied variables and determining the values of some of 
the variables if the others were known.

Keywords Exhaust gas analyzer · Air–fuel ratio (AFR) · Lambda (λ) · Exhaust emissions · Internal combustion · Air 
pollution

1 Introduction

The increase of vehicles market competition together with 
the increase of the environmental pollution led to complex 
engine systems development. The strategies of Innovative 
control are required to simplify and improve the system 
of engine management, moving towards engines with 
energy saving and satisfying the regulations and restric-
tions on gases emissions standards [1]. Accurate measure-
ment of the air–fuel ratio (AFR) in the internal combus-
tion engines is desirable for precise engine control [2]. 
The control of AFR remains a major goal for the control 

of the engines, especially for exhaust emissions pollution 
purpose. The AFR is the quantity of air over the quantity 
of fuel injected in each cylinder of the engine compared 
with stoichiometric condition. This variable is characterizes 
the quality of the combustion and the performances of 
the engine according to fuel consumption and gases emis-
sions. The catalytic technology for exhaust gases emission 
imposes an AFR of 1 (± 5%). Generally, for a gasoline-fueled 
engine, the quantity of fuel injected in each cylinder con-
trols the air–fuel ratio (AFR) [3].

The AFR is the air mass to fuel mass ratio present in 
gasoline fuel combustion process, such as in the internal 
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combustion engine (IC engine). The AFR is very important 
and significant measure or indicator for controlling or tun-
ing the engine performance and reasons directly related 
to air quality and anti-pollution. If the air provided to the 
gasoline fuel combustion is exactly enough to completely 
burn all the gasoline fuel, the AFR is named stoichiomet-
ric mixture. AFR numbers lower than stoichiometric are 
considered rich mixtures. The rich AFR mixtures are less 
efficient, but burn cooler and produce or generate more 
power, which is kinder and less harm on the vehicle’s 
engine. AFR numbers higher than stoichiometric called 
lean mixtures. Lean AFR mixtures are more efficient, but 
may cause damage to the vehicle’s engine and produce 
higher nitrogen oxides (NOx) exhaust emission levels. For 
accurate and precise AFR calculations, the combustion 
oxygen content air should be specified because of oxygen 
 (O2) additives enrichment or possible dilution by water 
vapor from the ambient. Theoretically stoichiometric AFR 
mixture has just enough or exactly air to completely burn 
the available gasoline fuel. Practically this case is never 
quite has been achieved, because the available time for 
each combustion cycle is very short in the IC engine. At 
an engine with 6000 rpm speed, in about 4–5 ms most 
of the combustion process is completed. This is the time 
spent from when the spark is fired until the combustion of 
gasoline fuel and the fuel mix is basically complete after 
the crankshaft rotation by 80 and some degrees. Catalytic 
counters are designed and made to work with the best 
performance when the vehicle’s exhaust emission gases 
passing through them are resulted from ideal or perfect 
combustion [4].

To generate energy through combustion process, thermal 
engines use fuel and  O2 from the air. A specified or certain 
quantities of fuel and air need to be provided in the chamber 
of the combustion to guarantee the process of combustion. 
When all the fuel is burned, a complete combustion takes 
place, and as a result the exhaust gases emission will be free 
from any unburned fuel. The theoretical air–fuel ratio mix-
ture for a gasoline fueled engine, for complete gasoline fuel 
combustion, the stoichiometric air–fuel ratio is about 14.7:1. 
In order to completely burn 1 kg of gasoline fuel, the com-
bustion process needs 14.7 kg of air. The combustion process 
is possible even the air–fuel ratio is different from the stoi-
chiometric mixture. In order to the combustion process to 
take place in gasoline fueled engine, the minimum air–fuel 
ratio is around or near 6:1 and the maximum can get around 
20:1. When air–fuel ratio is higher than the stoichiometric 
ratio the air–fuel mixture called lean mixture, and when 
the air–fuel ratio is lower than the stoichiometric ratio the 
air–fuel mixture called rich mixture. As example, for a gaso-
line fueled engine the air–fuel ratio of 16.5: is a lean mixture 
and 13.7:1 is a rich mixture. Spark ignition engines normally 
or usually run on gasoline fuel, the air fuel ratio ranges from 

12:1 (rich mixture) to 201:1 (lean mixture), depending on the 
operating conditions of the engine; speed, load, tempera-
ture, etc. Mainly for emission gases treatment reasons the 
moderate or new internal combustion engines run as much 
as possible around or near stoichiometric air–fuel ratio [5].

New vehicles are provided with air–fuel mixture composi-
tion sensor in the exhaust gas, placed in the vehicle exhaust 
system, the sensor facilitates the estimation of the mixture 
based on the concentration of oxygen  (O2) in the vehicles 
exhaust gas. The signal produced by the mixture sensor is 
characterized by a long time delay relation to the fuel injec-
tion signal. The delay can have dozens of values of sequential 
fuel injections. In the case of incorrect value of the dose of 
fuel injection, the correction will occur with a considerable 
time shift. The situation with incorrect values of oxygen  (O2) 
concentration in the exhaust gases emission has a clearly 
reactive effect on engine operation and performance, as 
it decreases combustion efficiency and catalysis of vehicle 
toxic exhaust gas components as well as leads to the wors-
ening of vehicle ecological properties [6].

