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The article analyzes and evaluates costs, transport time and CO, emissions by selected vans. The research was

carried out on the example of three models of Iveco Daily vehicles powered by: diesel oil, electricity and
compressed natural gas (CNG). The result of the research presented in the article is the determination of the
operating costs of vehicles powered by various energy sources and the level of CO, emissions. The comparative
analysis was carried out on real data for the established transport task. Vehicles with engines powered by
compressed natural gas are characterized by the highest savings in terms of transport costs. As the authors
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pointed out, this may be due to the fact that this type of engines, despite the low interest of buyers at the moment,
may gain much more popularity in the future. On the other hand, in relation to vehicles with electric motors, the
cost of transport is the highest, which means that this type of technology is ineffective in relation to long-
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1. Introduction

The operation of combustion, electric and compressed
natural gas vehicles is a topic that attracts a lot of interest
among both scientists and practitioners from the automotive
industry. In recent years, with the increase in the ecological
awareness of the society, this issue has become even more
topical due to the need to reduce the emission of harmful
substances into the atmosphere.

In this context, the so-called alternative drives. As indi-
cated by the author of the work [29], alternative drives are
all drives whose overriding goal is to reduce the consump-
tion of fossil fuels. In the initial stage of the idea, the intro-
duction of this type of drive units was to make the world
independent of the availability of crude oil. Today, howev-
er, the goal is a bit broader and much more ambitious: vehi-
cles with alternative drives generally emit less harmful
exhaust gases, and thus are more environmentally friendly
and contribute less to the progressing climate change [15].

This applies not only to limited carbon dioxide emis-
sions, but also, for example, nitrogen oxides or hydrocar-
bons, which can contribute to the development of serious
diseases, such as cardiovascular diseases or cancer. One of
the basic impulses that draw the attention of vehicle manu-
facturers and users to new technical solutions is also the
need for vehicles to meet strictly defined technical require-
ments [26]. These requirements must be met both at the
design stage and at the operational stage. Legislative cen-
ters of individual countries or organizations deal with defin-
ing new guidelines and setting deadlines for their imple-
mentation. Legal acts currently in force in Poland must
comply with the guidelines of the European Commission or
the European Parliament [3].

The dynamically growing demand for goods generates
a constantly growing demand for transport services, which
in turn translates into the need to develop technologies in
the area of broadly understood transport and logistics. With
the progressive development of automotive technologies,

more and more attention is paid to alternative sources of
vehicle propulsion [42]. One of the biggest challenges in
the field of transport is to reduce emissions of harmful
substances and limit the impact of the transport sector on
climate change. In this context, electric motors and motors
powered by alternative energy sources are gaining populari-
ty as a potential alternative to traditional internal combus-
tion engines [37].

Engineers working on modern technological solutions in
the field of vehicles powered by alternative energy sources
are trying to design transport devices that provide relatively
increasing transport efficiency while minimizing costs,
which are influenced by factors such as reliability of manu-
factured devices, fuel/electricity demand or ease of use. The
growing problem related to the stringent regulations on
exhaust gas emission levels and the increasingly difficult
situation with the workforce generates the need for system-
atic development of this field [3]. From the point of view of
employers, an indispensable aspect in the case of designing
new technologies in the field of road freight transport is the
development of new transport devices, the operation of
which requires the involvement of a relatively smaller
number of people, and the development of technologies to
ensure a greater range of the vehicle on a single charge/
refuelling [4].

The main purpose of the study is to analyze and com-
pare the latest technologies available in the field of domes-
tic cargo distribution using delivery vehicles. The per-
formed analysis focuses on the comparison of delivery
vehicles powered by different power sources.

The article presents research on the operation of com-
bustion, electric and compressed natural gas-powered vehi-
cles. The authors analyzed the operating costs of selected
vehicles in the implementation of transport tasks annually.
Attention was focused on taking into account the costs
related to CO, emissions.
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2. Literature analysis

The literature analysis on the operation of internal com-
bustion, electric and CNG vehicles may cover many aspects.
The topic of internal combustion vehicles covers primarily
issues related to the repair and maintenance of internal com-
bustion engines and diagnostic tests. Among them, one can
distinguish the assessment of the technical condition of inter-
nal combustion engines and their components, optimization
of engine operation in terms of efficiency and economy, or
research on exhaust emissions and the impact of internal
combustion engines on the natural environment.

Internal combustion vehicle technology is related to the
systems and components used in internal combustion en-
gines, which are the main source of propulsion in tradition-
al cars [13, 40]. Combustion engines are based on the prin-
ciple of combustion of a mixture of fuel and air inside the
cylinder, which generates the mechanical energy needed to
move the vehicle [42]. The most common internal combus-
tion engines are reciprocating engines, including gasoline
and diesel engines. The technology of internal combustion
vehicles also includes fuel supply systems, cooling, exhaust
and drive systems [1, 6]. Each of these components plays
an important role in the proper functioning of the internal
combustion engine and ensures optimal performance. The
technology is constantly improved in order to improve
efficiency, reduce pollutant emissions and increase the
economy [13].

In recent years, various innovations have been intro-
duced, such as direct fuel injection systems, turbochargers,
stop-start systems or hybrid drive systems to increase effi-
ciency and reduce the negative impact on the environment
[22]. However, the disadvantage of internal combustion
engines is still the emission of pollutants such as nitrogen
oxides and carbon dioxide, which harm the environment
and human health. There are many sources of literature that
focus on research on internal combustion vehicles. The
authors of the work [25] analyzed the assessment of the
impact of the temperature management strategy on engine
warm-up in modern spark engines. The article presents
techniques such as thermal insulation, the use of thermoac-
tive pumps or cooling system control in order to assess the
impact of these strategies on engine warm-up time, its effi-
ciency, fuel consumption and exhaust emissions. The au-
thors of the publication [14] examined the influence of the
type of fuel on the emission of pollutants from a compres-
sion-ignition engine (diesel engine).

In the article [38], experimental studies related to the effi-
ciency and emission characteristics of a turbocharged diesel
engine, which is fueled with fuel mixtures consisting of avia-
tion kerosene and diesel oil, were carried out. The aim was to
evaluate the application potential and to understand the effect
of the kerosene-oil mixture on engine performance and pollu-
tant emissions. In publication [39], optimization of the com-
pression ratio of a spark engine fueled with mixtures of
methanol and gasoline was carried out. The study was based
on the use of a multi-criteria method that takes into account
various quality indicators, such as combustion efficiency,
power, torque and pollutant emissions.

Despite many years of development of internal combus-
tion vehicle technology, interest in alternative power

sources, such as electric drive, has recently increased. Lit-
erature on electric vehicles focuses mainly on issues related
to their power supply or maintenance in proper technical
conditions. The discussed topics concern the design and
operation of power supply systems, energy management in
vehicles and their charging, safety issues during operation
or the comparison of the costs of using internal combustion
and electric vehicles [31, 32].

Electric vehicles use accumulators or batteries to store
electricity that drives the engine [18]. The cars are charac-
terized by low emissions of exhaust gases and carbon diox-
ide, which makes them environmentally friendly. Electric
motors are characterized by quiet engine operation, which
allows for a more comfortable ride. The constantly growing
interest in electric vehicles contributes to the development
of the charging infrastructure [2, 24]. More and more public
and private places offer charging stations.

However, despite the continuous development of elec-
tric vehicles, the issue of the limited driving range on a
single charge remains a big challenge. This is still a big
problem for some users. This creates some challenges,
extending the charging time compared to refueling and
limiting the availability of charging stations in some areas
[20]. Despite this, electric vehicles contribute to reducing
greenhouse gases and improving air quality [26]. There are
many scientific publications that analyze various aspects of
electric vehicles. In the article [24], the authors examine
issues related to electromobility, such as charging infra-
structure, batteries, or power grids.

Many publications, e.g. [12, 42] refer to research related
to the emission of harmful substances from the drive sys-
tem. The papers show that emissions are dependent on the
source of electricity, but even with a fossil fuel-based ener-
gy mix, emissions from electric vehicles tend to be lower
than those of internal combustion vehicles. Publication [17]
focuses on the study of CO, emissions generated by internal
combustion and electric vehicles in car-sharing systems.
Position [5] focuses on the analysis of the impact of the
network effect on profits and social welfare related to the
introduction of electric vehicles. In [8], an effective ap-
proach to estimating energy consumption by electric vehi-
cles is presented, which is important when planning and
optimizing the fleet of vehicles, as well as managing energy
costs in service companies.

