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The research object is the processes of 
changes in fuel consumption and harmful 
emissions of engines and vehicles during 
their operation.

The investigated problem consists in 
the lack of an approach to the construction 
of an adapted model for analytical studies 
of the thermal readiness processes of vehi-
cles with petrol-powered engines.

An approach to ensuring vehicle ther-
mal preparation based on fuel consump-
tion and exhaust gas emissions is pro-
posed. The essence of the improved 
algorithm and model lies in accounting 
for the specifics of warm-up processes 
based on the developed thermal prepara-
tion cycle for vehicle engines.

A feature of the improved approach 
is the incorporation of experimental re-
search results and features of thermal 
preparation processes.

The field of practical application of the 
improved approach is the thermal readi-
ness processes of vehicles with engines 
adapted to work on gasoline and LPG, 
focusing on fuel consumption and exhaust 
gas emissions.

Improvements have been made to the 
enlarged algorithm of the mathematical 
model for ensuring vehicle thermal prepa-
ration processes. This includes consid-
ering fuel supply and thermal readiness 
features, as well determining fuel con-
sumption and emissions.

The peculiarity of the proposed model 
is that it allows systematic simulation of 
thermal preparation processes, taking 
into account factors and processes that 
cannot be investigated experimentally. 
This is validated by the model’s adequa-
cy test, showing that data deviation is 
within the statistical error range from 
4.4 to 5.2 %. 

The application of the developed ap- 
proach ensures comprehensive consi-
deration of the specifics of thermal 
preparation processes and supports de-
cision-making for evaluating results 
according to the relevant criteria
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1. Introduction

The efficiency of motor fuel usage and the reduction of 
exhaust gas emissions from vehicle engines [1, 2] during start-
up are influenced by numerous factors. These include climatic 

conditions [3], the type of fuel supply system [4], the avail-
ability and quality of pre-start preparation [5], the duration 
of pre-start preparation [6], and the presence of additional 
starting equipment [7, 8]. Moreover, operating conditions, 
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such as engine and vehicle design [9, 10] and the timeframe 
for ensuring start-up readiness, play a crucial role [11].

The most common are single-fuel engines [12], operat-
ing exclusively on petrol or diesel [13, 14]. However, due to 
differences in production costs, vehicles are often converted 
from traditional fuels to more economical alternatives [15, 16]. 
Petrol vehicles adapted to operate on both petrol and liquefied 
petroleum gas (LPG) are particularly widespread [17, 18].

The start-up process of a vehicle engine adapted for petrol 
and LPG is unique [17, 18]. Typically, the engine starts on 
petrol and switches to LPG once the coolant temperature 
reaches around 45–50 °C [19, 20]. LPG, a mixture of ap-
proximately 50 % propane and 50 % butane [21, 22], is most 
effective in its liquid state [23]. A critical technical require-
ment for the efficient operation of such engines is the ability 
to maintain an optimal temperature range despite changes in 
ambient conditions [24, 25]. In cold climates, measures such 
as periodic idling or additional thermal preparation are com-
monly employed to ensure proper thermal conditions [26]. 
An essential aspect of vehicle operation is the moment when 
the engine begins to bear a load after prolonged inactivi-
ty [26, 27]. Ideally, this occurs when the coolant tempera-
ture reaches around 50 °C [17, 18]. To maintain the engine’s 
optimal thermal state during inactivity, various thermal 
preparation methods are utilized [28]. Their effectiveness, 
however, varies depending on operating conditions and de-
signs of engines and vehicles [29, 30]. For engines operating 
on both petrol and LPG, it may be advantageous to warm 
up the engine to the required temperature in pre-start mode 
without using vehicle fuel or idling [17, 18]. This enables an 
almost immediate switch to LPG operation with minimal or 
no reliance on petrol [17, 18].

Research aimed at reducing fuel consumption and mini-
mizing the environmental impact of vehicle engines is both 
timely and critical for society, the environment, and the trans-
portation sector. These efforts provide a valuable opportunity 
to improve vehicle warm-up processes under real-world 
conditions, especially for engines equipped with dual fuel sys-
tems. Enhancing these processes will not only improve ope-
rational efficiency but also foster better interaction between 
vehicles, infrastructure, and the environment, expanding the 
scope and quality of vehicle performance assessments.

2. Literature review and problem statement

Conventional petrol vehicles use the conventional method  
of warming up the engine while idling or driving. When using 
liquefied petroleum gas (LPG) as a motor fuel, the engine 
must be warmed up to around 45–50 °C when switching 
from petrol. This feature is crucial to ensure stable engine 
ope ration under operating conditions. When selecting me-
thods to assess the fuel efficiency and environmental friendli-
ness of vehicles during thermal preparation processes, all the 
factors mentioned earlier must be considered.

Thus, the described experimental research methods can-
not always be fully and effectively applied to the study of 
such systems in difficult operating conditions. This is due to 
the peculiarities of the vehicle design, methods of data trans-
mission, both within the vehicle and in the infrastructure en-
vironment, the specifics of applying cycles and experimental 
research methods [31]. When studying vehicle engines with 
a thermal storage device as part of a thermal readiness sys-
tem, it is necessary to account for the features of the phase-

change accumulator in information sources. The specifics 
of using a thermal accumulator in a vehicle are essential. 
However, it is more common to find data on studies solely 
focused on the thermal accumulator itself based on physical 
or laboratory models, or mathematical modeling [32, 33]. 
The design of vehicles, a wide variety of ways to transfer data 
within the vehicle between key units and control systems are 
the main problems of applying unification for diagnostic and 
experimental equipment. There is difficulty in assessing the 
fuel efficiency and exhaust emissions of a stationary vehicle. 
It lies in the fact that the on-board engine control system can 
only determine fuel consumption and exhaust gas emissions 
for a single component – CO. But this is only possible while 
the vehicle is in motion. Studying the operation peculiarities 
of vehicle thermal readiness systems in ambient conditions is 
a rather complicated and expensive task. The study is further 
complicated in terms of accounting for the design solutions 
of the phase-change thermal accumulator, estimating fuel 
consumption (petrol and LPG) and harmful emissions exclu-
sively by experimental methods. 

We note the widespread use of analytical components 
for various models and complexes of adapted programs spe-
cifically for the study of production, technological [34] and 
operational processes [35] of vehicle engines during thermal 
preparation periods. Various experimental methods are com-
monly used for research, especially in monitoring operational 
processes. In addition, special mechanisms and research 
methods are used to study thermal preparation systems based 
on phase-change thermal accumulators [36, 37]. Applying 
individual provisions from the reviewed works does not allow 
for a systematic assessment of vehicle fuel consumption and 
emissions during thermal preparation processes.

It is known that the calculation methods proposed in [38] 
can be used to study engine operating processes. This metho-
dology and model enable successful calculation of the operat-
ing process of a vehicle and stationary engine. It also allows 
estimating exhaust gas emissions during engine operation in 
any mode. However, this methodology does not provide the 
possibility of operating an engine with a thermal preparation 
system and does not account for its features in terms of the 
components of the phase-change thermal accumulator, nor 
does it consider the use of different motor fuels under oper-
ating conditions.

The paper [39] also describes a method for calculating 
the operating process of an internal combustion engine. 
This method has significant drawbacks associated with the 
inability to assess the performance of a thermal preparation 
system based on a thermal accumulator during the operation 
of a regular engine. A fairly convenient method for evaluating 
the state parameters of a gas internal combustion engine is 
described in [32], but it suffers from the same shortcomings 
as those outlined for [33]. In the study described in [35], the 
above models and methods for evaluating the thermal prepa-
ration parameters of a vehicle engine in the pre-start processes 
are either significantly inconvenient or not feasible at all. 
This is because the engine with the proposed thermal prepa-
ration system is not started at all during pre-start warm-up. 
Therefore, evaluating thermal preparation parameters can 
only be done by the indicators of the thermal preparation 
system based on a thermal accumulator. In addition to the 
above, there are problems with the systematic assessment 
of the parameters of thermal preparation, fuel consump-
tion (petrol and LPG) and exhaust gas emissions of engines. 
The complexity lies in performing such evaluations under  
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real-world operating conditions, considering various methods 
of implementing thermal preparation of engines and vehicles.

The features of implementing thermal preparation in 
the presented paper are as follows: the operation of the 
additional thermal preparation system for the vehicle is 
based on using a coolant from (through) the thermal accu-
mulator for the appropriate time interval. This interval is 
necessary to heat the engine from the ambient temperature 
to 50 °C. The engine is not running at all. The pre-start 
thermal preparation is carried out using a phase-change 
thermal accumulator and the heat stored in the substance 
from previous vehicle operation. To eliminate the shortcom-
ings mentioned above, the mathematical model described 
in [35, 36] can be used as a basis. The mathematical model 
and method [35, 36] allow for evaluating thermal prepa-
ration parameters of both idling and running engines on 
different fuel types (both petrol and LPG). Furthermore, 
the mathematical model anticipates the additional use of  
a thermal accumulator. However, the model [36] does not 
fully account for experimental data on real warm-up pro-
cesses under vehicle operating conditions.