One of the main parts of the more complex vehicles 
exhaust emissions reduction for combustion engines is the 
problem of air–fuel ratio (AFR) control. The quality of the 
mixture is essential for efficiency of a three-way catalytic 
converter and therefore sufficient control techniques are 
required to fulfill and satisfy emission legislation [7].

Most modern vehicle’s engines are calibrated to run under 
stratified conditions, which allow the losses to be minimized 
or even eliminated and helps to increase the fuel conversion 
efficiency. This also helps to largely and dramatically reduce 
carbon monoxide (CO) and nitrogen oxide (NOx) emissions 
as the combustion efficiency is increased [3].

2  Study objectives

The objective of this study is to analyze and predict the 
relationship between the air–fuel ratio (AFR), lambda (λ) 
and the exhaust emissions percentages and values of gas-
oline-fueled vehicles using versatile and portable emis-
sions measurement system tool. Where, in order to meet 
and satisfy the exhaust gas emissions rules and regula-
tions, it is very significant and critical for gasoline internal 
combustion engines to have an accurate control of air–fuel 
ratio (AFR).

3  The study air–fuel ratio (AFR), lambda (Λ) 
and exhaust emissions measurement tool 
(exhaust gas analyzer)

For the purposes of air–fuel ratio (AFR), lambda (λ) and 
exhaust emissions measurement of this study, the E instru-
ments model F5000-5GAS was selected (see Fig. 1). The 
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F5000-5GAS is an extremely versatile and portable emis-
sions measurement system designed to measure and 
analyze exhaust gases from vehicles, trucks, buses and 
forklifts. It has been designed as a modular system, per-
mitting the installation, in the field, of most of the various 
available options. The E INSTRUMENTS Model F5000-5GAS 
is a portable state of the art exhaust gas analyzer designed 
to measure, record, and remotely transmit combustion 
parameters used for the following tasks [8]:

(1) To accurately measure air–fuel ratio (AFR), lambda 
(λ),  O2,  CO2, CO, HC, and NO/NOx from the engine 
exhaust pipes of automobiles, forklifts, trucks, buses, 
and other vehicles running on fuels such as gasoline, 
diesel, LPG, CNG, and propane.

(2) To perform routine engine tuning and maintenance, 
and to help diagnose potential engine problems.

(3) To assist in servicing a vehicle to the manufacturers 
emissions specifications, and for pre-compliance veri-
fication testing.

(4) To assist the operator of a vehicle with the task of 
optimizing its engine efficiency, performance, and 
fuel savings.

(5) To be used as a management tool to assist the opera-
tor with keeping records and controlling costs.

4  The exhaust gas analyzer (the E 
instruments model F5000‑5GAS analyzer) 
technical specification

The E INSTRUMENTS F5000-5GAS uses sophisticated 
electronics and programming design for increased accu-
racy and flexibility. It measures five different exhaust 
gases, and calculates air–fuel ratio (AFR) and Lambda (λ). 
It stores, prints and graphs data. It communicates with a 
variety of other computers, tablets, and other Windows 
compatible devices located nearby using Bluetooth wire-
less technology and/or USB cable. It has a library of six 
fuels, and the operator can add more fuels if needed. It is 
designed to operate on its internal rechargeable battery 
pack as well as AC power [8]. The technical specification 
of The E INSTRUMENTS Model F5000-5GAS analyzer is 
summarized and explained in Table 1 and Fig. 2.

5  Combustion process in internal 
combustion (I.C.) engines

The internal combustion gasoline fueled engines are 
those engines in which the gasoline fuel combustion 
takes place inside the cylinders of the engine. The spe-
cial features of the internal combustion gasoline fueled 
engines is the heat energy resulted from the combus-
tion process and conversation this energy to mechanical 
work occur or take place inside a cylinder of gasoline 
fueled engine (see Fig. 3). These gasoline fueled engines 
are recognized for their high efficiency, low operation 
cost, compactness, lightweight, and always ready for 
starting. Exhaust emissions from internal combustion 
(IC) gasoline fueled engines is the main source of air pol-
lution and global warming. The relations between the 
combustions of fuel and air mixture and the combustion 
products called combustion stoichiometry. Combustion 
stoichiometry relations depend only on the conversa-
tion of mass of each chemical element of the fuel and 
air mixture [10].Fig. 1  The Study air–fuel (AFR), lambda (λ) and exhaust emissions 

measurement device-E Instruments model F5000-5GAS [9]

Table 1  The E instruments 
model F5000-5GAS analyzer 
technical specifications [9]