The literature on cars powered by compressed natural
gas (CNG) provides information on the efficiency, emis-
sions, infrastructure availability and economic aspects re-
lated to this type of propulsion. Natural gas is compressed
to reduce its volume and increase its density. It is then used
as fuel to power the vehicle's engine. In order to use CNG,
cars must be equipped with appropriate gas supply systems
[35]. Articles [33] or [19] present the current situation of air
pollution caused by vehicles powered by compressed natu-
ral gas and possible technologies for reducing these emis-
sions. Similarly, [37] provides conclusions and data related
to the ecological and economic benefits resulting from the
use of CNG power systems in small wood shredders. This
is important because small internal combustion engines
often generate a significant amount of harmful emissions.
The publication [16] analyzes the emission of the particle
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number (PN — Particle Number) generated by various types
of vehicles, including light vehicles powered by CNG while
driving in real road conditions. The aim was to compare the
PN emissions for different types of cars, which is important
for assessing their impact on air quality. CNG is one of the
alternative fuels used to reduce pollutant emissions and
reduce the negative impact of transport on the environment.
Vehicles powered by compressed natural gas are considered
more environmentally friendly than vehicles powered by
traditional fuels.

3. Costs of the transport task

3.1. General remarks
The factor that plays an important role in the develop-

ment of transport technology is the cost of carrying out

transport tasks. Transport activity incurs costs that can be
divided into fixed and variable costs. Fixed costs do not
depend directly on the level of production or sales. These
are costs that occur regardless of whether the enterprise is
fully operational or has no activity at all [11]. Variable
costs are directly related to the level of production or sales.

Increasing the company's activity, such as selling more

goods, leads to an increase in variable costs. If, on the other

hand, the company's activity decreases, variable costs also

decrease [11, 23].

Fixed and variable costs will be analyzed in the article
for individual vehicles (variants).

Fixed costs:

— depreciation costs of means of transport

— costs of taxes on means of transport (vehicles up to 3.5
tons are not taxed)

— costs of insurance of means of transport

— driver salary costs.

Variable costs:

— road toll costs (vehicles with a GVM up to 3.5 tons are
not subject to tolls and there are no motorway tolls in
the analyzed section)

— fuel consumption costs

— parking costs of electric cars at charging stations

— costs of environmental fees (for delivery vehicles meet-
ing the EURO VI emission standard, the rate of fees for
the introduction of gases and dust is not provided)

— drivers' allowance costs

— costs of servicing means of transport

— costs of replacing tires in means of transport.

3.2. Depreciation costs of means of transport

The Accounting Act [33] and the Corporate Income Tax
Act [32] provide information that means of transport are
subject to depreciation as fixed assets with a useful life
longer than one year when calculating their initial value.
The depreciation rate for vans is 20% in accordance with
the Classification of Fixed Assets.

Kap = Ka1p * Lpoj [PLN/year] 1)

where: K,p — annual depreciation costs for the total number
of vehicles, K,,p — annual depreciation costs for one vehi-

Kaip = Wpp * ap[PLN/year] 2

where: Wpp — initial value of the delivery vehicle, ap —
annual depreciation rate for the car.

3.3. Costs of insurance of means of transport

Commercial vehicle insurance includes various types of
policies that provide financial protection in the event of
damage [43]. The insurance of the analyzed vehicles in-
cludes OC, AC and accident insurance. Liability insurance
is obligatory and covers damage caused to third parties as
aresult of an accident caused by a van. Another insurance
that applies to the analyzed vehicles is AC (auto-casco),
which protects against situations such as accident, theft, fire
and unforeseen events.

The AC policy covers the costs of repair or replacement
of a delivery vehicle as a result of undesirable damage. The
last type of insurance is NNW (Accidental Consequences),
which provides financial protection in the event of personal
injury that may be suffered by the driver or passenger. Such
policies cover all analyzed vehicles — internal combustion,
electric, and CNG-powered.

The total annual cost of insurance is calculated from the
following relationship:

Kup = Kusp * Lpoj [PLN/year] 3

where: Ky,p — annual costs of insurance of the delivery
vehicle.

3.4. Driver salary costs

In the enterprise, drivers are employed on the basis of
an employment contract. The costs of drivers' remuneration
include net remuneration and overheads for remuneration
and benefits — social security contributions (pension, acci-
dent and disability pension), as well as write-offs to the
Labor Fund (FP) and the Guaranteed Employee Benefits
Fund (FGSP). The number of drivers needed to perform
a transport task results from the number of vehicles that are
necessary for this purpose. In addition, one reserve driver is
employed.

The number of drivers can be calculated using the for-
mula:

Ly = Lgp + Lgg [drivers] 4)

where: Lgp — number of employed drivers, Lxp = Lpoj, Lkr
— number of reserve drivers, Lxg = 1.

The monthly total remuneration costs of drivers can be
determined using the following relationship:

where: Kyp — monthly salary costs of the employed driver
[PLN/month], Kyw — monthly costs of mark-ups on the
driver's remuneration [PLN/month].

3.5. Fuel/energy costs
The cost of fuel consumption depends on the average
fuel consumption of the vehicle and the price of this fuel.
Annual fuel consumption costs are calculated for the to-
tal number of means of transport:

cle, Lpo; — number of vehicles (on an annual basis).

The annual depreciation cost of the vehicle was calcu- Krrp = Kzp * Lpoj [PLN/year] (6)
lated using the formula:
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where: K;p — annual costs of fuel consumption for one
vehicle [PLN/year].

ZyC
Kzp = % * Lgp [PLN/year] (7)

where: Z, — average fuel/energy consumption of a delivery
vehicle [dm*100 km]/[KWh/100 km]/[m®], C, — average
net price of fuel/energy [PLN/IJ/[PLN/KWh]/[PLN/m?], Lgp
— annual vehicle mileage [km], Lgp = Lyp 12, Lyp —
monthly vehicle mileage in km.

3.6. Costs of parking electric cars at charging stations

The cost of parking an electric car at charging stations
may vary depending on many factors, such as location,
charging station operator, type of charger, parking time and
service charges. In the case of multiple stations, fees may
be charged based on the time of stoppage or the amount of
energy delivered. The amount of charging rates and parking
fees for electric cars is presented in Table 1.

Table 1. Charge rates and parking fees for electric cars [27]

Charger type Charging rate [PLN/kWh]
AC 1.89
DC (£ 50 kW) 2.69
DC (50 kW < x < 125 kW) 2.89
DC (> 125 kW) 3.19
The rate for parking is 0.40 [PLN/min] — charged after 45 minutes
from the start of charging for DC connectors.

In the analyzed case, due to the greatest availability of
DC chargers with a power of < 50 kW, selected locations
for charging electric vehicles have such devices. Therefore,
the power supply is carried out using DC chargers with the
specified power.

The cost of parking an electric car at a charging station in
a transport relation is expressed by the following formula:

Kpsg = vp - t; - 0y [PLN] (8)

where: yp — the rate for parking at the charging station

[PLN/min], t; — electric vehicle charging time (reduced by

45 minutes) [min], ny — number of loads in a transport task.
The total cost for parking cars at charging stations is:

Kip = Kpsg * dr - Lpoj [PLN/year] ©)
where: d,. — number of working days, d, = 250.

3.7. Driver allowance costs

The Regulation of the Minister of Labor and Social Poli-
cy of 2022 [30] states that drivers are entitled to a business
travel allowance. Domestic travel is considered in the ana-
lyzed case. The diet is granted for food costs and currently
amounts to PLN 45 per day of travel. According to the regu-
lation, when the trip is shorter than a day and amounts to:

— up to 8 hours — the diet is not due
— from 8 to 12 hours — 50% of the diet is due
— over 12 hours — 100% of the diet is due.

Considering the above, the transport route for a combus-
tion vehicle and a CNG-powered vehicle is from 8 to 12
hours, therefore the value of the business trip allowance is
50%. In the case of electric cars, the entire route (including
charging) will be over 12 hours, which means that the driv-

er is entitled to 100% of the allowance. The amount of the
annual cost of business travel allowances can be determined
by the following formula:

Kpk = KBk - 12 [PLN/year] (10)

where: KFL — monthly costs of allowances for 1 driver
[PLN/year].

The rate of annual business trip allowance costs for the
total number of drivers carrying out the transport can be
calculated from the following relationship:

Kepk = Kpk * Lgp[PLN/year] (11)

3.8. Vehicle service and tire replacement costs

The costs of services include the costs of replacement of
operating fluids, as well as the costs of servicing vehicles
resulting from wear and tear, as well as breakdowns and
repairs. Annual service costs for the total number of vehi-
cles are expressed as follows:

Ksp = Ksyp * Lpoj [PLN/year] (12)

Ks,p — annual cost of servicing one vehicle [PLN/year].

The annual costs of replacing tires depend on the rate of
their wear. For the purposes of the analysis, it was assumed
that tires are replaced every 100,000 km. The cost of tires
for the total number of vehicles is:

Kz0 = Kz10 " Lyoj [PLN] (13)

where: Kz, — cost of a set of tires for one delivery vehicle
[PLN].
The total number of tire changes per year is 3.

4. Analysis of transport costs and CO, emissions
based on real data

4.1. Determining the parameters of the cargo to be

transported

For the purposes of the analysis, it was assumed that the
transported load would be the engine oil filter. It is charac-
terized by high transport susceptibility and relatively low
weight. The analyzed pallet load unit consists of collective
packaging in the form of 24 cartons, the contents of which
include 12 filters. The retail unit is, in turn housed in a unit
package. Figure 1 shows the scheme of creating a pallet
load unit being the subject of transport.