Thus, there are many unresolved problems and issues 
regarding the organization of thermal preparation modes 
and design features of the experimental vehicle and the 
application of existing mathematical models. Based on the 
conducted analysis, there is a clear need to develop (improve 
existing) analytical mechanisms for systematically determin-
ing and evaluating fuel, environmental and operational indi-
cators for engines and vehicles. This is essential for vehicles 
equipped with thermal preparation systems converted to run 
on petrol and LPG under real-world conditions.

3. The aim and objectives of the study

The aim of the study is to develop a basic approach for 
conducting an analytical study of the starting processes of  
a vehicle equipped with elements of a thermal readiness 
system based on a phase-change thermal energy storage, fo-
cusing on fuel consumption and exhaust gas emissions. This 
will enable the investigation and determination of indicators 
and parameters characterizing fuel consumption and exhaust 
gas emissions during pre- and post-start thermal preparation 
processes of a vehicle equipped with a thermal preparation 
system in different operating modes. 

To achieve the aim, the following objectives were accom-
plished:

– the use of the adapted model for ensuring vehicle ther-
mal readiness processes was substantiated;

– basic approaches were developed for forming an algo-
rithm, along with key assumptions and model representations, 
to improve the assessment of fuel efficiency and environmen-
tal performance of a vehicle under operating conditions;

– the enlarged algorithm of the mathematical model 
for analyzing fuel consumption and emissions in engines 
equipped with a thermal readiness system was refined;

– the features of the calculation program were justified, 
and studies were conducted on fuel consumption and emis-
sions in engines equipped with thermal readiness systems;

– the results of applying the developed mathematical 
model to study fuel consumption and emissions in such 
engines were presented, including an evaluation of its po-
tential implementation in various interconnected research 
components.

4. Materials and methods 

The object of this research is the processes of changes in 
fuel consumption and harmful emissions of engines and vehi-
cles during their operation.

The subject of the study is the identification of ways, 
approaches, and methods for analytical research into the 
thermal readiness processes of a vehicle with an engine 
adapted for operation on petrol and LPG, focusing on fuel 
consumption and exhaust gas emissions.

The main hypothesis of the study is that reliable results 
on vehicle thermal readiness can be obtained by utilizing ap-
propriate tools and methodologies for analytical evaluation 
of its stages, approaches, and processes, particularly in terms 
of engine fuel consumption and emissions.

The assumptions underlying the study are aimed at ex-
ploring methods, approaches, and techniques for analyzing 
the thermal readiness processes of a vehicle with a petrol-  
and LPG-adapted engine, focusing on operational fuel con-
sumption and emissions.

The research methodology incorporates experimental 
methods, data exchange, and monitoring, alongside a syste-
matic approach to developing schemes and stages for ther-
mal preparation. This includes analyzing internal com-
bustion engine processes, applying heat transfer and heat 
accumulation theories, conducting system energy analysis, 
and performing parametric identification. The results are 
validated by comparing calculated data with experimental 
outcomes, ensuring the adequacy of the mathematical model 
and the study’s conclusions.

5. Results of research, development, and analytical study 
of vehicle start-up processes by fuel consumption and 

exhaust gas emissions

5. 1. Justification for the use of the adapted model for 
ensuring vehicle thermal readiness processes 

One effective method for improving the efficiency and 
environmental friendliness of vehicle engines is the use of 
thermal preparation systems based on phase-change thermal 
energy storage [40, 41]. The relevant measures can enhance 
fuel efficiency [42, 43] and reduce harmful emissions [44, 45] 
during pre-start thermal preparation and vehicle warm-
up processes. 

However, this raises questions regarding the efficiency 
and accuracy of evaluating fuel consumption and emissions 
during this period [46, 47]. It is necessary to consider ther-
mal preparation modes and fuel consumption, both liquid 
oil and LPG [48]. Special methods for determining perfor-
mance indicators and means of obtaining them must also 
be applied [49, 50]. Additionally, it is crucial to account for 
the specifics of obtaining this data [51, 52] in modern vehi-
cles [53, 54], particularly in their systemic interaction with 
infrastructure [52] and the environment. In this context, it 
is advisable to examine information exchange not only with 
transport infrastructure [55, 56] but also with road infra-
structure [49, 51] and the environment. 

During the experimental study, various data within 
the vehicle’s information system were used [17, 18]. These 
included parameters obtained through remote monitoring 
of the vehicle and engine state parameters, as well as direct 
measurement and remote transmission of thermal state pa-
rameters using additional built-in sensors [17, 18]. 
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The remote vehicle monitoring information system was 
developed and implemented to study the thermal readiness 
processes of an engine with a thermal storage device [17, 18] 
in the environment. The scheme of data exchange between 
the components of the engine remote monitoring information 
system is given in [17].

Fig. 1 shows a functional diagram of the interaction 
between the standard vehicle engine control system and ele-
ments of the remote monitoring system for thermal readiness 
processes [37, 40, 46, 49].

The study required remote monitoring of the engine 
parameters and remote transmission of the thermal readiness 
system parameters using additional sensors. For this purpose, 
an OBD-II adapter (scanner) and a monitoring module de-
veloped by the authors based on a GSM tracker were utilized. 
Data exchange within the monitoring information system 
was conducted through GPS, GPRS, a-GPS, SBAS, Galileo, 
the Internet, or a local network, facilitating the transmission 
of both digital and analog data [17, 18].

According to Fig. 1, the model M∑M of the database for 
the vehicle monitoring system (with an engine equipped 
with a thermal readiness system) was developed, consisting 
of 2 subsystems. These subsystems provide signals from the 
main information blocks of both the vehicle and the engine, 
as well as the thermal readiness system.

The first subsystem МM1 includes units for collecting and 
transmitting data via the CAN bus from the vehicle about 
its condition, from the engine about its condition and from 
the vehicle about its operating conditions. The second sub-
system MM2 includes units for collecting and transmitting 
data via a GSM tracker from the engine thermal readiness 
system about the vehicle status, the system status monitoring 
tools about the vehicle operating conditions and monitoring 
devices. Both subsystems form a unified information field 
that characterizes the processes of remote monitoring of the 
vehicle with a thermal readiness system [17, 18]. The pecu-
liarity of this integration lies in the ability of the subsystems, 
based on their specific tasks, to operate independently within 
the information field while still forming a single informa-
tion field [46, 49].

The domain model for monitoring and collecting data in 
the system is represented separately for each subsystem as 
corresponding sets. Set 1 – base vehicle, base vehicle engine, 
and their operating conditions. Set 2 – experimental thermal 
readiness system, base vehicle, monitoring components, and 
their operating conditions. Thus:
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where, within subsystems, respectively: OМ1 and OМ2 – auto-
mation objects in the system represented as independent 
components; VМ1 and VМ2 – information elements (input and 
output data) of the system components; FМ1 and FМ2 – auto-
mation functions performed by the system and for fore-
casting the parameters of the system components; HМ1 and 
HМ2 – system data processing and forecasting of system com-
ponents’ parameters; PМ1 and PМ2 – value sets characterizing 
the personnel ensuring system operation and forecasting of 
system components’ parameters; RМ1 and RМ2 – sets of rela-

tions (interrelations) among the domain components (sys-
tem components) [17, 18].

The peculiarity of the experimental vehicle was its en-
gine being equipped with an external heat exchange system 
incorporating a phase-change thermal accumulator (PTA) as 
a heat storage device under operating conditions. Using this 
system based on designed thermal cycles has achieved many 
results. Namely, reduced the time of engine thermal readiness 
to the start-up temperature, lowered fuel consumption (li-
quid and LPG), and decreased exhaust gas (EG) emissions. 

To study the thermal readiness processes of a vehicle 
engine capable of running on petrol and LPG, a thermal 
preparation cycle was used [17, 18]. It is designed to imple-
ment thermal readiness in the modes of engine pre-start and 
post-start warm-up [46, 49]. In addition, 4 main thermal 
readiness modes of an engine and vehicle were used in the 
study [17, 18]:

1. Thermal readiness of a stationary vehicle with an en-
gine running at minimum idle.

2. Thermal readiness of a stationary vehicle with the en-
gine running at minimum idle, with electrical consumers and 
interior heating exchanger engaged.