Parameter Sensor Range Resolution Accuracy

CO2 NDIR 0–20% 0.1% 0.1% ± 3% rdg.
CO NDIR 0–15% 0.01% 0.02% ± 3% rdg.
HC NDIR 0–10,000 ppm 1 ppm ± 3% rdg. (301–4000 ppm)

± 8 ppm (0–300 ppm)
± 5% rdg. (4001–10,000 ppm)

O2 Electrochemical 0–25% 0.1% ± 0.1% vol
NO/NOx Electrochemical 0–5000 ppm 1 ppm < 125 ppm = ±5 ppm

up to 5000 ppm = ±4%
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6  The air–fuel ratio (AFR)

The air–fuel ratio is a significant indicator and very 
important measure for gasoline engine performance 
controlling and tuning, and anti vehicles exhaust emis-
sions pollution reasons. The AFR called or known as 
stoichiometric mixture when the provided air is exactly 
enough to completely burn all of the gasoline fuel. 
Air–fuel ratio with lower numbers than stoichiometric 
are considered rich air–fuel mixture, which are less effi-
cient, generate more power and mixture burn cooler, 
which is gentler on the engine. Air–fuel ratio numbers 
higher than stoichiometric mixture are considered lean 
air–fuel mixtures, which are more efficient but cause 
damages to the engine and generate higher levels of 
nitrogen oxides (NOx) emission. A stoichiometric air–fuel 
mixture burns very hot and may cause damages to the 
engine parts and components if the engine is run or 
operate under high load at stoichiometric air–fuel mix-
ture. Because of the high temperature at this air–fuel 

mixture, detonation of the air–fuel mixture is possible 
shortly after maximum cylinder pressure under high 
load causing knocking. Serious and big engine damages 
can be caused by detonation of the air–fuel mixture as 
the un-controlling the burning of the air–fuel mixture 
can generate very high pressure in the cylinders of the 
engine. As a result, stoichiometric air–fuel mixtures are 
used under the light load conditions, a richer mixture is 
used to generate cooler combustion’s products and pre-
vent engine cylinders heads over heating and detona-
tion. The air–fuel ratio is the most common measure and 
indicator used for air–fuel mixtures in gasoline fueled 
internal combustion engines and it is calculated with 
Eq. 1 [4].

where  mair = mass of air,  mfuel = mass of fuel

7  Air–fuel equivalence ratio or lambda (λ)

Air–fuel equivalence ratio or lambda (λ) is the actual ratio 
of actual air–fuel ratio (AFR) to stoichiometric air–fuel ratio 
(AFR). For a given mixture, λ = 1.0 is at stoichiometric air–fuel 
ratio (AFR), rich air–fuel mixtures has λ < 1.0, and lean mix-
tures has λ > 1.0. There is a direct relationship between 
lambda (λ) and air–fuel ratio (AFR). To calculate the air–fuel 
ratio (AFR) from a given lambda (λ) value, multiply the meas-
ured lambda (λ) by the stoichiometric air–fuel ratio (AFR) for 
that fuel. Alternatively, to recover lambda (λ) value from an 
air–fuel ratio (AFR), divide air fuel ratio (AFR) by the stoichio-
metric air–fuel ratio (AFR) for that fuel. The Eq. 2 is often used 
as the definition of lambda (λ) [12]:

where AFR = actual AFR,  AFRstoich = stoichiometric AFR
Because of common fuels composition varies season-

ally and many modern cars can handle different fuels when 
operating, it is making more sense to talk about lambda (λ) 
values rather than air–fuel ratio (AFR). Most practical meas-
urement air–fuel ratio (AFR) devices in fact measure the 
amount of residual oxygen  (O2) for lean mixes or un-com-
busted hydrocarbons (HC) for rich mixtures in the vehicles 
exhaust emissions [4].

(1)AFR =
mair

mfuel

(2)� =
AFR

AFRstoich

Fig. 2  The location of the sensors on their housing in the E INSTRU-
MENTS Model F5000-5GAS analyzer [9]

Fig. 3  Internal combustion (IC) four-stroke cycle in a typical gaso-
line engine [11]
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8  The impact of air–fuel ratio on gasoline 
engine exhaust gases emission

Internal combustion (IC) gasoline fueled engines exhaust 
gases emission depend heavily and mainly on the air–fuel 
ratio. For a gasoline fueled engine, carbon monoxide (CO), 
hydrocarbons (HC), and nitrogen oxides (NOx) exhaust 
gases emission are significantly influenced by air–fuel 
ratio. CO and HC are majorly generated or produced with 
rich air–fuel mixture, while NOx with lean air–fuel mix-
tures which mean that there is no fixed air–fuel mixture 
for which it can obtain the minimum for all exhaust gases 
emission [5].