Fig. 1. Scheme of creating a pallet load unit being the subject of transport
[own elaboration based on AutoCAD]

One transport includes four pallet load units, which
means that the total weight of the load on the vehicle is 800
kg. Transport is carried out once a day, which directly
translates into the need for one vehicle to carry out
a transport task.
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4.2. Technical and operational parameters of vehicles
The selection of the right vehicle for the transport task is

a key element of effective logistics and can have a signifi-

cant impact on the costs, efficiency or equivalence of

transport operations. Before making a choice, several im-

portant factors should be taken into account [9]:

— Load requirements — The first and most important step
is to correctly understand the characteristics and indi-
vidual requirements of the load itself. Estimate the
weight, external dimensions, weather sensitivity, value
and any special transport requirements.

— Transport route — a very important aspect is the distance
to be covered as part of the transport task and the nature
of the route. If the transport will be performed over
short distances within the city, electric vehicles may be
more appropriate. On the other hand, for long distances,
where the range and availability of charging places are
important factors, combustion vehicles may be a better
alternative.

— Fuel efficiency — When it comes to minimizing vehicle
operating costs, the fuel efficiency of different types of
vehicles should be considered. In the case of traditional
internal combustion engines, attention should be paid to
fuel consumption, and thus also to the level of emission
of harmful substances into the atmosphere. In the case
of electric vehicles, fuel savings may be greater, and the
transit time may be adversely affected due to the long
charging time of the battery.

— Infrastructure and availability — The availability of refu-
eling/charging infrastructure is also an important factor.
While the availability of petrol stations is very high, the
situation with vehicle charging stations and available
charging stations is a bit more complicated.

— Operating costs — An analysis of operating costs is an
indispensable element when choosing a vehicle. When
planning, the costs of purchase, maintenance, repairs,
insurance and fuel or electricity should be taken into ac-
count.

Transport will be carried out using delivery vehicles
with a maximum weight of up to 3.5 tons powered by three
energy sources. The paper presents the technical parameters
of vehicles powered by diesel oil (variant 1), electricity
(variant 2) and compressed natural gas (CNG) (variant 3).
The vehicle under analysis is the IVECO Daily in the fol-
lowing versions: standard, electric and natural power. The
maximum permissible weight of each vehicle is 3.5 tonnes.
The engine power of the vehicle powered by diesel oil and
compressed natural gas is respectively 136 horsepower,
while the electric vehicle generates 110 horsepower. Each
of the vehicles is equipped with "Back Sleeper" type sleep-
ing cabins, enabling rest during the transport. Due to the
clearly defined technical parameters of the shipment and for
the needs of the cargo, whose transportability is relatively
high, a vehicle with a box body was selected. The company
carries out domestic transport in various relations. The
analyzed route has one dedicated vehicle and one driver.
One transport cycle is carried out in one day. In the case of
variant one and variant 3, the duration of the journey does
not include the driver's daily rest, while in variant 2 the
daily rest is carried out in the vehicle cabin while the vehi-

cle's battery is being charged. The table below summarizes
the basic data of the transport task.

Individual parameters were determined on the basis of
the vehicle configurator available on the manufacturer's
website. The work assumes the speed of travel on highways
up to 90 km/h. Favorable weather conditions and no capaci-
ty disturbances on the analyzed section of the route were
assumed. In Table 3 presents the technical data of the ana-
lyzed vehicles.

Table 3. Vehicle technical data [7]

Vehicle type

Variant1 | Variant2 | Variant3
Parameter
Max. range [km] 900 200 350
Refueling/charging time [min] 2 150 5
CO; emissions per 100 km [kg] 26.8 0 22.8
Cost of traveling 100 km [PLN] 67 81 51
Noise emission [dB] 85 50 70
Exhaust emission standard EURO VI - EURO VI

4.3. Determination of routes and locations of vehicle

power supply points

The article outlines the route from Warsaw to Wroclaw.
The return route was also taken into account when design-
ing the journey. Transportation will be performed using
combustion, electric and compressed natural gas vehicles.
During the planning of the route, power points for the
above-mentioned types of vehicles were determined. On the
basis of the outlines containing the technical data of the
analyzed vehicles, the range of a given vehicle on one refu-
eling/charging was analysed. Due to the above, it was pos-
sible to determine at what kilometer intervals the supply
points should be considered. Attention was paid to refuel-
ing/charging cars before reaching the reserve. Appropriate
level of energy/fuel and their regular monitoring ensures
smooth driving and a guarantee of delivering the load in
accordance with the guidelines. Determining the location of
vehicle charging points required an analysis of available
charging/refueling points on the road, types of chargers,
availability, opening hours and prices.

Figure 2 shows the course of the transport route for a
combustion vehicle, taking into account petrol stations,
loading and unloading places.

Fig. 2. The course of the route for a combustion vehicle [own elaboration
based on PTV Map&Guide]

The next diagram (Fig. 3) shows the course of the road
for an electric vehicle, including charging points and places
of delivery/collection of the charge.

COMBUSTION ENGINES, 2023;195(4)
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Fig. 3. Transport route for an electric vehicle [own elaboration based on
PTV Map&Guide]

Figure 4 illustrates the transport relation for a vehicle
powered by compressed natural gas, taking into account the
place of refueling and delivery and collection of the cargo.

Fig. 4. Transport route for a CNG-powered vehicle [own elaboration based
on PTV Map&Guide]

The numbers used in the figures are discussed in Tables
4 and 5.

Table 4. Locations of loading, refueling/loading and unloading points for
vehicles on the Warsaw—\Wroclaw route

Warszawa — Wroclaw route

Designation Location Operation
S Panttoni Europe Warsaw .
o
G- ! Odlewnicza 6 Loading
== ) ) )
5 g 2 Gas station ORLEN al. 3maja 1a | Refueling
O
3 DHL Wroclaw, Bierutowska 75 | Unloading
Panttoni Europe Warsaw .
@ ! Odlewnicza 6 Loading
Q
-q:; 2 Gas station ORLEN al. 3maja 1a | Charging
2 3 Gas station ORLEN Charain
8 Sieganow 79d ging
w
4 DHL Wroctaw, Bierutowska 75 | Unloading
Panttoni Europe Warsaw .
g ! Odlewnicza 6 Loading
z 3 ) Station PGNiG CNG |. Refuelin
o Pradzynskiego 16 Y
% >
o 3 DHL Wroctaw, Bierutska 75 Unloading

Table 5. Locations of loading, refueling/loading and unloading points for
vehicles on the Wroclaw—Warsaw route

Wroclaw—Warszawa route
- Designation Location Operation
o
72 DHL Wroclaw, Bieru- .
(%] H
é % 8 towska 75 Loading
S = Warsaw, Kra-
o ' i
4 Kowiakow 44 Unloading
DHL Wroctaw, Bieru- .
® 4 towska 75 Loading
S -
= Gas station ORLEN .
3 5 Malicka 218 Charging
(&}
= Service Station, Pap- .
% 6 rotnia 26a Charging
Warsaw, Kra- .
! kowiakow 44 Unloading
- DHL Wroctaw, Bieru- .
g o 3 towska 75 Loading
% S 4 Gas station Wroctaw, Refuelin
(?D- E Gazowa 3 g
5 5 Warsaw, Kra- Unloadin
o kowiakow 44 g

Electric vehicle users can choose to charge their vehi-
cles using two basic types of chargers. These are chargers
that generate alternating current (AC chargers) and direct
current (DC chargers). A given type of charger is character-
ized by charging speed and the cost of 1 kWh. AC chargers
are a more common type found in versions for personal use
(in the so-called Wallboxes) as well as commercial ones. At
home, the power of chargers of this type is usually from 3.6
to 22 kW. They use single-phase (230 V) or three-phase
(400 V) voltage. The charging time of a vehicle with
a battery with a standard capacity of 50 kWh with this type
of charger varies from 3 to 5 hours.

DC chargers located in service areas, parking lots or
petrol stations are often a better choice for drivers on the
road. This is primarily due to the fact that their power is
much higher compared to AC, ranging from 50 to 150 kW,
but can also have a higher power. In the case of this work,
the analysis took into account the charging of vehicles at
petrol stations belonging to the Orlen Concern, which has
DC chargers with a capacity of 50 kW and 100 kW. The
charging time of the battery with a capacity of 75 kWh in
the used vehicle is approx. 2.5 hours.

5. Comparative analysis of costs and selected
vehicle parameters

5.1. Summary list of fixed and variable costs

The considered case assumes that 2023 the vehicle will
be operated for 250 days, because this is the number of
working days. The work assumes that the length of the
route in one transport cycle is approx. 750 km. The daily
fuel consumption for a diesel vehicle is approx. 83 liters,
for electricity, it is 225 kWh, while the consumption for
a CNG vehicle is 113 m® of compressed natural gas. Out-
lays presented in the work are gross costs.