3. Thermal readiness of a stationary vehicle with the en-
gine running at minimum idle and in motion.

4. Thermal readiness of a vehicle in motion. 
These modes provide comprehensive pre-start thermal 

preparation, raising the temperature from ambient levels to 
the point required for starting the engine [17, 18]. Additional-
ly, after engine start-up, the process continues until the engine 
reaches a coolant temperature of +50 °C [17, 18]. Following 
this, further thermal preparation is achieved through the 
combined use of heat from the running engine and the thermal 
energy stored in the phase-change thermal accumulator, until 
the temperature reaches +85 ± 5 °C. The full cycle of engine 
thermal preparation is described in detail in [17, 18].

To justify the necessity of applying analytical methods 
for studying the thermal preparation processes of a vehicle 
engine [18], in addition to experimental, the lower part of 
Fig. 2 shows the possibilities of obtaining data through ex-
perimental means. These methods provide data about the 
components of the described study.

For the mode labeled "1 – Thermal readiness of a sta-
tionary vehicle with the engine running at minimum idle 
speed", thermal preparation parameters and indicators can be 
determined experimentally. However, it is not feasible to ex-
perimentally determine the parameters and indicators of fuel 
efficiency (for both petrol and LPG) and exhaust gas emis-
sions of the engine in idle mode. This limitation highlights 
the specific challenges associated with obtaining and inter-
preting data through the CAN bus from the engine control 
unit for a stationary vehicle. This is achieved by configuring 
the standard vehicle engine control system accordingly.

Mode "2 – Thermal readiness of a stationary vehicle with 
the engine running at minimum idle speed, with electrical 
consumers and interior heating exchanger engaged". In this 
mode, thermal preparation parameters and indicators can 
be determined experimentally. However, it is not possible 
to experimentally determine the parameters and indicators 
of fuel efficiency (for both petrol and LPG) or exhaust gas 
emissions of the engine "in minimum idle mode". These lim-
itations highlight the specifics of obtaining and analyzing 
data via the CAN bus from the control unit for a stationary 
vehicle, which relies on the vehicle’s standard engine control 
system settings.
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Fig.	1.	Functional	diagram	of	the	interaction	between	the	standard	vehicle	engine	control	system	and	elements		
of	the	remote	monitoring	system	for	thermal	readiness	processes
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Mode "3 – Thermal readiness of a stationary vehicle with 
the engine running at minimum idle and in motion". For this 
mode, thermal preparation parameters and indicators can be 
determined experimentally. It is partially possible to expe-
rimentally obtain the parameters of fuel efficiency (for both 
petrol and LPG) and exhaust gas emissions of the engine.  

For a stationary vehicle "in minimum idle mode", these mea-
surements are not feasible. However, for the "in motion" part 
of the experimental mode, it is fully possible to determine 
the parameters of engine fuel efficiency and exhaust gas 
emissions. Yet, emission parameters are limited to a single 
component, CO, due to restrictions imposed by the factory 

Fig.	2.	Thermal	preparation	cycle	of	a	vehicle	with	an	engine	modified	for	operation	on	petrol	and	LPG,	equipped		
with	a	thermal	preparation	system	based	on	a	phase-change	thermal	accumulator,	under	operating	conditions		

with	the	justification	of	experimental	research	and	the	approach	to	ensuring	vehicle	thermal	preparation		
processes	by	fuel	consumption	and	exhaust	gas	emissions



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 6/4 ( 132 ) 2024

32

settings of the vehicle’s standard engine control unit. These 
constraints underscore the specifics of obtaining data via 
the CAN bus from the control unit for a stationary vehicle 
and in motion, as governed by the vehicle’s standard engine 
control system settings.

For the mode "4 – Thermal readiness of a vehicle in mo-
tion", thermal preparation parameters and indicators can be 
determined experimentally. Partial experimental determina-
tion of fuel efficiency parameters (for both petrol and LPG) 
and exhaust gas emissions of the engine is also feasible. How-
ever, for a stationary vehicle, it is not possible to determine 
fuel efficiency parameters (for both petrol and LPG) at the 
time of engine start-up. In most cases, during the "in motion" 
test mode, fuel efficiency parameters can be determined. 
Conversely, for a stationary vehicle at engine start-up, deter-
mining exhaust gas emissions is not possible. For most of the 
"in motion" experimental mode, emissions parameters can 
only be obtained for a single component – CO. This limita-
tion stems from the factory settings of the vehicle’s standard 
engine control unit, which restrict the parameters of exhaust 
gas emissions that can be measured. These constraints ex-
plain the specific challenges in obtaining data via the CAN 
bus from the control unit for a vehicle in motion, using the 
vehicle’s standard engine control system settings.

It can therefore be confidently stated that conducting re-
search solely through experimental methods under operating 
conditions to study the thermal readiness processes of a vehicle  
engine is not feasible. There is a need to develop new analytical  
programs or enhance existing ones for calculating the engine’s 
operational processes under real-world conditions. This should  
include considerations for the vehicle’s thermal preparation 
system, which is based on a phase-change thermal accumula-
tor, as well as the specifics of test cycles, operational modes, 
and the potential for future research on similar systems.

When studying the thermal readiness system of a vehicle 
engine in operation, there is a pressing need to refine and adapt 
current approaches to research, integrating both experimental 
and analytical methods. Real-world operating conditions, fuel 
use characteristics, vehicle design, and the incorporation of 
a thermal readiness system utilizing a phase-change thermal 
accumulator demand specialized research methodologies. Sim-
ilarly, the unique challenges of obtaining data through monitor-
ing and direct measurement of parameters necessitate tailored 
research approaches. The inability to uniformly access and im-
plement studies of all indicator groups (parameters) across dif-
ferent thermal preparation modes introduces additional limita-
tions. This underscores the necessity of analytical computational 
methods and algorithms for these vehicle studies. Such tools are 
essential to account for the specific operational characteristics 
during pre- and post-start warm-up, including fuel types, design 
configurations, operating conditions, and ambient tempera-
tures. This refined approach and model adaptation will enhance  
the evaluation accuracy of fuel consumption and exhaust gas 
emissions of engines under real-world operating conditions.

5. 2. Main approaches to the formation, assumptions 
and model representations of the improved algorithm and 
mathematical model

To formulate the approach, algorithms for implementing 
mathematical models of vehicle engines for similar purposes 
were analyzed. This included the development or improve-
ment of analytical mechanisms for systematically determin-
ing and evaluating fuel efficiency, environmental impact, and 
operational indicators of engines during thermal preparation. 

These engines are designed to operate on both petrol and 
LPG under real-world conditions.

To estimate fuel consumption and exhaust gas emissions, 
the algorithm and model of the "Engine-neutralizer" system 
were selected as the basis [33–36, 48]. The engine’s notable 
features included its ability to operate on petrol and LPG, as 
well as the integration of a phase-change thermal accumula-
tor (TA) directly into the cooling system to ensure thermal 
readiness processes. The evaluation model of the engine’s 
operational process during thermal preparation under various 
conditions is represented by differential and algebraic depen-
dencies. It is based on determining the engine operating modes 
when the vehicle is conditionally driven on a formal driving 
cycle. The model also incorporates experimentally measured 
engine performance indicators corresponding to these modes. 
Using this data, it calculates fuel consumption and exhaust 
gas emissions for specific sections of the vehicle’s movement 
and for the driving cycle as a whole [18, 33–36, 48].

This approach addresses key limitations inherent in ve-
hicle design and experimental studies under operating con-
ditions. It integrates three interrelated research components: 
informational, analytical, and energy, allowing for compre-
hensive implementation in terms of fuel consumption and 
exhaust gas emissions of engines. This integration is applied 
across the four primary thermal readiness modes of the en-
gine and vehicle described above.

The algorithm and mathematical model [18, 33–36, 48] 
are designed to study vehicle performance for engines oper-
ating on petrol and LPG:

– under various driving cycles, including the New Euro-
pean Driving Cycle (NEDC) and the European Urban Driv-
ing Cycle, as well as in compliance with UNECE Regula-
tions 83–05 [33–36, 48, 57];

– under various thermal preparation modes of the test 
vehicle, ranging from city-based warm-up to warm-up during 
route driving [23, 58–60].

This driving cycle is typically used to assess vehicle en-
vironmental safety, exhaust gas emissions, and fuel consump-
tion. The formal cycle includes four elementary urban seg-
ments covering 4.052 km in 780 seconds at an average speed 
of 50 km/h, followed by a mainline cycle covering 6.955 km 
in 400 seconds at a maximum speed of 120 km/h [1, 57, 58].

To evaluate the impact of operating conditions, specifically 
ambient temperature, on the efficiency of the thermal readiness 
system based on a phase-change thermal accumulator, analyti-
cal studies were conducted at ambient temperatures of –20 °C, 
0 °C, and +20 °C. These conditions differ from the standard 
driving cycle testing temperature of +20 °C. Consequently, the 
results of the computational study cannot be directly applied 
to meet environmental standards but serve to assess the effec-
tiveness of the developed thermal preparation system under 
real-world operating conditions. The algorithm and mathe-
matical model for driving cycle simulations are based on deter-
mining the required engine torque Mе and crankshaft speed ne. 
These values correspond to vehicle speed Va and acceleration ja.