9  Gasoline fueled internal combustion 
engine’s pollution emissions and their 
harmful effects and scale of impacts

Vehicles exhaust gases emission participate significantly 
to air pollution (two-third) in the urban areas [10]. Vehi-
cles produce various and multiple exhaust and other gases 
emission which are harmful to the environment and to the 
air quality, as summarized in Table 2. Some gases and other 
emissions are localized in effect, while others are regional 
or global, and therefore location is less important in term 
of harmful effect. Technologies of emissions control have 
reduced emissions rates and values of some but not all 
pollutants such particulates [13].

10  Results and discussion

For the purposes of this study, the data were collected 
and air–fuel ratio (AFR), lambda (λ) and exhaust emis-
sions measurements conducted using the E INSTRU-
MENTS Model F5000-5GAS analyzer for 125 vehicles at 
a checkpoint located at a major highway in the south of 
Sulaimaniya Governorate in Kurdistan Region-North of 
Iraq (see Figs. 4, 5). The collected data for each vehicle 
included manufacturing company, engine size, manufac-
turing year, air–fuel ratio (AFR), lambda (λ) and exhaust 
emissions percentages and values.

The air–fuel ratio (AFR), lambda (λ) and exhaust emis-
sions measurements included 6 gasoline-fueled engines 

Table 2  The table summarizes various types of motor vehicle pollution emissions and their harmful effects and scale of impacts [14, 15]

Emission type Description Sources Harmful effects Scale of impacts

Carbon dioxide  (CO2) Combustion product Tailpipes and fuel produc-
tion

Climate change Global

Carbon monoxide (CO) A toxic gas caused by 
incomplete combustion

Tailpipes Human health, climate 
change

Very local

Fine particulates (PM10; 
PM2.5)

Inhalable particles Tailpipes, road dust, brake 
lining, etc

Human health, aesthetics Local and Regional

Lead (Pb) Element used in older fuel 
additives

Fuel additives and batteries Human health, ecological 
damages

Local

Nitrogen oxides (NOX) and 
nitrous oxide  (N2O)

Various compounds, some 
are toxic, all contribute to 
ozone

Tailpipes Human health, ozone pre-
cursor, ecological damage

Local and Regional

VOC (volatile organic hydro-
carbons)

Various hydrocarbon (HC) 
gasses

Tail pipes and fuel produc-
tion, storage.

Human health, ozone 
precursor

Local and Regional

Toxics (e.g. benzene) Carcinogenic VOCs and 
toxic

Tail pipe and fuel produc-
tion

Human health risks Very local

Fig. 4  Iraq map with study location-Kalar City (Google Maps)
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sizes vehicles (1.6, 1.8, 2.0, 2.4, 2.5 and 2.7 L gasoline engine 
sizes) with different manufacturing years. The measured 
exhaust emission gases for each vehicle included oxygen 
 (O2), carbon dioxide  (CO2), carbon monoxide (CO), nitro-
gen oxide (NO), and hydrocarbons (CxHy). For the pur-
poses of this study the most frequent vehicles with two 
engine sizes 1.6 and 2.5 L were selected to be studied.

To separately analyze and predict the relation between 
air–fuel ratio (AFR), lambda (λ) and the exhaust emissions 
percentages and values of gasoline-fueled vehicles for 
each of the selected two engine sizes (1.6 and 2.5 L gaso-
line engine sizes), the collected data, air–fuel ratio (AFR), 
lambda (λ) and emissions measurements were classified, 
studied and discussed as in the following:

10.1  Analyze and predict the relationship 
between the air–fuel ratio (AFR), lambda 
(λ) and the exhaust emissions percentages 
and values for 1.6 L gasoline engine size

To study the relation between air–fuel ratio (AFR), lambda 
(λ) and the exhaust emissions percentages and values 
for 1.6 L gasoline engine size, the collected data for each 
vehicle including manufacturing company, manufacturing 
year, air–fuel ratio (AFR), lambda (λ) and exhaust emissions 
percentages and values were summarized and illustrated 
in Table 3.

10.2  The relation between the air–fuel ratio (AFR) 
and air–fuel equivalence ratio or lambda (λ)

For the vehicle with 1.6 L engine size, the measured λ val-
ues ranged from 1 to 5.14 (see Table 3), wherein theoreti-
cal, λ = 1.0 is at stoichiometric AFR, and lean mixtures have 
λ > 1.0. The measured values of AFR ranged from 14.71:1 to 
75.60:1 (see Table 3), where the theoretical AFR for a gaso-
line engine, for a complete combustion, the stoichiometric 
AFR is around 14.7:1 and AFR > 14.7:1 is lean. The λ and AFR 
measurements indicate that the entire vehicles operated 
with air–fuel mixtures ranged between stoichiometric and 
lean mixtures.