Based on the adopted assumptions, calculations of indi-
vidual cost components were made, which are summarized
in Table 6.
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Table 6. Aggregate data relating to the analyzed costs

p Variant Variant 1 Variant 2 Variant 3

arameter

The initial value of

the vehicle [thou- 210 180 190

sand PLN]

OC, AC, NNW

[PLN/year] 3,500 4,000 4,200

(delivery vehicle)

Average fuel 11 30 15

consumption [dm3/100 km] | [kWh/100 km] | [m*/100 km]

Fuel/energy price 6.09 2.69 3.40 3
[PLN/1] [PLN/kWh] [PLN/m’]

Employee allow- (u2pZ£ 8 (up4t(5) 12 (uzpztg 8

ance cost [PLN] hours) hours) hours)

Net salary

(1 driver) 5,000 5,000 5,000

[PLN/month]

Total cost of over-

heads (1 driver) 1,014 1,014 1,014

[PLN/month]

Total gross salary

cost (1 driver) 6,014 6,014 6,014

[PLN/month]

Cost of servicing

one vehicle 60,000 50,400 60,000

[PLN/year]

The cost of a set of

A tires [PLN] 2,400 2,400 2,400

Based on the technical data from section 4.2 and calcu-
lations for individual vehicles in section 3, fixed and varia-
ble costs were estimated on an annual basis.

Table 7. Fixed and variable costs, detailing the costs related to CO, emis-
sions for individual variants

Variant Variant1 | Variant2 | Variant3
Type cost
Depreciation costs
. [PLN/year] 42,000 36,000 38,000
@ Insurance costs
Q
8 [PLN/year] 3,500 4,000 4,200
< Driver salary costs
T [PLN/year] 12,028 12,028 12,028
Total [PLN/year] 57,528 52,028 54,228
Costs of fuel/energy
consumption 126,370 151,313 95,625
[PLN/year]
Parking costs at
" refueling/charging 0 42,000 0
B stations [PLN/year]
o | Costs of drivers'
3 allowances 5,670 11,250 5,670
= [PLN/year]
> Service costs
[PLN/year] 60,000 50,400 60,000
Tire replacement costs
[PLN/year] 7,200 7,200 7,200
Total [PLN/year] 193,095 256,583 162,825

5.2. Discussion of the results of the conducted empirical
research
Freight cost benchmarking is the process of evaluating
various cost factors to determine the most cost-effective
option. A summary of the fixed costs for individual vehi-
cles, which include the costs of depreciation, insurance and
drivers' salaries, is shown in the chart (Fig. 5).

45000
40000
35000
30000
25000
20000
15000
10000
5000
0

Cost value [PLN/year]

Depreciation costs Insurance costs Driver salary costs

Variant 1 Variant 2 = Variant 3

Fig. 5. The structure of fixed costs per year for individual variants

The largest part of fixed costs are vehicle depreciation
costs. The electric vehicle with the lowest initial value
performed best. For all the analyzed variants, the drivers'
remuneration costs are the same. The last cost of insurance
differs in small values between given design solutions. The
lowest insurance rate is assigned to a combustion engine
vehicle, and the highest to a CNG-powered vehicle.

Figure 6 shows a summary of variable costs for the ana-
lyzed variants on an annual basis. They include: costs of
fuel consumption, parking at charging/refueling stations,
drivers' allowances, service and tire replacement.

When analyzing variable costs, it can be seen that the
most extensive cost is the cost of fuel/energy consumption
of vehicles. For combustion vehicles on an annual basis, it
amounted to PLN 126,370 for a given transport task, and
PLN 151,313 for an electric vehicle.

160000
140000
120000
100000
80000
60000

40000

Cost value [PLN/year]

20000

0

Costs Stopover costs Driver Service costs Tire
fuel/energy at stations allowance replacement
consumption costs costs
Variant 1 = Variant2 = Variant 3

Fig. 6. The structure of variable costs per year for individual variants

In connection with the above, it is determined that this
cost for a combustion vehicle is almost 17% lower than for
an electric vehicle. Going further, when analyzing the cost
of fuel consumption for a CNG-powered vehicle, large
fluctuations in value differences with the other two types of
vehicles are observed. The cost of fuel consumption of
a vehicle powered by compressed natural gas is almost 24%
lower than in the case of a combustion vehicle and less than
37% lower compared to an electric vehicle.

Another cost is the cost of parking cars at charging/re-
fueling points. According to the data posted on the websites
of selected locations of vehicle charging points, the total
cost of parking for electric vehicles was determined, the
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cost does not apply to combustion and CNG vehicles. Sub-
sequently, the cost of drivers' allowances was also included
for all types of vehicles. The total working time of an elec-
tric vehicle is over 12 hours, therefore the cost of the daily
allowance is PLN 45, which gives a value of PLN 11,250
per year for one driver. In the case of combustion and
CNG-powered vehicles, the cost is PLN 5,670 per year.

Vehicle service costs were determined after contacting
the local IVECO dealer, and the highest were allocated ex
aequo for a combustion engine vehicle and a CNG-powered
vehicle. The last factor analyzed is the cost of tire replace-
ment, which was also discussed with the IVECO dealer and
it was estimated that the tire replacement per year will be
PLN 7,200 for each vehicle, taking into account that they
will be changed three times.

In addition to costs, other aspects of the analyzed vehi-
cles will also be compared, which affect the quality of
transport services, as well as the natural environment [36].
The analysis takes into account the time of cargo transport
on the selected route for given types of vehicles. Determin-
ing this parameter involved determining the distance be-
tween the starting point and the destination, the average
speed of the vehicle, any stops related to loading or refuel-
ing the car, or the time of unloading/loading the goods.
Data on the time of carrying out the transport task of indi-
vidual vehicles are presented in Table 8.

Table 8. Time of carrying out the transport task for the analyzed vehicles

Variant

Variant1 | Variant2 | Variant3
Parameter
Time of carrying out the
transport task [min] 540 990 540

Another parameter is the noise level in selected vehi-
cles. A car with an internal combustion engine that runs on
diesel fuel is notorious for making noise. The noise level of
combustion vehicles depends on the type of engine, tech-
nical condition, driving speed or noise generated as a result
of fuel explosion in the combustion chamber [41]. Electric
vehicles typically generate less noise than vehicles powered
by internal combustion engines. This is the result of the
operation of electric motors, which do not use the fuel ex-
plosion to generate propulsion, and instead use the rotating
motion of the magnet [41]. In addition, electric vehicles
have better sound insulation, which contributes to noise
reduction [21]. Cars powered by compressed natural gas
(CNGQG) also generate lower noise levels compared to com-
bustion vehicles. This is due to the fact that CNG engines
create less vibrations, in addition, the exhaust system is
equipped with noise silencers, which work to reduce the
noise generated by vehicle exhaust emissions [10]. The
aspect of vehicle noise level is very important, considering
its impact on the environment and human health. Long-term
exposure to high noise levels in humans can lead to hearing
damage, sleep disorders or stress. In addition, the noise
generated by the vehicle can have a negative impact on
fauna and the natural environment, e.g. disrupt the commu-
nication of animals and disturb the balance of ecosystems.
Table 3 of the article specifies the noise emission parame-
ters of the analyzed vehicles expressed in decibels.

The last indicator is the analysis of harmful components
emitted by selected vehicles. Trucks, vans and passenger
cars powered by fossil fuel are associated with high emis-
sions of greenhouse gases, especially CO, [22]. Substances
contribute to the increase in the greenhouse effect, smog
and negatively affect air quality and human health. Electric
vehicles do not directly emit exhaust gases or pollutants
while driving. However, emissions related to the production
of electricity used to charge electric cars can contribute to
CO, emissions if the energy comes from non-renewable
sources, e.g. coal power plants [12]. When using renewable
energy, such as solar or wind power, emissions directly
related to vehicles are minimal. Cars powered by com-
pressed natural gas (CNG) emit less CO, than combustion
cars. Combustion of natural gas in the engine causes lower
emissions of particulate matter and sulfur compounds com-
pared to traditional fuels [37]. CO, emission levels for the
purposes of the article were taken from the vehicle manu-
facturer's outlines. The table below presents data on annual
carbon dioxide emissions for selected vehicles based on the
data in Table 3.

Table 9. Carbon dioxide (CO_) emissions on an annual basis

Variant

Variant1 | Variant2 | Variant 3
Parameter
Anpugl carbon dioxide 67 0 57
emissions [t/year]

6. Summary

The analyzed design variants are defined as the type of
delivery vehicles used with engines powered by: diesel oil
(in variant 1), electricity (in variant 2) and compressed
natural gas (in variant 3). The main point of the article was
to determine the route taking into account loading/unload-
ing points and refueling/battery charging points, divided
into individual design variants. For the purposes of the
research, the elements influencing the operating costs of
individual types of vehicles were specified. In addition, the
compared parameters were: the duration of the journey and
the level of noise emission.

Comparison of vehicles powered by internal combustion
engines and those powered by electricity and compressed
natural gas can be made on the basis of various criteria,
such as: environmental performance, energy efficiency,
operating costs, noise emissions and availability of filling
stations/charging stations. The article estimates the operat-
ing costs of vehicles, broken down into fixed and variable
costs of the transport service. The cost of depreciation of
means of transport has the greatest impact on the amount of
fixed costs.