During acceleration segments of the driving cycle, the 
algorithm calculates the engine torque and speed at the start 
and end of each section under quasi-stationary conditions.  
It assumes a linear dependence of engine performance changes. 
When the vehicle is decelerating in forced idling mode with 
the clutch engaged, the standard engine control system cuts 
off the fuel supply. In such cases, the algorithm assumes zero 
engine torque, fuel consumption, and emissions. For decele-
ration with the clutch disengaged, the algorithm assumes  
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that the engine shaft speed corresponds to the minimum idle 
speed of the test vehicle engine. To implement this algorithm, 
it is necessary to identify and formulate key assumptions and 
model representations.

The object of the study was a KIA Ceed 2.0 5MKP pas-
senger vehicle equipped with a G4GC engine [17, 18]. It was 
additionally fitted with 4th-generation gas cylinder equip-
ment for LPG operation, configured to switch to LPG at 
a coolant temperature of 40 °C (as per system settings). The 
standard vehicle engine cooling system includes two cooling 
circuits, a pump, a thermostat, a cooling radiator, and an 
interior heater radiator [11, 17, 18]. Detailed specifications, 
parameters, and compliance with remote monitoring capabi-
lities are provided in [17, 18].

The installed 4th-generation LPG equipment was de-
signed to enable the vehicle to operate on LPG while adher-
ing to all applicable regulations and possessing a certificate of 
conformity. This system allows the engine to function on pet-
rol under the same conditions as a standard petrol-powered 
engine. The LPG system features synchronized gas injection 
for each cylinder, utilizing electromagnetic gas injectors that 
deliver gas similarly to a petrol injection system. Fuel dosing 
and injection phase determination are controlled by the vehi-
cle’s standard onboard controller [17, 18]. The configuration 
of the thermal preparation system, including the location of  
the phase-change thermal accumulator and positions of 
additional temperature sensors within the vehicle’s engine 
cooling system, is described in [17].

To apply the improved model based on the "Engine-neu-
tralizer" system [33–36, 48], assumptions and model repre-
sentations are introduced into the research system model for 
the relevant groups: 

1. Key assumptions regarding the formation and opera-
tion of the thermal preparation system (TPS) in a vehicle en-
gine converted to run on petrol and LPG as part of the PTA 
in accordance with the program (algorithm) are as follows:

a) the pre-start thermal preparation of the engine using 
the TPS begins with discharging the PTA from the tempera-
ture at which the heat storage material (HSM) has accumu-
lated the operating temperature (the mode is determined by 
the HSM characteristics);

b) the engine starts on either petrol or LPG automatically 
upon reaching the temperature of possible load acceptance. It is 
determined by the coolant temperature, at which it is pos sible, 
in accordance with the engine manufacturer’s instructions;

c) the engine starts and operates in idle mode (hereinafter 
referred to as idle) in a steady state. The engine operation in idle 
mode occurs at ni.s. = 1,000 min–1 at the ambient temperature (set 
by the initial data in the algorithm and mathematical model);

d) after a complete stop, the engine operates in idle mode 
until the PTA is fully charged and the required TAM tem-
perature is reached (set by the TAM output parameters when 
forming the algorithm and mathematical model);

e) based on the results of monitoring the coolant thermal 
parameters in the engine cooling system, it is assumed that 
engine operation aligns with the monitoring results. This 
applies to both petrol and LPG engine operation with a TPS 
at different ambient temperatures. 

2. Assumptions and model representations for building an 
algorithm and mathematical model of the TPS functioning of 
the accepted design of the engine thermal readiness system:

a) the thermal state of a vehicle engine capable of running 
on petrol and LPG with a TPS is assessed by the time-vary-
ing temperature of its parts in contact with the coolant;

b) the operation of the TPS at varying ambient tempera-
tures will occur uniformly under the same state parameters 
and depends only on the thermal insulation properties of its 
components;

c) during the discharge of fuel assemblies, heat losses to 
the environment from pipes are negligible. This is because the 
coolant temperature at the TPS inlet equals the temperature 
at the engine outlet. At this time, the engine runs on either 
petrol or LPG. In this case, the coolant temperature at the 
TPS outlet is equal to the temperature at the engine inlet;

d) similarly to assumption (c), heat losses to the environ-
ment from the TPS during its discharge and heat losses for 
heating other units simultaneously with the engine are not 
taken into account;

e) the heat transfer coefficients (thermal conductivity) 
and specific heat capacities in the TPS are constant and will 
not depend on temperature. The heat transfer coefficients of 
the coolant in the TPS heat exchanger circuits are the same;

f) at the initial time τ = 0 during TPS discharge, the heat 
storage material is in a liquid state, with a uniform tempera-
ture throughout the TPS volume, equal to the temperature of 
the heat storage material itself;

g) the heat exchange between the heat storage material 
and the fuel assemblies housing it will be uniform over the 
entire material surface. The same is true for external insula-
tion in contact with the environment. Heat losses through 
connections and communications are negligible.

5. 3. Improved enlarged algorithm of the mathematical 
model for ensuring vehicle thermal preparation processes

An improved enlarged algorithm to study fuel consump-
tion and exhaust gas emissions of a vehicle engine converted 
to run on petrol and LPG, with a thermal preparation system, 
is shown in Fig. 3. The enhanced components of the improved 
enlarged algorithm are highlighted in gray in the background 
of the algorithm in Fig. 3. Before calculations, initial data 
are entered into blocks 1–3, 5, 6. In block 1, engine parame-
ters (Table 2) are entered, and in block 2 – parameters of the 
vehicle (Table 1) running on petroleum liquid fuel (petrol) 
and LPG, respectively. 

The main parameters of the vehicle and engine are as fol-
lows: piston stroke, s, m; connecting rod length, l, m; compres-
sion ratio, ε; cylinder diameter, d, m; number of cylinders, i;  
atmospheric pressure, p0, Pa; ambient temperature, T0, °C. 
Working fluid parameters: lower heating value of fuel, Hu, J/kg;  
stoichiometric air-fuel ratio, l0, kg/kg. Design parameters: en-
gine gas distribution phases, jе.o., jin.о., je.v., jin.v., degrees c.r.;  
number of intake and exhaust valves, iin/iex, units; intake 
and exhaust valve head diameters, din/dout, mm. Additionaly:  
main and connecting rod journal diameter, d1/d12, mm, 
piston pin diameter, d23, mm; number of compression and 
oil rings, ir. Structural: weight of the vehicle and driver, kg, 
frontal cross-sectional area of the vehicle, m2, wheel radius, 
m, aerodynamic drag coefficient. Also: 1–5th gear and final 
drive ratio, transmission efficiency. Block 3 contains the road 
and environmental parameters: atmospheric pressure, p0, Pa, 
road resistance coefficient, ψ, ambient temperature, T0, K. In 
block 4, parameters of vehicle movement on the route are en-
tered (under the provisions of Fig. 3). In block 5, parameters 
of the thermal readiness system of engines capable of running 
on petrol and LPG, equipped with a phase-change thermal 
accumulator, parameters and properties of the materials of 
their components are entered. Blocks 6–8 prepare output 
data for the "Engine-neutralizer" mathematical model.
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Block 6 defines the parameters of the driving mode and 
operation of a vehicle engine converted to run on petrol 
and LPG at the relevant time. They include: τi – time since 
engine start, s, nei – engine crankshaft speed, min–1, Mei – en-
gine effective torque, N∙m. Block 7 determines the ignition 
advance angle θi, degrees c.r. as a function of θi = f(nei, Mei). 
Block 8 determines the temperature of the engine intake pipe 
tSi = f(P0, T0, nei, Mei), K. In block 9, the initial coolant tem-
perature is determined, tВi = t0. Block 10 determines the idle 
crankshaft speed nei

idle and excess air coefficient as a function 
of tВi, n f tei

idle
Bi= ( ), αi = f(tВi).