Lambda is the ratio of actual AFR to stoichiometric AFR, 
according to that the measurements show that the stoichi-
ometric AFR is 14.71:1, where all the measured AFR values 
corresponding to measured λ = 1 were 14.71:1(see Table 3). 
For the measured AFR and λ values a polynomial relation 
determined with high R-squared  (R2) = 93.52%, which 
mean a relatively high accuracy (see Eq. 3 and Fig. 6).

where AFR = air–fuel ration, λ = air–fuel equivalence ratio 
or lambda

10.3  The relation between air–fuel equivalence 
ratio or lambda (λ) and exhaust emissions 
percentages and values

The relation between measured lambda (λ) and exhaust 
emission gases, which included oxygen  (O2), carbon diox-
ide  (CO2), carbon monoxide (CO), nitrogen oxide (NO), and 
hydrocarbons (CxHy) were studied and discussed as in the 
following:

1. The relation between measured lambda (λ) and 
exhaust emitted oxygen  (O2) percentages: the meas-
urement results show that as the lambda (λ) values 
increase, the oxygen  (O2) emission is increasing (see 
Table 3 and Fig. 7). In the ideal or complete combus-
tion, all of the oxygen  (O2) will be consumed with the 
fuel and produce only carbon dioxide  (CO2) and water. 
For the measured λ values and  O2 percentages, a linear 
relation determined with high R-squared  (R2) = 95.67%, 
which mean a relatively high accuracy (see Eq. 4 and 
Fig. 7).
  

where Oxygen  (O2) % = exhaust oxygen  (O2) emission 
percentage, λ = air–fuel equivalence ratio or lambda

2. The relation between measured lambda (λ) and 
exhaust emitted carbon dioxide  (CO2) percentages: 

(3)AFR = 0.1184 �
2
− 2.0128 � + 21.493

(4)Oxygen
(

O2

)

% = 0.631 �− 2.7889

Fig. 5  Data collection and air–fuel ratio (AFR), lambda (λ) and 
exhaust emissions measurements
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Table 3  The manufacturing 
company, manufacturing year, 
air–fuel ratio (AFR), lambda 
(λ) and exhaust emissions 
percentages and values for the 
vehicles with 1.6 L engine size

Manu-
facturing 
company

Manu-
facturing 
year

O2 (%) CO (%) CO2 (%) CxHy (ppm) NO (ppm) Air–fuel 
ratio 
(AFR)

Lambda (λ)

Nissan 2016 0.1 0.00 15.7 18 0 14.71 1.00
Nissan 2015 0.2 0.07 15.3 101 0 14.71 1.00
Nissan 2009 0.6 0.44 15.0 90 252 14.71 1.00
Nissan 2009 0.5 0.26 15.3 30 16 14.85 1.01
Nissan 2009 0.6 0.05 14.9 90 35 14.85 1.01
Nissan 2010 0.9 0.02 15.3 80 9 15.15 1.03
Nissan 2009 0.8 0.00 14.5 120 60 15.15 1.03
Skoda 2011 1.8 0.56 14.0 605 46 15.15 1.03
Nissan 2016 2.3 0.02 13.9 10 3 16.32 1.11
Nissan 2008 2.7 0.01 13.8 109 111 16.32 1.11
Kia 2009 3.5 0.48 12.7 245 150 16.91 1.15
Chevrolet 2011 4.8 0.58 11.3 168 92 18.24 1.24
Nissan 2007 4.4 0.04 11.8 92 23 18.68 1.27
GAC 2011 5.0 0.01 11.2 47 4 19.27 1.31
Toyota 2013 5.4 0.01 11.4 97 0 19.56 1.33
Nissan 2007 5.8 0.00 11.1 65 69 19.85 1.35
Nissan 2013 7.3 0.07 10.5 510 2 20.59 1.40
Kia 2013 6.6 0.00 11.5 0 26 21.47 1.46
Chevrolet 2011 9.2 0.09 8.5 83 7 25.30 1.72
Chevrolet 2014 9.4 0.14 8.5 52 14 25.44 1.73
Kia 2013 9.4 0.01 8.5 12 6 25.88 1.76
Skoda 2011 9.5 0.00 8.0 132 31 26.77 1.82
Kia 2011 12.8 0.00 6.1 31 4 35.74 2.43
Kia 2009 13.1 0.00 6.0 31 5 36.92 2.51
Kia 2010 13.9 0.01 5.4 6 0 40.45 2.75
Kia 2014 14.4 0.09 4.4 7 67 47.51 3.23
Kia 2008 15.7 0.04 3.9 34 25 54.72 3.72
Hyundai 2012 16.2 0.05 3.6 15 20 59.42 4.04
Hyundai 2016 17.0 0.00 2.8 36 4 75.60 5.14

Fig. 6  The relation between air–fuel equivalence ratio or lambda 
(λ) and air–fuel ratio (AFR) for the vehicles with engine size 1.6 L