In the case of variable costs, the largest overheads fall
on the costs of fuel consumption. It is worth noting that the
highest cost of energy consumption for an electric vehicle is
largely due to market fluctuations caused by the economic
crisis, which is currently affecting most European Union
countries. At the moment, the prices of fuel and gas are
slightly falling, so vehicles powered by these resources are
taking the lead in the list proposed in this article. Another
fact adversely affecting the attractiveness of electric vehi-
cles is the obligation to pay for parking in a parking space
that allows free charging of the battery. In terms of finan-
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cial savings, the most advantageous variant turned out to be
a vehicle powered by compressed gas (CNG). The favora-
ble overtones of this type of transport are largely due to the
price of gas, which directly translates into the lowest cost
per kilometer of the route.

In the case of long-distance cargo transport, an indisput-
able aspect requiring comparison is also the maximum
range of the vehicle on a single refueling/charging. This
parameter is extremely important for entrepreneurs operat-
ing in the transport industry, because it directly affects the
costs related to employees' salaries and allowances. In addi-
tion, the large range generates the ability to quickly and
efficiently deliver the load to the destination. In this rank-
ing, the electric vehicle is in last place, while the combus-
tion vehicle is the most advantageous solution. The range of
a combustion vehicle is more than four times greater than
that of an electric vehicle and almost three times greater in
relation to a CNG—powered vehicle.

Another analyzed parameter is the total time of carrying
out the transport task. This amount is extremely important
in the case of carriers performing transport, because it di-
rectly translates into wages for employees. In the case of
transport performed using an electric vehicle, the transport
time is almost twice as long as in the other two variants,
which also has a very negative impact on the choice of this
means of transport. The main factors influencing such
alarge discrepancy are: the maximum range on a single
charge (for an electric vehicle it is up to 200 km) and the
battery charging time, which is about 2.5 using a charger
with a power of up to 50 kW, providing direct current dur-
ing charging.

To sum up: it is definitely too early to minimize the im-
pact of freight transport using internal combustion vehicles

on the environment, because the current technologies of
powering vehicles with electricity and the capacity of mod-
ern batteries are insufficient to effectively and conveniently
carry out long-distance transport. With the increase in the
capacity of batteries available in electric vehicles and the
possibilities of chargers, this type of alternative to internal
combustion vehicles may become a very beneficial solu-
tion. On the other hand, the method of powering vehicle
engines with compressed natural gas is currently a very
advantageous solution, ensuring a relatively high range of
the vehicle and a favorable price for covering 1 km of the
route. Taking into account the main analyzed parameters,
such as transport costs, range, travel time or fuel replenish-
ment time, vehicles powered by internal combustion en-
gines continue to lead the way.

The aim achieved by the authors is to indicate the most
advantageous variant among the vehicles used for load
distribution in terms of transport costs, emissions of harm-
ful substances and the level of emitted noise. The authors,
conducting a comparative analysis of three variants of
transport, determined that in the case of domestic transport
for longer distances, combustion vehicles are still the most
advantageous alternative. This is mainly due to the cost of
purchasing such vehicles and the time of transport. For
electric vehicles, the biggest barrier to long-distance de-
ployment is the relatively low range. Analyzing the criteri-
on of carbon dioxide emission and noise, the most advanta-
geous alternative is an electric vehicle. It is impossible to
draw a final conclusion, because the choice of a vehicle is
mainly conditioned by the individual economic, technical
and technological preferences of the buyer.

Nomenclature

AC  alternating current
AC  auto casco

DC  direct current
NNW accidental consequences

CNG compressed natural gas OC liability insurance
CO, carbon dioxide
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cycles were registered in 2022, 10.8% more than in the pre-
vious year [30, 35]. It is clear that CO, emissions have been
on a downward trend over the years (black line Fig. 5).

Fig. 5. CO, Emission for Motorcycles [8]

The estimators of parameters of the model constructed
for the pre-pandemic period (blue line in Fig. 5), standard
deviations of parameters, t-statistics and p-values are pre-
sented in Table 10.

Table 10. Structural parameters, standard errors, values of t-statistic and
p-value for the trend to the pre-pandemic period

for the CO, emission series up to the pandemic and the
polynomial trend determined for the CO, emission series
containing the first year of the pandemic. The trend pa-
rameters of the period up to the pandemic and the period
with the onset of the pandemic are not significantly differ-
ent, thus there was no significant effect on the trend. Table
12 presents the values of statistic (6) and p-values for the
structural parameter difference test.

Table 12. T-statistic values and p-value for the tests of differences of
structural parameters

T p-value
Bo 0.28281 0.77732
B> -0.61391 0.53927
Bs 0.72418 0.46895

Estimate Std. error t value p-value
Bg 452.59779 17.62924 25.67313 <le-5
B, -0.94515 0.16588 -5.69780 <le5
Bs 0.02087 0.00535 3.90082 0.00052

The coefficient of determination is 0.8293 and the
standard deviation of the residuals is 48.66. At the signifi-
cance level o = 0.05, the Hy hypothesis was rejected in
favor of H; for the structural parameters (g, B>, B3, thus the
predictors of these parameters significantly affect the poly-
nomial trend in the time series. The value of the statistic for
the Ramsey RESET test is 1.3867, while the p-value is
0.2638.

The estimator of model parameters for the entire study
period (red line in Fig. 5), standard deviations of parame-
ters, t-statistics and p-values are presented in Table 11.

Table 11. Structural parameters, standard errors, values of t-statistic and
p-value for the trend to the entire period

Estimate Std. error t value p-value
Bo 451.31832 17.10369 26.38718 <le5b
B, -0.91973 0.15152 —6.07003 <le5
Bs 0.01992 0.00474 4.20027 0.00022

The coefficient of determination is 0.8368, and the
standard deviation of the residuals is 47.97. At the signifi-
cance level o = 0.05, the Hy hypothesis was rejected in
favor of H; for the structural parameters (g, B>, B3, thus the
predictors at these parameters significantly affect the poly-
nomial trend in the time series.

Comparing the parameters of the models for each period
this time led to different conclusions. At the significance
level a = 0.05, there is no basis to reject the Hy hypothesis
for all structural parameters. Thus, the parameters are not
significantly different for the polynomial trend determined

This result of the study of CO, emissions from motorcy-
cles is probably due to the fact that traveling on a motorcy-
cle was not associated with an increased risk of danger, as
all single-track vehicles were a safe means of transport
from the point of view of virus infection. This is why the
result is so different from other modes of transport.

4. Conclusion

The primary objective of the study was to assess wheth-
er the COVID-19 pandemic significantly affected CO,
emissions from road transport. A general analysis was made
first, without distinguishing between different modes of
transport, and then passenger cars, light and heavy-duty
trucks and motorcycles were examined. It turned out that
only in the case of motorcycles was the impact of the pan-
demic not significant. Thus, global mobility restrictions and
probably the fear of becoming infected have influenced
public behavior. Despite the woeful pandemic period,
meaningful conclusions can also be drawn. The study
shows that changes are possible regarding CO, emissions
from transport, but they require comprehensive, systemic
solutions.

The obtained results clearly prove that it is possible to
implement mechanisms for controlling society on a global
scale and to achieve the desired results in terms of harmful
emissions. The solutions implemented in this area require
the use of appropriate analysis methods that will allow for
a reliable assessment of whether the implemented changes
bring the expected results and whether the obtained effect is
statistically significant. The method proposed in the article
can be successfully used for such analyses. The algorithm
proposed in the methodological chapter is universal and can
also be applied to factors other than the COVID-19 pan-
demic. This is an additional advantage of the article.

In early 2023, the European Parliament approved new
targets to reduce CO, emissions produced by new passenger
and goods carrying vehicles by 100 percent by 2035 com-
pared to 2021. With regard to the results presented, these
assumptions seem difficult to implement. Over the entire
period studied, for every mode of transport except motorcy-
cles, the research presented shows an upward trend. Only
the COVID-19 pandemic caused small declines but only for
passenger cars and heavy duty trucks. Thus, changes in this
area are necessary. Given the short time left for Poland and
the European Union as a whole to achieve climate neutrali-
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ty, it is necessary to introduce the principles of sustainable
development and take a holistic view of the environmental
impact of individual modes of transport.

In the article, the study was conducted at a general level,
observing global trends and considering whether they are
possible to change. This provides the basis for more de-
tailed analyzes and the search for relationships between
specific solutions and CO, emissions.

In addition, due to the fact that the publication of emis-
sions data is delayed, so the authors have not had the oppor-
tunity to make a study based on complete historical data, it
is necessary to continue research and analyze trends. How-
ever, this will be the direction of further research planned in
this area.
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2. Mileage energy consumption and vehicle speed

A direct manner of improving the safety of road traffic
and also the safety of other road users is usually a speed
limit introduced by traffic regulations. This is implemented
through signs or the introduction of speed-limit zones on
city streets, with the speed limit being 30 km/h. Such regu-
lations work well in terms of safety and this is not disputed
by the authors in terms of energy, however consumption
varies over a wide range. The simulated mileage energy
consumption under different traffic conditions for an elec-
tric passenger vehicle is presented in paper [7], which shows
a large spread of mileage energy consumption (Fig. 1).