Table	1

Specifications	of	the	KIA	CEE’D	2.0	5MT	vehicle	[17,	18]

No. Parameter Value

1 Gross weight with driver, kg 1,500

2 Engine size, cm3 1,975

3 Maximum speed, km/h 205

4 Combined fuel consumption, l\100 km 7.1

5 Engine power, hp (kW)/min–1 143 (105)/6,000

6 Aerodynamic drag coefficient 0.3

7 Dynamic wheel radius, m 0.285

8 Transmission type manual 5

9 First gear ratio 3.308

10 Second gear ratio 1.962

11 Third gear ratio 1.257

12 Fourth gear ratio 0.976

13 Fifth gear ratio 0.778

14 Final drive ratio 4.188

Table	2

Specifications	of	the	G4GC	engine	
of	the	KIA	CEE’D	2.0	5MT	vehicle	[17,	18]

No. Parameter Value 

1 Cylinder diameter, mm 82

2 Piston stroke, mm 93.5

3 Connecting rod length, mm 150,01

4 Compression ratio 10.1:1

5 Number of cylinders 4

6 Stoichiometric air-fuel ratio, kg 14.7

7 Exhaust valve head diameter, mm 26.5

8 Intake valve head diameter, mm 31.0

9 Number of intake valves, units 8

10 Number of exhaust valves, units 8

11 Lower heating value of fuel, J/kg 43.70∙106

12 Main journal diameter, mm 56.942–56.962

13 Connecting rod journal diameter, mm 44.946–44.966

14 Piston pin diameter, mm 20.001–20.006

The prepared output data are submitted to block 11, 
where calculations are performed using the "Engine-neu-
tralizer" mathematical model [33–36, 48]. For analytical 
and computational studies within the improved algorithm 
and, under the provisions of the algorithm and the "En-
gine-neutralizer" model, two specialized models are used in 
parallel. These models have been adapted to work together. 
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Fig.	3.	Overview	of	the	enlarged	improved	algorithm	for	analyzing	fuel	consumption	and	emissions	of	a	vehicle	engine	adapted	
for	petrol	and	LPG	operation,	equipped	with	a	thermal	preparation	system	incorporating	a	phase-change	thermal	accumulator
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These are the "Petrol engine-neutralizer" and "Gas engine-
neutrali zer" (LPG) mathematical models [33–36, 48]. After 
exiting the "Engine-neutralizer" model, further calculation is 
performed in 3 directions, where operations are sequentially 
carried out to determine the energy, fuel efficiency, and en-
vironmental performance of an engine converted to run on 
petrol and LPG. The algorithm and the "Engine-neutralizer" 
mathematical model are based on the functional structure 
of the system described in [33–36, 48]. The modeling of the 
ICE workflows was based on the volume balance method 
proposed in [10, 38, 39]. The mechanical friction losses of 
the engine were determined using the theory of machines 
and mechanisms. The parameters of the "Engine-neutralizer" 
system that ensure its efficiency include the coolant tempera-
ture of the engine. It is determined depending on the ambient 
temperature and the main heat flows from the walls of the 
engine cylinder and combustion chamber. In addition, flows 
of the heat exchange part of the thermal readiness system 
based on the heat storage device – phase-change thermal 
accumulator and the operation of the temperature control 
system are considered, °C. The corresponding values are cal-
culated for both petrol and LPG, respectively. Therefore, the 
coolant temperature of a vehicle engine capable of running on 
petrol and LPG is:

t T
q i q

m cCOOL
T TA

COOL COOL

HP i

1

1 1

1

0
1

0
273= −( ) +

( ) + ( )( )
⋅∫

τ τ
τ

τ
d , (2)

where τHP i1
 is the time to complete heating of the engine when 

operating on the corresponding fuel: petrol or LPG, s; qT(τ)i is  
the heat flow to the coolant from the wall of the engine (on the 
corresponding fuel type: petrol or LPG) cylinder and com-
bustion chamber, W; qTA1(τ) – heat flow to the coolant from 
the heat exchange part of the storage device – thermal accu-
mulator of the thermal readiness system, W; mCOOL1

 – coolant 
mass, kg; cCOOL1

 – coolant heat capacity, J/(kg⋅K).
When the engine operating temperature rises to 85 °C, 

the increase is slowed down by the automatic operation of the 
control system. The heat flow from the walls of the vehicle  
engine cylinders and combustion chamber to the coolant is  
determined when calculating the engine operating cycle in 
block 28 of the algorithm (Fig. 3). The heat flow passing 
through the heat exchange part of the storage device to the 
engine coolant is determined using dependency (2). The maxi-
mum temperature in the catalytic converter is determined by 
considering the ambient temperature, based on the tempera-
ture and mass flow of exhaust gases, °C, [7, 10, 18, 48]:

t T

G i C t i t i t

m C T

CAT O

ET EG EG EG CAT

CAT CAT C

= −( ) +

+
( ) ⋅ ( ) ⋅ ( ) −( )

⋅

273

τ τ

AAT
O ( )∫ dτ
τ

, (3)

where CEG(tEG)i is the heat capacity of exhaust gases for dif-
ferent fuels (petrol and LPG), J/(kg∙K); GEG(τ)i is the mass 
flow of exhaust gases, also calculated for different fuels, kg/s; 
tEG(τ)i – temperature of the engine exhaust gases also for 
different fuels, K; CCAT(tCAT) – heat capacity of the catalytic 
converter, J/(kg∙K); mCAT – mass of the catalytic converter 
unit, kg.

The mass flow of exhaust gases is determined when cal-
culating the engine performance (workflow). This takes into 
account the data from blocks 28 and 31 of the algorithm. 
The operating temperature is calculated when determining 

the engine performance and in accordance with its operating 
mode. The efficiency of the catalytic converter unit is deter-
mined taking into account the excess air coefficient and the 
catalytic converter unit temperature. To form a mathematical 
description of the effect of the catalytic converter tempera-
ture on the quality (efficiency) of exhaust gas neutralization, 
an exponential relationship was determined. It was based on 
experimental data on substance conversion in the catalytic 
converter unit depending on the temperature of the catalytic 
converter unit of a vehicle engine [17, 18]. Then the engine 
neutralization efficiency for the i-th substance [7, 10], %:

E E i E t i E ei i i CAT i

tCAT

= ( ) ⋅ ( ) = ( )⋅ −










− ⋅
−



α α 1

30
77

200 4 , (4)

where Ei(α)i is the neutralization value for the i-th harmful 
substance depending on the fuel-air mixture composition 
and type of fuel [7, 10], %; Ei(tCAT)i is the neutralization 
efficiency for the i-th harmful substance depending on the 
temperature of the catalytic converter unit and the type of 
fuel used in the engine. 

If the temperature of the catalytic converter unit is less 
than 77 °C, its efficiency is zero. The obtained analytical de-
pendencies for determining the engine and catalytic converter 
temperatures and the neutralization efficiency of harmful 
substances for different fuels are used to study the fuel ef-
ficiency and environmental performance of a vehicle. This 
includes warming up the engine capable of running on petrol 
and LPG and the catalytic converter. The warm-up occurs 
from ambient temperature to the operating temperature 
when using a thermal readiness system based on a thermal 
storage device – phase-change thermal accumulator.

Block 12 determines the average mechanical friction loss 
pressure in the engine, РТРi = f(tВi), Pa. After that, in block 13, 
we determine the average pumping loss pressure PH.B.i ;  
Pa, and also the average cycle indicator pressure Pi,i, Pa, of 
the engine. In block 14, we determine the mechanical friction 
loss torque MMi = f(PТРi, PH.B.i), N∙m, and the indicator torque 
Mii = f(Pii), N∙m, of the engine. In block 15, the effective 
torque is calculated: MeiP = Mi, i–MMi, N∙m. In block 16, the 
correspondence between the calculated MeiP and the effec-
tive torque for the engine Mei is checked. If the condition is 
met for checking MeiP ≠ Mei, further calculation will proceed 
in block 32. In this block, the throttle position is calculated, 
i.e., the throttle opening angle jtr, accounting for changes 
in the throttle opening angle ∆jtr, i.e: jtri = jtri ± ∆jtr. If the 
condition MeiP ≠ Mei is met, the calculation is performed  
in block 17. Block 18 determines the amount of heat trans-
ferred from the working fluid in the engine cylinder to the 
cooling system coolant under the duty cycle QТc, considering 
the heat values. It is transferred specifically from the work-
ing fluid in the vehicle engine cylinder to the main coolant 
of the engine cooling system for the j-th interval of the duty 
cycle dQТ j : QТic = ∑ j = 1ndQТ j, J. And also the temperature 
of the exhaust gases in the engine exhaust pipe (receiver) 
tEGi = f(nei, Mei, T0), K. When using a thermal readiness sys-
tem [7, 10, 48] based on a thermal storage device – phase-
change thermal accumulator, the amount of heat is adjusted 
in block 20. It is transferred from the fuel assembly to the 
cooling system by the amount of coolant heating from the 
elements of the thermal readiness system. This occurs in the 
modes of engine pre-start and post-start warm-up for a ve-
hicle capable of running on petrol and LPG. The accumula-
ted heat in the heat storage device – phase-change thermal  
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accumulator of the thermal readiness system [33–36, 48] is 
also taken into account (block 21).