Fig. 7  The relation between air–fuel equivalence ratio or lambda 
(λ) values and oxygen  (O2) exhaust emission percentages-1.6  L 
engine size
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the measurement results show that as the lambda (λ) 
values increase, the carbon dioxide  (CO2) emission is 
decreasing (see Table 3 and Fig. 8). In the complete 
combustion of fuel produce only carbon dioxide  (CO2) 
and water. For the measured λ values and  CO2 percent-
ages, a linear relation determined with high R-squared 
 (R2) = 95.33%, which mean a relatively high accuracy 
(see Eq. 5 and Fig. 8)
  

where Carbon dioxide  (CO2) % = exhaust carbon diox-
ide  (CO2) emission percentage, λ = air–fuel equivalence 
ratio or lambda

3. The relation between measured lambda (λ) and 
exhaust emitted carbon monoxide (CO) percentages: 
the measurement results show that as the lambda (λ) 
values increase, the carbon monoxide (CO) emission 
is decreasing (see Table 3 and Fig. 9). Where availabil-
ity of oxygen  (O2) helps in better fuel combustion and 
reduces the emission of carbon monoxide (CO) which 
produces from incomplete combustion of fuel. In the 
complete combustion of fuel produce only carbon 
dioxide  (CO2) and water.

4. The relation between measured lambda (λ) and 
exhaust emitted hydrocarbons (CxHy) values: the 
measurement results show that as the lambda (λ) 
values increase, the hydrocarbons (CxHy) emission is 
decreasing (see Table 3 and Fig. 10). Where availabil-
ity of oxygen  (O2) helps in better fuel combustion and 
reduces the emission of hydrocarbons (CxHy) which 
produce from incomplete combustion of fuel. In the 
complete combustion of fuel produce only carbon 
dioxide  (CO2) and water.

5. The relation between measured lambda (λ) and 
exhaust emitted nitrogen oxide (NO): the measure-
ment results show that the increase of lambda (λ) 

(5)Carbon dioxide
(

CO2

)

% = − 0.4687 � + 17.545

values not having the complete influence on nitro-
gen oxide (NO) emission values as nitrogen is primar-
ily from two sources, the air that mixes with gasoline 
inside the engine or/and from the fuel itself (nitrogen 
enriched gasoline) (see Table 3 and Fig. 10).

10.4  Analyze and predict the relationship 
between the air–fuel ratio (AFR), lambda 
(λ) and the exhaust emissions percentages 
and values for 2.5 L gasoline engine size

To study the relation between air–fuel ratio (AFR), lambda 
(λ) and the exhaust emissions percentages and values 
for 2.5 L gasoline engine size, the collected data for each 
vehicle including manufacturing company, manufacturing 
year, air–fuel ratio (AFR), lambda (λ) and exhaust emissions 

Fig. 8  The relation between air–fuel equivalence ratio or lambda 
(λ) values and carbon dioxide  (CO2) exhaust emission percent-
ages-1.6 L engine size

Fig. 9  The relation between air–fuel equivalence ratio or lambda 
(λ) values and carbon monoxide (CO) exhaust emission percent-
ages-1.6 L engine size

Fig. 10  The relation between air–fuel equivalence ratio or lambda 
(λ) values and hydrocarbons (CxHy) and nitrogen oxide (NO) 
exhaust emission values-1.6 L engine size
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percentages and values were summarized and illustrated 
in Table 4.

10.5  The relation between the air–fuel ratio (AFR) 
and air–fuel equivalence ratio or lambda (λ)

For the vehicle with 2.5 L engine size, the measured λ val-
ues ranged from 0.99 to 2.51 (see Table 4), wherein theo-
retical, λ = 1.0 is at stoichiometric AFR, and lean mixtures 
have λ > 1.0. The measured values of AFR ranged from 
14.56:1 to 36.92:1 (see Table 4), where the theoretical AFR 
for a gasoline engine, for a complete combustion, the stoi-
chiometric AFR is around 14.7:1 and AFR > 14.7:1 is lean. 
The λ and AFR measurements indicate that the entire 
vehicles operated with air–fuel mixtures ranged between 
almost or near stoichiometric and lean mixtures.

Lambda is the ratio of actual AFR to stoichiometric AFR, 
according to that the measurements show that the stoi-
chiometric AFR is 14.71:1, where the measured AFR value 
corresponding to measured λ = 1 was 14.71:1 (see Table 4). 

For the measured AFR and λ values a polynomial relation 
determined with high R-squared  (R2) = 95.74%, which 
mean high accuracy (see Eq. 6 and Fig. 11).