Fig. 1. Mileage energy consumption of an electric passenger vehicle [7]

The electric energy consumption shown varies for an
average speed of 50 km/h from 5 kWh/100 km to 18
kwh/100 km with an average consumption of 10.5
kWh/100 km. This variation is caused by the simulated
traffic conditions on different road sections when travelling
at different speeds [16, 17]. The points highlighted in grey
are the unit values and those in red correspond to the aver-
age mileage energy consumption. The average values
shown for the mileage energy consumption indicate mini-
mum consumption at speeds in the range of 30 to 45 km/h.
In the same work, the authors compared the mileage fuel
consumption for an internal combustion drive unit, as
shown in Fig. 2.

Fig. 2. Mileage fuel consumption of combustion drive units [7]

Internal combustion vehicles have a significantly greater
spread of fuel consumption and their average value is in the
range of 90 to 100 km/h. It is interesting that the different
drive unit designs (BEV and ICE) feature minimum mile-
age fuel and energy consumptions that occur at a given
speed. Attention should be paid to identical vehicle parame-

ters related to weight, tire type, drag coefficient ¢, or frontal
surface area. It is not correct to directly compare the pre-
sented mileage fuel and energy consumption. Therefore, in
paper [8], the authors compared the electricity consumption
and fuel consumption per unit of electricity for travels made
under real road conditions.

Fig. 3. Mileage energy consumption for various passenger vehicle drive
units [13]

A similar comparison can be found in paper [8, 10],
where the difference in the mileage energy consumption of
an internal combustion engine and an electric engine is
substantial. However, the authors of this paper compared
the variation in the aforementioned drive units’ energy
carrier consumption depending on the driver. The results of
energy carrier consumption for a random selection of 10
vehicles over a period of at least one year are presented in
Fig. 4.

a)

b)

Fig. 4. Differences in energy carrier consumption for different drive units:
a) internal combustion, b) electric
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The reason for these differences is the operation period
of over 12 months, in which the vehicles covered a maxi-
mum distance of 31,000 km for the electric drive unit and
34,000 km for the internal combustion drive unit. The
spread of results is significantly greater for electric drive
units for which the standard deviation is in the range of 1.5
to 12.8 (Fig. 5), while for the internal combustion drive
unit, this value does not exceed 0.7.

Fig. 5. Standard deviation of an electric drive unit

Therefore, the internal combustion engine’s consump-
tion is characterised by a significantly smaller spread in the
average mileage fuel consumption. In the case of the elec-
tric drive system, the driver’s driving style is important in
terms of the ability to recover energy from the deceleration
process and in terms of the average vehicle speed [11]. In
paper [10], the authors presented the energy consumption at
an average speed of an electric engine. The differences are
significant and amount from 135 to 420 Wh/km.

3. Mileage energy consumption and constant

vehicle speed

The electric drive unit’s mileage energy consumption is
measure of the energy expended on a given road section at
a given speed. Due to the fact that vehicle speed depends on
the driver’s will and on the environmental conditions (road
topography, weather conditions, other road users’ manoeu-
vres) or the legal conditions that regulate traffic in a given
area. The regulations introduced to limit the speed to 30
km/h result in an increased fuel consumption, according to
the information shown in Fig. 7a. From the information
presented, it is possible to conclude that the minimum mile-
age energy consumption occurs at a well-defined electric
vehicle speed. In Mitrovié’s paper [14], it is possible to find
confirmation of the above information for an internal com-
bustion vehicle with an assumed speed limit on a limited
length road section. Under these assumptions, a vehicle
moving at a very low speed V — 0 will have a fuel con-
sumption rising to infinity (Fig. 6) due to the internal com-
bustion engine’s operation in its low-efficiency range re-
sulting from idling Q, and under such traffic conditions the
travel time also increases to 1 — . This shows that the
time t [h] and fuel consumption Q [I] are very high for
a very low vehicle speed, Eq. (1).

Fig. 6. Analysis of the vehicle’s traction variables in road traffic at limited
speeds

Low vehicle speed:

V=0 {(Qp[l/h] =Qq; 1 —> x)}: Q] > oo, large (1)
High vehicle speed:
V — large{(Qp [I/h] = large; T — small)}: Q [I] — finite (2)

In the second extreme position for high speeds, the fuel
consumption increases, but the travel time decreases greatly
(2). In this case, the fuel consumption, treated as the prod-
uct of high-intensity fuel flow Q. [I/h] and short travel time
1 [h], will provide a finite fuel value in Q [1] (3).

Q [IT=Q: [/h]-< [h] ©)

It was assumed that similar dependencies apply to elec-
tric vehicles. Hence, energy consumption was measured for
selected vehicle models under traffic conditions. The dif-
ference in mileage energy consumption derives from the
differences in the drive units.

4. Mileage energy consumption under road
conditions

The energy consumption of an electric passenger vehi-
cle was analysed on a selected road section of 2.5 km with
a good bituminous road surface, sheltered from the wind
and the road slope was close to zero. The tests were carried
out at similar temperatures of 5°C.

The traction and energy parameters were monitored us-
ing a measurement platform developed at the Department
of Vehicles of the Opole University of Technology [9]. The
platform enables the measurement of traction parameters
from several data sources simultaneously including, among
others, the on-board diagnostic (OBD) network or the on-
board CAN Bus data transmission network. In addition, for
Mercedes-Benz vehicles, the authors used the company’s
software that enabled a continuous preview of the following
data: energy storage capacity, total distance travelled, travel
time, average speed and energy expenditure as the mileage
electricity consumption. The aforementioned data were
systematically recorded in the database and then analysed.

The technical data of the analysed electric vehicles is
presented in Table 2.
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Table 2. Tested vehicle parameters

Manufacturer Renault Mercedes-Benz | Mercedes-Benz
Type ZOE CLA A250e
Electric engine’s 68 KW 75 W 75 W
output
Electric engine’s | = 554 Ny 330 Nm 300 Nm
max. torque
- Front, Front, Front,

Engine assembly

transverse transverse transverse
Engine system EV PHEV PHEV
type
Transmission Automatic Automatic

1 gear

system — 8 gears — 8 gears
Battery capacity 41.1 kWh — 15.6 kWh
Vehicle mass 1445 kg 1325 kg 1817 kg
Venicle travel 255 km 80 km 75 km
range
Vehicle energy 165 190 209
consumption Wh/km Wh/km Wh/km

The energy consumption was analysed for the vehicle’s
real operating conditions at a preset constant speed from 30
km/h to 130 km/h, with the speed being changed gradually
by 10 km/h once the energy consumption had stabilised. It
should be noted that two hybrid vehicles equipped with an
additional combustion engine were among the analysed
drive units. However, in the case of both aforementioned
vehicles, the analysis was carried out solely on the basis of
a forced electric drive. For the Renault ZOE, tests were
carried out for two drive unit control modes (“Normal” and
“ECO”). The “ECO” mode limits the drive unit’s available
output to 38 kW, maximum vehicle speed to 96 km/h and
cockpit temperature to 21°C.

Figure 7 shows the mileage energy consumption as
a function of the vehicle's speed. The results shown are the
averaged values recorded at the measurement points (con-
stant speed). For each recorded mileage energy consump-
tion, its minimum values can be determined for a given
constant vehicle speed. In the case of the analysed vehicles,
these values were as follows:

— Renault ZOE, ECO mode; V — 37 km/h — 12.2 kW/100
km

— Renault ZOE, normal mode; V — 50 km/h — 14.50
kW/100 km

— Mercedes-Benz CLA; V — 40 km/h — 11.5 kW/100 km

— Mercedes-Benz A250e; V — 60 km/h — 15.7 kW/100
km.