Block 21 calculates the parameters of the discharge cycle 
of the heat storage device – phase-change thermal accumu-
lator of the thermal readiness system. The operation of the 
phase-change thermal accumulator in the discharge mode is 
the inverse function of the charging process calculation. The 
transfer process of thermal energy stored by the heat storage 
material to the transport fluid – engine coolant is the process 
of heat transfer from one medium to another via a heat ex-
changer. The calculation primarily involves determining the 
heat transfer coefficient KTA. The thermal energy received by 
the coolant from the phase-change thermal accumulator per 
unit time can be described by equation [7, 10, 33]:

q K dT FTA TA TA TA= ⋅ ⋅ , ,W  (5)

where dTTA is the average temperature head, K; FTA is the heat 
exchange area, m2.

The average temperature head is also calculated in block 21:
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where THSM1, THSM2 are the initial and final heating tempera-
tures of the heat storage material; TW1, TW2 are the initial and 
final temperatures of the cooling system coolant (in engine 
operation – depending on fuel type).

In addition, the heat transfer coefficient KТА is deter-
mined by the following relationship:

KTA

TA W

=
+ +

1
1 1

α
δ
λ α

, ,
W

m K2  (7)

where αTA is the heat transfer coefficient from the wall to the 
heat storage material, W/(m2⋅K); λ is the thermal conducti-
vity of the heat exchanger tube material, W/(m2⋅K); ∆ is the 
wall thickness, m; αW is the heat transfer coefficient from the 
coolant to the wall, W/(m2⋅K).

The heat transfer coefficient from the test wall to the heat 
storage material:

α
λ

TA
HSM

out
out

d In
dx
d

=
2

, (8)

where λHSM is the thermal conductivity of the heat storage 
material, dout is the outer diameter of the heat exchanger 
tubes, dx is the phase-change zone.

The heat transfer coefficient from the coolant (liquid) to 
the wall:

α
λ

W
W W

in

Nu
d

=
⋅

, (9)

where λW is the kinetic density of the fluid, m2/s; Nuw is the  
Nusselt number; din is the inner diameter of the heat ex-
changer tube of the thermal accumulator. 

The thermal energy released by the heat storage device – 
phase-change thermal accumulator during the discharge pro-
cess consists of the thermal energy of cooling the heat storage 
material and the thermal energy of the phase change itself. 

The discharge time of the phase-change thermal accumula-
tor depends on the flow rate of the coolant discharging the 
phase-change thermal accumulator. In block 19, the hourly 
fuel consumption Gfuel,i, kg/h, and the hourly air consump-
tion Gair,i, kg/h, of the engine converted to run on petrol and 
LPG are determined. Further, in block 28, the calculation of 
the hourly exhaust gas output, GEGi, kg/h, coolant tempera-
ture tВi+1 = f(tВi, QТic), K, and catalytic converter temperature 
tHi = f(GEGi, nei, tEGi), K, is performed, as calculated in block 25.

The environmental performance of a vehicle engine 
capable of running on petrol and LPG is calculated in 
blocks 29–31. Block 29 calculates the concentrations 
of CO (%), CmHn (ppm) and NOx (ppm) before the 
catalytic converter: ( ), , ( , , ).E E E f n MCO C H NO ei ei ii m ni xi

= α  In 
block 30, the neutralization efficiency of substances is deter-
mined: CO, CmHn, NOx, %, which is exactly the following: 
( ) ( ), , , .E E E f tCO C H NO i Hi m ni xi i

= α  In addition, in block 30 of 
the algorithm, the concentrations of CO (%), NOx (ppm),  
CmHn (ppm) are determined after the catalytic converter 
unit. These are the following dependencies: 

CO C H NO

CO C H NO CO C H NO

iH m ni xi

i m ni xi E E E
i m ni xi

, ,

, , , , /

( ) =

( )( )= 100..

Block 31 defines mass emissions: CO, CmHn, NOx, (kg/h). 
The functionality can be represented by the following de-
pendency:

G G G f G G
m ni xi i fuel i air i i

H
m ni

H
xi
H

CO C H NO CO C H NO, , , , ; , , ., ,( ) ( )= α

After calculating engine fuel consumption and exhaust 
gas emissions of in block 32, the calculation cycle number is 
changed to the next one. It is the sequence number of the cal-
culation step that is changed, і, i = i+1. In block 33, the current 
time since the engine start-up is changed: τi = τi–1+120/nei–1.  
The improvement of the algorithm of the mathematical mo-
del for engine fuel consumption and exhaust gas emissions is 
shown in Fig. 3 in blocks 1, 2, 3, 5, 6. It includes the integration 
of additional components for gas equipment and the thermal 
readiness system in the vehicle study algorithm, accommodat-
ing the dual-fuel capability (petrol and LPG). Blocks 20, 21  
check the performance of the phase-change thermal accu-
mulator. In block 22, the temperature of the engine cooling 
system is monitored within TC ≥ 50 °C. If the cooling system 
temperature exceeds 50 °C, the engine runs on LPG; other-
wise, on petrol. Liquid fuel and hourly air consumption Gfuel,i, 
Gair,i are determined in block 23. In block 24, hourly gas 
fuel (LPG) and air consumption Gfuel,i, Gair,i are determined. 
After that, in block 27, the fuel consumption coefficients for 
liquid fuel (petrol), KGTP.P., and LPG, KGTG.P., without thermal 
preparation and for liquid fuel after using the thermal prepa-
ration system as part of the TA, KGTP.P. TA, are determined 
using the appropriate formulas. To ensure the performance of 
the PTA, block 20 monitors and checks the TA temperature 
within the range set by the operating technology and design, 
the minimum accumulated heat temperature TТА ≥ 135 °C and 
the maximum temperature – TТА ≤ 150 °C. If the temperature 
of the thermal accumulator of the thermal readiness system 
does not reach 150 °C, a signal is sent to block 33. It changes 
the current time since the engine start-up: τi = τi–1+120/nei–1,  
and a command is sent to block 34. The temperature of the 
engine cooling system is monitored there within TC ≥ 85 °C. 
If the cooling system temperature reaches 85 °C, the engine  
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is switched off, indicating that the heat stor-
age device – thermal accumulator has been 
charged and its temperature is within the range 
TТА ≥ 135 °C, TТА ≤ 150 °C. However, if the tem-
perature of the engine cooling system has not 
reached TC ≥ 85 °C, the engine continues to ope-
rate in minimum idle mode until the phase-change 
thermal accumulator is charged and the accumu-
lated thermal energy reaches QТА = 47.25 kJ/K,  
which is monitored in block 21.

5. 4. Features of the program for calculat-
ing and studying fuel consumption and harmful 
emissions of vehicle engines

By implementing the improved algorithm in 
the mathe matical model, dependencies were ob-
tained for the engine warm-up temperature, fuel 
consumption, and exhaust gas emissions [61, 62]. 
The dependencies were derived for the driving cy-
cle and thermal readiness processes in the corre-
sponding modes [61, 62]. Fragments of the input 
data program listing, calculation program listing, 
and calculation results listing based on the pro-
gramming results for the KIA CEE’D 2.0 5MT2  
vehicle are shown in Fig. 4.

The improved algorithm of the research 
program and the enhanced mathematical mo-
del (Fig. 3, 4) enable the evaluation of engine 
operation in terms of fuel consumption and 
emissions. The engine is capable of running on 
petrol and LPG and is equipped with a thermal 
readiness system.

The analysis focused on the obtained values 
and indicators for both current and total fuel 
consumption, as well as exhaust gas emissions 
of vehicle engines under established operational 
modes. The modes included pre-start thermal 
preparation, post-start warm-up, driving with-
in a standard cycle, and route-specific driving 
conditions. Fuel consumption in the driving 
cycle was calculated for a KIA CEE’D 2.0 5MT2 
vehicle equipped with a G4GC engine adapted 
for operation on petrol and LPG, and fitted with  
a thermal readiness system. Using a similar 
methodology and the enhanced model, depen-
dencies for vehicle movement modes during 
warm-up while driving were derived.

The adequacy of the experimental and cal-
culated (including graphical) dependencies was 
evaluated using several statistical indicators: 
maximum absolute deviation, standard devia-
tion, and multiple correlation coefficients deter-
mined by Fisher’s criterion [61, 62]. This evalua-
tion accounted for fuel consumption and exhaust 
emissions of a vehicle engine operating on both 
petrol and LPG. The results confirmed that 
the derived dependencies accurately describe 
the engine as a fuel and air consumer, as well as 
a source of exhaust gas emissions [61, 62].

Adequacy was further validated by assess-
ing reproducibility, consistency, and homoge-
neity of variance. During the assessment, both 
stationary and dynamic vehicle characteristics 
were examined. 