Table 4  The manufacturing 
company, manufacturing year, 
air–fuel ratio (AFR), lambda 
(λ) and exhaust emissions 
percentages and values for the 
vehicles with 2.5 L engine size

Manu-
facturing 
company

Manu-
facturing 
year

O (%) CO (%) CO2 (%) CxHy (ppm) NO (ppm) Air-to-fuel ratio Lambda

Nissan 2011 0.1 0.19 15.6 105 4 14.56 0.99
Nissan 2009 0.3 0.59 15.1 162 35 14.56 0.99
Nissan 2010 0.2 0.10 15.7 55 12 14.71 1.00
Nissan 2009 1.8 0.40 14.2 152 96 15.44 1.05
Nissan 2013 1.5 0.00 14.6 28 0 15.59 1.06
Nissan 2012 1.5 0.00 14.2 72 69 15.73 1.07
Nissan 2010 2.0 0.40 14.2 72 91 15.73 1.07
Nissan 2009 1.8 0.01 14.4 52 8 15.88 1.08
Nissan 2012 2.2 0.00 13.9 29 52 16.18 1.10
Toyota 2016 2.5 0.02 13.4 28 3 16.47 1.12
Nissan 2008 2.9 0.15 13.2 59 0 16.62 1.13
Nissan 2011 3.8 0.73 12.6 191 74 16.91 1.15
Nissan 2011 3.3 0.10 13.2 52 69 17.06 1.16
Nissan 2008 4.2 0.01 12.3 111 85 17.94 1.22
Nissan 2010 4.4 0.02 12.4 78 90 18.09 1.23
Nissan 2012 6.5 0.00 10.5 96 0 21.03 1.43
Nissan 2013 6.8 0.00 10.8 7 0 21.32 1.45
Nissan 2012 6.9 0.00 10.5 2 0 21.32 1.45
Nissan 2012 7.4 0.08 10.1 90 0 21.91 1.49
Nissan 2008 8.1 0.01 9.7 62 17 22.94 1.56
Nissan 2016 8.0 0.00 9.6 46 0 23.09 1.57
Toyota 2009 11.8 1.68 5.8 1768 24 24.56 1.67
Nissan 2010 9.4 0.10 8.3 286 83 25.30 1.72
Nissan 2016 11.1 0.00 7.6 0 0 29.86 2.03
Nissan 2013 12.3 0.00 6.3 76 0 34.12 2.32
Nissan 2009 13.0 0.00 5.9 101 2 36.48 2.48
Nissan 2008 13.1 0.00 5.9 107 0 36.92 2.51

Fig. 11  The relation between air–fuel equivalence ratio or lambda 
(λ) and air–fuel ratio (AFR) for the vehicles with engine size 2.5 L
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where AFR = air–fuel ration, λ = air–fuel equivalence ratio 
or lambda

10.6  The relation between air–fuel equivalence 
ratio or lambda (λ) and exhaust emissions 
percentages and values

The relation between measured lambda (λ) and exhaust 
emission gases, which included oxygen  (O2), carbon diox-
ide  (CO2), carbon monoxide (CO), nitrogen oxide (NO), and 
hydrocarbons (CxHy) were studied and discussed as in the 
following:

(1) The relation between measured lambda (λ) and 
exhaust emitted oxygen  (O2) percentages: the meas-
urement results show that as the lambda (λ) values 
increase, the oxygen  (O2) emission is increasing (see 
Table 4 and Fig. 12). In the ideal or complete com-
bustion, all of the oxygen  (O2) will be consumed with 
the fuel and produce only carbon dioxide  (CO2) and 
water. For the measured λ values and  O2 percentages, 
a linear relation determined with high R-squared 
 (R2) = 94.05%, which mean a relatively high accuracy 
(see Eq. 7 and Fig. 12).
  

where Oxygen  (O2) % = exhaust oxygen  (O2) emission 
percentage, λ = air–fuel equivalence ratio or lambda

(2) The relation between measured lambda (λ) and 
exhaust emitted carbon dioxide  (CO2) percentages: 
the measurement results show that as the lambda (λ) 
values increase, the carbon dioxide  (CO2) emission is 
decreasing (see Table 4 and Fig. 13). In the complete 
combustion of fuel produce only carbon dioxide 

(6)AFR = 0.0476 �
2
− 0.5799 � + 16.646

(7)Oxygen
(

O2

)

% = 0.5144 �− 1.761

 (CO2) and water. For the measured λ values and  CO2 
percentages a linear relation determined with high 
R-squared  (R2) = 92.62%, which mean a relatively high 
accuracy (see Eq. 8 and Fig. 13).
  

where Carbon dioxide  (CO2) % = exhaust carbon diox-
ide  (CO2) emission percentage, λ = air–fuel equiva-
lence ratio or lambda

(3) The relation between measured lambda (λ) and 
exhaust emitted carbon monoxide (CO) percentages: 
in general, the measurement results show that as the 
lambda (λ) values increase, the carbon monoxide (CO) 
emission is decreasing (see Table 4 and Fig. 14). Where 
availability of oxygen  (O2) helps in better fuel com-

(8)

Carbon dioxide
(

CO2

)

% = − 0.3864 � + 16.892

Fig. 12  The relation between air–fuel equivalence ratio or lambda 
(λ) values and oxygen  (O2) exhaust emission percentages-2.5  L 
engine size

Fig. 13  The relation between air–fuel equivalence ratio or lambda 
(λ) values and carbon dioxide  (CO2) exhaust emission percent-
ages-2.5 L engine size

Fig. 14  The relation between air–fuel equivalence ratio or lambda 
(λ) values and carbon monoxide (CO) exhaust emission percent-
ages-2.5 L engine size
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bustion and reduces the emission of carbon monox-
ide (CO) which produce from incomplete combustion 
of fuel. In the complete combustion of fuel produce 
only carbon dioxide  (CO2) and water.