There is a noticeable effect of speed on energy con-
sumption, which increases below and above the set speed.
The Mercedes-Benz CLA has the lowest energy consump-
tion, but the drive unit’s output required to drive the ana-
lysed vehicles is similar, as shown in Fig. 8. These values
are in line with the research presented in another paper [4]
on the analysis of fuel consumption in an internal combus-
tion drive unit. Despite the significant differences in the
vehicles’ drive units, its output at a constant speed is similar
and is approximately 20 kW for the 100 km/h vehicle
speed. In contrast, significant differences were registered in
torque. Regardless of its operating mode, Renault ZOE has
a similar torque as both Mercedes-Benz, which share the
same drive unit (Fig. 9). The drive unit of the Mercedes-
Benz vehicles uses an eight-speed transmission, which

affects its torque, unlike the ZOE, which has a fixed trans-
mission ratio in its drive units.

a)

c)

Fig. 7. Mileage energy consumption for the analysed electric vehicles: a)
Renault ZOE, b) Mercedes-Benz A250e, c) Mercedes-Benz CLA

The values shown above for the vehicle's electric drive
unit are determined empirically for a constant vehicle
speed. The values are similar in terms of mileage and char-
acteristics for internal combustion drive units widely re-
ported in the literature, but also presented in Chapter 2.
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Fig. 8. Drive unit output at constant vehicle speed

Fig. 9. Drive unit torque at the constant vehicle speed

5. Energy consumption for the vehicle fleet

The electric energy consumption Q. [kWh] was ana-
lysed for the following vehicle movement pattern on the
road at a constant speed. The pattern refers to the vehicles’
travel on road section L [km] from points A to B, while
maintaining a safe distance between the vehicles. The safe
distance is not a fixed value and is not precisely defined. It
is generally acknowledged that this distance ensures the
driver’s safety in the event of emergency braking, both in
front of and behind the vehicle. The term is not precise due
to the use of the words “safe distance” in the context of two
conditions related to braking distance and the driver’s reac-
tion time. The braking distance depends on many condi-
tions, such as the road type, the vehicle’s condition and
even its type, brand or weather conditions. Reaction time is
the driver's subjective ability to respond to an occurring
traffic event and refers to the driver's psychomotor proper-
ties, experience and even the force with which the driver
presses on the brake pedal. In practice, the driver's reaction
time is between 0.5 and 1.5 seconds and can therefore be
three times as long. For safety reasons, the response time is
assumed to be 3 seconds and is preferred by the Polish road
manager, i.e. the General Directorate for National Roads
and Motorways. The Road Traffic Law defines the safe
distance in Article 19, paragraph 3a as “the minimum dis-
tance between the driver’s vehicle and the vehicle in front
of him in the same lane. This distance, expressed in meters,
shall be defined as not less than half the number represent-
ing the driver’s vehicle’s speed, expressed in kilometers per
hour”. The minimum safe distance at 30 km/h is therefore
15 mand at 100 km/h — 50 m.

Therefore, the number of vehicles is variable for
a queue of vehicles moving one after the other, without
interruption, on the same road section at a constant speed.
This is important in terms of minimising the vehicle fleet’s
energy consumption, which requires determining the grid
energy demand for minimum values at the recommended
speed in terms of energy consumption and that resulting
from legal regulations. Each energy consumption Q > Quin
increases the intake of grid energy and is adverse for the
environment. It is therefore important to estimate the differ-
ence AQ = Q — Qmin, and for the analysed vehicle, e.g. Re-
nault ZOE, the difference is presented in Fig. 10.

Fig. 10. Relative energy gain compared to its minimum value for Renault
ZOE

Each travel at a speed V that differs from Vqy (V #
Vopt), Teaturing a minimum energy consumption, increases
energy consumption. A plot describing the dependency
between consumption and travel time over a 10 km distance
for the selected electric vehicle (Renault ZOE) is shown in
Fig. 11. It corresponds to Fig. 6, presented in Mitrovic's
paper [14] for the internal combustion drive unit.

Fig. 11. Approximate energy consumption and time values for the ana-
lysed road section of 10 km

The energy consumption determined this way was used
to calculate the energy consumption of a fleet of electric
vehicles travelling at a constant speed, assuming a safe
distance between them is maintained as required by traffic
regulations, as shown in Fig. 12.
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Fig. 12. Dependency of energy consumption for a fleet of electric vehicles
at a constant speed of 30 km/h and 50 km/h while maintaining a safe
distance

The number of vehicles in the fleet decreases as the
speed increases, because the distance between vehicles
increases along with an increase in speed, for which the
vehicle’s length must also be taken into account (4.08 m in
the case of Renault Zoe). The number of vehicles travelling
over a distance of 10 km at a constant speed of 30 km/h is
524 and 184 vehicles at 100 km/h. By calculating the ener-
gy consumption directly (Fig. 11) for the moving fleet, it
turns out that the consumption amounts to 791.4 kWh at 30
km/h, 498.6 kWh at optimum speed (50 km/h) and 354.8
kWh at 100 km/h. The reduction in energy consumption is
due to the decreasing number of vehicles in the fleet along
with the increasing speed on a given road section. A de-
tailed analysis was carried out for energy consumption if
the fleet of vehicles was to cover the 10 km distance at the
optimum speed (50 km/h) and at the speed limit derived
from legal restrictions (30 km/h). The representative fuel
will then be derived from the consumption at a given speed
and number of vehicles, as shown in Fig. 12.

The energy consumption shown in the figure by the
green line is presented for a fleet of 349 vehicles travel-ling
at the optimum speed (50 km/h) while maintaining a safe
distance. In contrast, the black line shows the consumption
for a fleet travelling at 30 km/h. The differences in con-
sumption are significant and at 50 km/h amount to AQ =
52.8% of the relative value, while at 30 km/h, AQ = 58.7%,
and at 100 km/h — nearly 100% (precisely 96%).

In terms of the energy consumption of a fleet of vehicles
travelling in the city, the ultimate aim should be making
traffic smoother. At the same time, all the electric vehicles
analysed have a significantly lower constant speeds that
guarantee minimum energy consumption when compared to
the internal combustion drive unit presented in papers [2, 10].

In paper [14], Mitrovi¢ pointed out that an increase from
30 km/h to 100 km/h in the case of the internal combustion
drive unit results in a 93% increase in fuel consumption.
A similar increase was recorded for the analysed Renault
ZOE, which amounted to 90.3% and was mainly due to the
vehicles’ drag resistance, as shown in Fig. 7.

6. Summary
An analysis of the results obtained allows for the con-
clusion that the introduction of a 30 km/h speed limit caus-
es an increase in the energy consumption of vehicle fleets.
Regardless of the form of energy generation (coal, nuclear
or RES), an increase in consumption always has an adverse
effect on the environment. For example, it causes greater
thermal and CO, emissions in the case of conventional coal
energy, greater thermal emissions for nuclear energy and
requires using more windmills or solar panels for RES. At
the same time, the introduction of speed limits results in
a 7.8% decrease in the number of road accidents, according
to data provided by insurance companies [15].
In summary:
— 30 km/h speed-limit zones should only be introduced in
particularly dangerous areas
— areduction in speed below that which ensures minimum
energy consumption results in an increased energy con-
sumption
— the analysis carried out for a fleet of electric vehicles
travelling at a safe distance from one another results in
more traffic at a reduced speed, which is dangerous in
itself. Therefore, these restrictions should also take traf-
fic congestion into account
— higher energy consumption also has economic effects
which should be taken into consideration.
Only a comprehensive way of considering the introduc-
tion of 30 km/h speed limits will be effective in reducing
the energy consumption of electric vehicles.

Nomenclature

BEV  battery electric vehicle

ICEV internal combustion engine vehicle
OBD  on-board diagnostic

Q fuel consumption [I]

Qe electric energy consumption [kWh]

Qr fuel flow [1/h]
\% vehicle speed [km/h]

Vopt optimum speed

WLTP Worldwide Harmonized Light Vehicles Test Pro-
cedure

WTW  well-to-wheels

AQ differences in fuel consumption

T time [h]
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under constant-volume conditions

The article discusses the research results on the combustion of pyrolysis oil derived from the pyrolysis of HDPE
plastics after its distillation. The tests were carried out in a constant-volume combustion chamber in conditions
similar to those in a compression-ignition engine with a compression ratio of 17.5:1. The phases of premixed
and diffusion combustion and the ignition lag were determined. Then, diesel fuel combustion tests were
performed under similar pressure-temperature conditions. Comparative analysis was used to draw conclusions
as follows: the percentage fraction of heat released from the premixed combustion phase to total heat for pyroly-
sis oil was nearly 22%, whereas this parameter is 15% for diesel fuel, the maximum combustion rate for the
premixed combustion phase for pyrolysis oil was approximately 27% higher than the premixed combustion rate
for diesel fuel, the ignition lag for pyrolysis oil was slightly longer compared to that for diesel fuel. The
presented parameters have a significant impact on both the development of combustion and the thermal
efficiency of the internal combustion engine. Summing up, one can conclude, that pyrolysis oil can be applied as
a substitute for diesel fuel both as a single fuel or blend component with it.
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1. Introduction

In the search for renewable fuels, more and more atten-
tion is paid to by-products generated during the thermal
processing (torrefaction, pyrolysis, gasification) of organic
substances. Such by-products include post-process liquid
commonly referred to as pyrolysis oil. Pyrolysis oil is
a condensate from liquid vapors generated during pyrolysis.
Typically, biomass and organic waste (plastics, tires) are
organic substances that are used as feedstock for a pyrolysis
reactor. Due to the relatively well-developed technologies
of torrefaction, pyrolysis, and gasification of plant biomass,
attempts are made to use these technologies for the thermal
processing of organic matter other than biomass, mainly car
tires and plastics without the possibility of recycling them.
Based on these technologies, solutions for the thermal de-
composition of sewage sludge, plastics, and rubber from
used tires have been successfully implemented. As dis-
cussed in the available literature [2, 10], plastic waste and
used car tires, due to their high carbon and hydrogen con-
tent, are considered attractive materials for the production
of liquid and gaseous substances with a satisfactory good
calorific value. Hence, in the short-term future, these prod-
ucts may have a significant share in the fuel sector, provid-
ed that a number of changes in the waste laws are intro-
duced in order to convert waste into a full-value material.