а

b

c

Fig.	4.	Program	listing:	a –	fragment	of	the	input	data	listing;		
b –	fragment	of	the	calculation	program	listing;	c –	fragment		

of	the	calculation	results	listing
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These included exhaust gas emissions, fuel consumption 
during thermal preparation, thermal preparation time, engine 
temperature dynamics, speed variations, and others (Fig. 5). 
The comparison of experimental and calculated data on 
fuel consumption and engine temperature during opera-
tion (Fig. 5) confirmed the adequacy of the mathematical 
models used in the study.

The analysis specifically evaluated a vehicle engine con-
verted to operate on petrol and LPG, equipped with a ther-
mal readiness system, under the modes defined by the 
European Urban Driving Cycle. This comparison validated 
the model’s capability to reflect real-world vehicle behavior 
under diverse thermal preparation and operational scenarios.

а

b

c

d
Fig.	5.	Results	of	adequacy	validation	of	performance	

modeling	for	a	vehicle	engine	converted	to	run	on	
petrol	and	LPG	under	the	European	Urban	Driving	

Cycle	modes:	a –	exhaust	gas	emissions;	b –	engine	
temperature	dynamics;	c –	speed	variations	in	the	

driving	cycle;	d –	fuel	consumption	during		
thermal	preparation

Experimental data were obtained by vehicle testing in 
driving modes approximating the studied European Urban 
Driving Cycle [17, 18]. For evaluating the thermal prepa-
ration (readiness) periods, the maximum deviation of the 
calculated data from the experimental results was as fol-
lows: fuel consumption 4.49 %, coolant temperature 5.19 %.

5. 5. Some results of using the developed mathe-
matical model and its implementation possibilities

Fig. 6–8 present excerpts from the simulated Euro-
pean Urban Driving Cycle for the KIA CEE’D 2.0 5MT2 

vehicle, equipped with the G4GC engine (4FS 8.2/9.35) ca-
pable of running on both petrol and LPG. The vehicle is also 
fitted with a phase-change thermal accumulator integrated 
into its cooling system. Some discrepancies between the 
calculated and experimental fuel consumption data are at-
tributed to differences between the modeled conditions and 
the actual atmospheric and road conditions during testing.

The study evaluated the impact of thermal preparation on 
engine fuel consumption and exhaust gas emissions. This evalu-
ation was based on ensuring sufficient modeling adequacy. The 
observed deviations were within acceptable limits, allowing for 
a reliable comparative analysis of the results. The adequacy of 
the mathematical model dependencies was verified, as shown  
in Fig. 5. The verification confirmed that the mathematical mo-
del sufficiently describes the processes within the studied system.

This validation enables the use of the improved mathema-
tical model for theoretical investigations of an engine’s thermal 
preparation system (TPS) during pre- and post-start stages. 
The model accounts for the specifics of using different fuel types, 
ensuring its applicability to diverse operational scenarios.

а

b

c

d

e
Fig.	6.	Results	of	the	calculation	study	on	the	modeled	European	

Urban	Driving	Cycle	for	the	KIA	CEE’D	2.0	5MT2	vehicle	converted	
to	run	on	petrol	and	LPG:	a –	CO2	concentration	before	the	

catalytic	converter;	b –	mass	CO2	emissions	after	the	catalytic	
converter;	c –	total	CO2	emissions	per	driving	cycle;	d –	fuel	

consumption	per	driving	cycle;	e –	engine	speed
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The application of the developed approach, algorithm 
and mathematical model for studying the thermal prepa-
ration of a vehicle engine ensures the comprehensive 
practical implementation of the proposed approach. The 
implementation possibilities of the approach to ensuring 
vehicle thermal preparation processes by fuel consumption 
and exhaust gas emissions are shown in Table 3. This pri-
marily involves (as shown in Fig. 2) monitoring of param-

eters and measurement of technical condition indicators of 
the vehicle. Secondly, this encompasses the potential for 
analytical research to derive parameters and indicators of 
thermal preparation, fuel consumption, and emissions of  
a vehicle engine based on the developed and adapted ma-
thematical model. The results take into account the speci-
fic operational features of an engine capable of running on 
both petrol and LPG.

а b

c d

e

Fig.	7.	Results	of	the	calculation	study	on	the	modeled	European	Urban	Driving	Cycle		
of	the	KIA	CEE’D	2.0	5MT2	vehicle	converted	to	run	on	petrol	and	LPG:		

a –	CO	concentration;	b –	mass	CO	emissions;	c –	total	CO	emissions	per	driving	cycle;		
d –	throttle	position;	e –	CH	concentration

Fig.	8.	Results	of	the	calculation	study	on	the	modeled	European	Urban	Driving	Cycle		
of	the	KIA	CEE’D	2.0	5MT2	vehicle	converted	to	run	on	petrol	and	LPG:		

a –	mass	CH	emissions;	b –	volumetric	efficiency;	c –	total	NOх	emissions	per	driving	cycle;		
d –	mass	NOх emissions; e –	indicator	fuel	consumption

e

а b

c d
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6. Discussion of the results on the development  
of an approach to building an adapted model for ensuring 

the thermal readiness processes of a vehicle

An improved approach to developing an adapted model 
for ensuring the thermal readiness of a vehicle, with a focus 
on fuel consumption and exhaust gas emissions, is proposed. 
This approach is based on a systematic integration of the 
standard engine control system with components of a remote 
monitoring system for thermal readiness processes (Fig. 1).  
It incorporates the specifics of thermal readiness processes, 
including the operation of a thermal preparation system 
based on a phase-change thermal accumulator (Fig. 2) and 
the design characteristics of a vehicle engine capable of ope-
rating on both petrol and LPG [17, 18].

The approach also emphasizes the importance of obtain-
ing information through remote monitoring of vehicle and 
engine parameters (Fig. 1, 2).

Direct measurement and remote transmission of the en-
gine’s thermal state parameters using additional integrated 
sensors.

It is also supported by the results of an analytical study 
using an adapted model tailored to the vehicle’s operating 
conditions and fuel type. This model is designed to derive 
parameters and indicators of thermal preparation, fuel con-
sumption, and emissions (Table 7).

The study confirms that applying mathematical model-
ing in the analysis of engine thermal preparation processes 
enables tracking changes in fuel consumption and emissions 
during start-up. These parameters cannot be fully captured 
through direct measurement or monitoring under real ope-
rating conditions (Fig. 2). However, modeling ensures the 
required accuracy in calculations and forecasting while main-
taining simplicity and low operational costs. This is achieved 

by correlating the necessary thermal preparation parameters 
with the key performance indicators of the vehicle and en-
gine under relevant operating conditions.

Furthermore, the proposed approach addresses the limi-
tations of existing methods, including those relying solely on 
vehicle operation monitoring or experimental measurement 
of technical condition parameters during research proces-
ses [17, 18]. The approach combines the strengths of these 
methods while mitigating their weaknesses.

The algorithm and mathematical model for the sys-
tem [18, 33–36, 48] are grounded in methodologies for as-
sessing vehicle performance to achieve the study’s objectives. 
The investigation was conducted on vehicles capable of 
running on petrol and LPG under the following conditions: 
various modes of the New European Driving Cycle (NEDC); 
various modes of the European Urban Driving Cycle, in ac-
cordance with UNECE Regulations 83–05 [33–36, 48, 57]; 
various thermal preparation modes of the experimental ve-
hicle (Fig. 2), including warm-up while stationary, in motion, 
and on designated routes [23, 58–60].

To refine the algorithm and mathematical model for 
warm-up processes, equations ((2)–(9)) are provided in line 
with the provisions illustrated in Fig. 3. These refinements 
aim to enhance the model’s accuracy and applicability for 
studying vehicle thermal readiness and fuel efficiency under 
diverse conditions.

The key feature of the proposed algorithm and its im-
plementation for analytical and computational studies is the 
parallel use of two interdependent models. These models 
are designed to work in tandem: the "Petrol engine-neu-
tralizer" mathematical model and the "Gas engine-neutrali-
zer" (LPG) mathematical model [33–36, 48]. Upon exiting 
the "Engine-neutralizer" model, further calculations proceed 
in three directions: determining the energy, fuel efficiency, 

Table	3

Implementation	possibilities	of	the	approach	to	ensuring	vehicle	thermal	preparation	processes	by	fuel	consumption	and	
exhaust	gas	emissions

Vehicle thermal 
readiness modes 

for a petrol or LPG 
engine equipped 
with a thermal 

preparation system 
based on a phase-
change thermal 
accumulator/

Mode No.