(4) The relation between measured lambda (λ) and 
exhaust emitted hydrocarbons (CxHy) values: in 
general, the measurement results show that as the 
lambda (λ) values increase, the hydrocarbons (CxHy) 
emission is tend to decrease except some abnormal 
values (see Table 4 and Fig. 15). Where availability 
of oxygen  (O2) helps in better fuel combustion and 
reduces the emission of hydrocarbons (CxHy) which 
is produce from incomplete combustion of fuel. In the 
complete combustion of fuel produce only carbon 
dioxide  (CO2) and water.

(5) The relation between measured lambda (λ) and 
exhaust emitted nitrogen oxide (NO): the measure-
ment results show that the increase of lambda (λ) val-
ues not having the complete influence on nitrogen 
oxide (NO) emission values as nitrogen is primarily 
from two sources, the air that mixes with gasoline 
inside the engine or/and from the fuel itself (nitrogen 
enriched gasoline) (see Table 4 and Fig. 15).

11  Conclusion

Based on the results of this study, the following points can 
be concluded:

1. The vehicle’s exhaust gasses emission analyzers are 
effective versatile and portable emissions measure-
ment tools, measure and analyze exhaust gases from 

vehicles and provide a very good range of data and 
results.

2. Most or almost all the vehicles included in this study 
were operating with AFR range between stoichiomet-
ric (λ = 1.0) to lean (λ > 1.0) mixtures.

3. For the vehicles with both engine sizes 1.6 and 2.5 L:
A. A direct relationship between air–fuel ratio (AFR) and 

lambda (λ) in the form of polynomial equations with 
high accuracy determined based on field data and 
measurements, which can help in understanding the 
relation between air–fuel ratio (AFR) and lambda (λ) 
and determine the value of any one of them if the 
other value is known.

B. A direct relationship between lambda (λ) and exhaust 
oxygen  (O2) emission determined whereas the lambda 
(λ) values increase, the oxygen  (O2) emission is increas-
ing. A relationship between lambda (λ) and oxygen 
 (O2) emission in the form of linear equations with high 
accuracy determined based on field data and meas-
urements, which can help in understanding the rela-
tion between lambda (λ) and oxygen  (O2) emission 
and determine the value of any one of them if the 
other value is known.

C. A direct relationship between lambda (λ) and exhaust 
carbon dioxide  (CO2) emission determined whereas 
the lambda (λ) values increase, the dioxide  (CO2) emis-
sion is decreasing. A relationship between lambda (λ) 
and dioxide  (CO2) emission in the form of linear equa-
tions with high accuracy determined based on field 
data and measurements, which can help in under-
standing the relation between lambda (λ) and dioxide 
 (CO2) emission and determine the value of any one of 
them if the other value is known.

D. As the lambda (λ) values increase, the carbon mon-
oxide (CO) emission is decreasing, where availability 
of oxygen  (O2) helps in better fuel combustion and 
reduces the emission of carbon monoxide (CO) which 
produce from incomplete combustion of fuel. In the 
complete combustion of fuel produce only carbon 
dioxide  (CO2) and water.

E. As the lambda (λ) values increase, the hydrocarbons 
(CxHy) emission is decreasing, where availability 
of oxygen  (O2) helps in better fuel combustion and 
reduces the emission of hydrocarbons (CxHy) which 
produce from incomplete combustion of fuel. In the 
complete combustion of fuel produce only carbon 
dioxide  (CO2) and water.

F. The increase of lambda (λ) values is not having the 
complete influence on nitrogen oxide (NO) emission 
values as nitrogen is primarily from two sources, the 
air that mixes with gasoline inside the engine or/and 
from the fuel itself (nitrogen enriched gasoline).

Fig. 15  The relation between air–fuel equivalence ratio or lambda 
(λ) values and hydrocarbons (CxHy) and nitrogen oxide (NO) 
exhaust emission values-2.5 L engine size
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The results of this study provides better understating 
to the relation between air–fuel ratio (AFR), lambda (λ) 
and the gasoline-fueled vehicles exhaust emissions per-
centages and values, because it is connecting the actual 
field measurements and results with theoretical relation 
between air–fuel ratio (AFR), lambda (λ) and the gasoline-
fueled vehicles exhaust emissions percentages and val-
ues. Also as part of this study results a significant relations 
determined between the studied variables in the form of 
polynomial and linear equations with high accuracy, which 
helps in understanding the relation between the studied 
variables and determining the values of some of the vari-
ables if the others were known.
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