Components of the study of fuel consumption and emissions of a vehicle engine capable of operating on petrol and 
LPG under operating conditions equipped with a thermal preparation system based on a phase-change  

thermal accumulator

Monitoring vehicle parameters  
for an engine capable of running on 

petrol and LPG under operating 
conditions 

Measurement of vehicle parameters 
and technical condition indicators 
for an engine capable of running on 

petrol and LPG under operating 
conditions

Analytical study to obtain parameters 
and indicators of thermal preparation, 

fuel consumption and emissions of a ve-
hicle engine capable of running on petrol 

and LPG, based on the adapted model 

Defining parameters and indicators

fuel con-
sumption

thermal 
preparation

emissions 
fuel con-
sumption

thermal 
preparation

emis-
sions 

fuel con-
sumption

thermal 
preparation

emissions 

Thermal readiness of a stationary vehicle with the engine running at minimum idle

1 – + – – + – + + +

Thermal readiness of a stationary vehicle with the engine running at minimum idle, with electrical consumers and interior heating ex-
changer engaged

2 – + – – + – + + +

Thermal readiness of a stationary vehicle with the engine running at minimum idle and in motion

3 –/+ + –/+ –/+ + –/+ + + +

Thermal readiness of a vehicle in motion

4 + + + –/+ + –/+ + + +

Notes: "–" –  not possible, limitedly possible, not fully possible; "+"– possible; "–/+"– not possible/possible – only for specific processes.
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and environmental performance of a vehicle engine adapted 
to run on petrol and LPG. The modeling of internal combus-
tion engine (ICE) workflows is based on the volume balance 
method [10, 38, 39], enabling simultaneous consideration 
and comparison of engine system states and performance on 
petrol and LPG during thermal preparation with a phase-
change thermal accumulator.

The model’s constraints, set during the implementation 
of the improved algorithm, can be adjusted to accommodate 
variations in heat storage design, heat storage materials, ther-
mal preparation cycles, and other factors. These adjustments 
allow the model to be tailored to different research objectives 
or vehicle operating conditions. The approach proposed in 
the study requires accounting for these limitations to gene-
rate new and relevant thermal preparation data.

A noted drawback of the proposed approach is its reliance 
on prior bench test results of the vehicle and its engine, as 
well as operational monitoring data. Additionally, the for-
malization process and outcomes are significantly influenced 
by the researchers’ expertise level. However, these challenges 
can be mitigated through adopting a structured formaliza-
tion of vehicle thermal preparation states based on thermal 
preparation cycles.

The algorithm’s scope can be broadened through the 
inclusion of test data libraries for vehicles under various 
operating conditions. This would facilitate the study of 
all proposed thermal preparation modes, as well as stan-
dardized vehicle testing modes. Unlike earlier models, the 
proposed algorithm and program allow for the integration 
of experimental test databases, vehicle monitoring data, and 
similar datasets into the research process. Furthermore, this 
model enables the analysis of operating modes and condi-
tions that are otherwise inaccessible through experimental 
me thods (Table 3).

The model’s adequacy under accepted conditions (Fig. 5) 
was verified through reproducibility, consistency, and ho-
mogeneity of variance tests. During the verification process, 
specific characteristics of a stationary vehicle and during 
operation were evaluated, including: exhaust gas emissions, 
fuel consumption during thermal preparation, thermal prepa-
ration time, engine temperature dynamics, speed variations, 
and others. The comparison of experimental and calculated 
data on fuel consumption and engine temperature (Fig. 5) 
confirmed the mathematical model’s accuracy in repre-
senting vehicle operation. The engine, converted to run on 
petrol and LPG and equipped with a thermal preparation 
system (TPS), was evaluated under the European Urban 
Driving Cycle modes. Experimental data were obtained  
by vehicle testing under conditions approximating the Euro-
pean Urban Driving Cycle [17, 18].

To specifically assess thermal preparation periods, the 
maximum deviations between calculated and experimental 
data were as follows: fuel consumption, 4.49 %; coolant 
temperature, 5.19 %. These results demonstrate the model’s 
capability to provide accurate and reliable predictions under 
the studied conditions.

Well-established studies [31–36, 48] detail various me-
thods for analyzing internal combustion engines. However, 
the model developed in this study, along with the improved 
algorithm, offers greater unification in its approach and pro-
vides more detailed insights into the constituent processes 
and modes. This model broadens the scope of engine research, 
particularly for thermal preparation processes, covering both 
pre-start and post-start stages across different fuel types.

A key advantage of the proposed approach, algorithm, and 
model is their applicability to comprehensive engine studies 
under real-world conditions using monitoring tools. Additio-
nally, the model’s ability to analyze pre-start thermal prepa-
ration using a thermal preparation system based on a phase-
change thermal accumulator, when the engine is not running, 
is a significant breakthrough. This capability is unattainable 
with the models and methodologies described in [31–36, 48].

The model’s limitation is its reliance on a substantial 
experimental database and dependence on the specific design 
features of the thermal preparation system and the thermal 
accumulator. However, this is not a critical constraint for 
preliminary aggregate studies.

One drawback of the model is the need to revise all its 
components when new elements or thermal preparation 
modes are introduced. Nevertheless, this issue can be mitiga-
ted by leveraging system automation techniques for pro-
gramming complex systems.

The model’s future development could involve creating 
an automated research system based on its framework. This 
system could feature automated integration with vehicle 
monitoring databases and experimental data from direct 
measurements. Such advancements would significantly ex-
pand the model’s applicability, enhance its functionality, and 
improve the efficiency and accuracy of research results.

7. Conclusions

1. The paper substantiates the application of an adapted 
model for ensuring the thermal readiness processes of a ve-
hicle and conducting experimental and computational-ana-
lytical studies to implement this approach. This enables con-
sideration of the specifics of engine operation during pre- and 
post-start warm-up using a thermal preparation system. The 
model accounts for fuel types, design features of the thermal 
preparation system, engine operating modes, and ambient 
temperature. This approach and model adaptation improve 
the evaluation accuracy of fuel consumption and exhaust gas 
emissions of engines under real-world operating conditions.

2. A comprehensive thermal preparation cycle has been 
developed to guide the organization of pre- and post-start 
warm-up of the engine and vehicle. The cycle incorporates 
rational warm-up modes for an engine converted to run on 
petrol and LPG and equipped with a thermal preparation 
system based on a phase-change thermal accumulator (TA). 
The cycle allows for an immediate switch from petrol to LPG 
after starting and load acceptance while selecting appropriate 
operation modes for the thermal preparation system (TPS). 
Four primary thermal preparation modes for engines capable 
of running on petrol and LPG have been established. These 
modes demonstrate the full potential of thermal readiness for 
ensuring efficient vehicle start-up. The ability to evaluate 
fuel consumption and emissions for such engines equipped 
with a thermal preparation system based on a phase-change 
thermal accumulator has been demonstrated. This enhances 
the assessment of fuel consumption and exhaust emissions 
across various thermal preparation modes.

3. The algorithm for calculating fuel consumption and 
emissions of vehicle engines converted to run on gas fuel 
under operating conditions has been refined. A key feature of 
the proposed algorithm is the parallel use of two interrelated 
models: the "Petrol engine-neutralizer" mathematical model 
and the "Gas engine-neutralizer" (LPG) mathematical model. 
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These models are adapted to work together seamlessly. Once 
the "Engine-neutralizer" model is exited, calculations proceed 
in three directions to determine the energy, fuel efficiency, and 
environmental performance of a vehicle engine adapted for 
petrol and LPG. This approach enables a detailed analysis of 
the engine’s efficiency by evaluating current and total indica-
tor values. The evaluation encompasses fuel consumption and 
emissions during pre- and post-start thermal preparation, as 
well as during the driving cycle and on specific routes.

4. The improved algorithm and mathematical model have 
provided dependencies for the warm-up temperature, fuel 
consumption, and exhaust gas emissions of a vehicle engine as 
functions of time. These dependencies were derived for driv-
ing cycle and thermal readiness processes under respective 
modes. Key fragments of the program and calculation results 
listing for the KIA CEE’D 2.0 5MT2 vehicle are presented. 
Verification of the model’s adequacy revealed a maximum de-
viation of 4.49 % for fuel consumption and 5.19 % for coolant 
temperature during the thermal preparation period. These 
results confirm that the mathematical dependencies accu-
rately describe the studied system processes, ensuring the 
model’s reliability for theoretical and practical applications.

5. The results obtained enable theoretical research using 
an enhanced mathematical model of the engine’s thermal 
preparation system (TPS) during pre- and post-start stages. 
This model accounts for the specifics of operating with dif-
ferent fuel types. The findings are validated by deriving the 
corresponding dependencies of exhaust gas emissions for 
both petrol and LPG operation, as demonstrated through 
the modeled European Urban Driving Cycle. A calculation 
framework has been developed for assessing fuel consump-
tion and environmental performance of vehicles running on 

petrol and LPG. This framework systematically integrates 
methods and tools for acquiring operational data. Informa-
tion is collected through remote monitoring of the vehicle’s 
technical condition parameters, experimental studies of the 
TPS, and analytical calculations based on the combined data 
from these sources. This comprehensive approach ensures ac-
curate and reliable evaluations of vehicle performance across 
different fuels and operating conditions.
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