Currently, research is being carried out on the combus-
tion of raw pyrolysis oil and mixtures with other fuels to
enrich its combustible properties [3]. Mixing crude pyroly-
sis oil with another fuel substance can also be caused by
reducing the content of unfavorable components, e.g. sulfur
present in crude pyrolysis oil obtained from the pyrolysis of
used car tires. On the basis of the studies carried out so far,
there is a number of reasons to clearly confirm that pyroly-
sis oil should be tested in terms of its use as fuel for both
automotive engines and engines in cogeneration units.

Crude pyrolysis oil is a black, opaque substance with
a strong characteristic odor. This oil mainly contains hydro-
carbon compounds, alcohols, water, and organic acids [1].
On the other hand, due to its relatively high calorific value,
pyrolysis oil is considered a potential fuel for reciprocating,
piston engines and gas turbines [7, 14, 15]. Umeki [15]
found that a mixture of pyrolysis oil and diesel fuel has
physical and chemical properties that aspire to be directly
used in a diesel engine. In addition, his research showed
that the pyrolysis oil was characterized by a research octane
number close to 90, i.e. such as typical gasoline for internal
combustion engines of vehicles. Tudu [14] investigated and
proposed a blend consisting of 50% diesel, 40% light py-
rolysis oil, and 10% dimethyl carbonate. Hurdogan, after
adding 10% of pyrolysis oil to diesel fuel, obtained a fuel
that did not deteriorate engine performance in terms of
torque and output power [7]. Furthermore, the implementa-
tion of a fuel that is a mixture of butanol (renewable fuel)
and pyrolysis oil (as a product of the use of biomass/plastic
waste) can be considered an innovative action [11]. The
research described in this manuscript focused on the appli-
cation of this fuel to a stationary engine, but the results
indicate that it can also be used for automotive Sl engines.
Based on the literature review, a growing interest in plastic
pyrolysis oil and its use as a potential primary or additional
fuel for an internal combustion engine can be observed [4,
5,8,9, 13, 16].

A crucial environmental challenge is the analysis of ex-
haust gas toxicity from an engine fueled with pyrolysis oil.
Due to its diverse origin, this oil may be a mixture of poly-
cyclic aromatic hydrocarbons and may also contain chlorine
which is a precursor for dioxins formation. Examination of
the exhaust gas toxicity may result in supplementing the
exhaust gas purity standards with compounds that may be
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formed from the combustion of pyrolysis oil and are not
present during the combustion of conventional fuels.

2. Methodology and test stand description

The studies presented in the article are based on exper-
iments. These studies were conducted with the aid of com-
parative analysis. The results of the combustion of two
liquids in a constant-volume combustion chamber were
used for the analysis. One of the liquids was the tested
pyrolysis oil. The reference liquid was light diesel fuel.

The constant-volume combustion chamber is a test
stand where the pressure course was recorded in the time
interval including injection, ignition, and flame develop-
ment until its extinction for pyrolysis oil and reference fuels
in conditions similar to those in a real diesel engine prevail-
ing at the time of fuel injection into the combustion cham-
ber and the cylinder. Techniques of testing various liquids
as potential engine fuels in a constant-volume chamber
assisted with high-speed video cameras is a relatively new
measurement methodology, which usability was confirmed
among others in work by Grab-Rogalinski [6]. Tests of
injection in an oxygen-free atmosphere were also carried
out to eliminate ignition and to determine the fuel flow rate
from the injector nozzle and the maximum range of the
injected fuel stream.

In addition, the presented phenomena were recorded us-
ing a high-speed digital camera at a frame speed of up to
20,000 fps. Figure 1 shows the combustion chamber where
the injection and combustion experiment was carried out.
The combustion chamber has a volume of 1.1 dm®. Inside,
the chamber is oval with a diameter of 101.6 mm.

Fig. 1. The constant volume combustion chamber

The test bench with a combustion chamber is presented
in Fig. 2. The placement of both cameras and the mono-
chromatic light source is shown. Camera 1 recorded the
image in transmitted light using the Schlieren technique
(Fig. 3a). This camera was set transversely to the direction
of the outgoing fuel stream. Whereas, Camera 2 was posi-
tioned along the longitudinal symmetry axis of the injector
and was used to record the image of self-illumination from
the flame (Fig. 3b). However, in this case, the camera could
also record the reflected light generated by one of the

sources. It was particularly useful in the analysis of injec-
tion and spraying in an oxygen-free atmosphere, where the
lack of self-luminance from the flame made the recorded
image practically illegible.

Fig. 2. The diagram of the test set-up with the constant-volume combus-
tion chamber

The test stand consisted of two high-speed digital cam-
eras Photron Fastcam SAL.1 with the following operational
parameters:

— lenses: focal length/aperture: 85 mm/1.4 and 60 mm/1.7

— resolution: 512 x 512 pixels, monochrome image, 8-bit
gray scale

— image recording speed: 20,000 fps

— shutter speed: 3.26 us

— protective filter: 550 nm.

The methodology and the course of the experiment of
combusting the tested liquid in the combustion chamber
were precisely described in the procedure, the most im-
portant points of which are presented as follows:

— the combustion chamber is designed for fuel self-
ignition tests at elevated temperature and pressure

— the combustion chamber is initially filled with a mixture
of H,-C,H,-0,-N, gases in appropriate proportions

— ignition of the gas mixture is initiated from the spark
plug

— as the result of the combustion of H, and C,H, the fol-
lowing mixture was created: H,0, CO,, O, and N, with
the proportions required by the experiment, especially
taking part in the study, which in this case was at a con-
centration of 21% in terms of the total volume filling the
chamber

— injection of the tested fuel is performed automatically.

The injection of the tested fuel took place after reaching
the pressure in the combustion chamber at the level of, for
example, 41 bar or at a temperature set-point of e.g. 1000 K,
which corresponded to conditions similar to those prevail-
ing at the end of the compression stroke in the engine with
a compression ratio of 17.5:1.

The tests were carried out for pyrolysis oil and light die-
sel fuel according to the data shown in Table 1 and Table 2.
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a)

Fig. 3. Exemplary images: image from Camera 1 (a), image from Camera

2 (b)

Table 1. Selected fuel properties

Fuel
Pyrolysis oil | Diesel fuel
Density kg/dm® 738 852
Surface tension mN/m 22.9 27.6
Dynamic viscosity at 40°C mPas 0.48 3.77
Cetane number - 10-40 50
Table 2. Experimental matrix
Fuel
Pyrolysis oil | Diesel fuel
Number of tests of combustion
in the atmosphere 21% O, 2 5 (41 ba)
Number of tests when the chamber was 2 2
filled with nitrogen, without oxygen
Initial temperature K 453 453
Injection temperature K 1000 1000
Pre_ssurg !nsme the chamber bar a a
during injection
Injection pressure bar 400 400

For the initial pressure of 41 bar, five tests were carried
out to check the repeatability of the results and evaluate the
measurement accuracy.

In the thermodynamic analysis, calculations of the heat
release rate (HRR, dQ/dt) were performed. In order to cal-
culate the heat release rate during the combustion of the
tested fuel in a constant-volume chamber, a number of
simplifications were adopted as follows:

— the constant-volume combustion chamber is an insulated
chamber, which means that there is no heat transfer
from the chamber to the environment

— gases filling the chamber are treated as an ideal gas

— the increase in mass and number of moles resulting from
the injection of the tested fuel into the chamber is con-
sidered marginal and does not cause a significant change
in the calculations

— the change in the chemical composition of the gases
before and after the combustion of the tested fuel is ir-
relevant for the accuracy of the calculations, it is as-
sumed that the mixture does not change.

The heat release rate was calculated based on the fol-
lowing relationships:

— equation of state for an ideal gas (1)

— relation for the universal gas constant R, and the specif-
ic heats ¢, and c, (2)

— caloric equation for internal energy (3)

— first law of thermodynamics (4).

pV=n-R, T @

cv _ v _ 1

R_u - cp—Cy T k-1 (2)
Ui(T) =nj-cyi" T 3)
Q =Uy(T;) — U, (Ty) 4)

After rearranging the equations (1-4) it yields
1
dQ=—V-dp (5)

Hence, the elementary dQ as a time-dependent variable
will be proportional to the heat release rate dQ/dt, which is
related to the time of 1 second.

An exemplary dQ/dt course is shown in Fig. 4. As seen
from equation (5), the pressure change dp is in strict pro-
portion to change in the heat released dQ, so does to dQ/dt.
The index k of specific heats cy/c, was calculated for a
given pressure and temperature based on c, and c, for the
mixture of gases filling the combustion chamber before the
start of injection of the tested fuel.

Fig. 4. Exemplary plot of heat release rate with highlighting premixed and
diffusion combustion
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In the initial range, a decrease in the HRR can be ob-
served. This drop is located in the time interval when the
injector opens (point A in Fig. 4) and fuel flows into the
chamber. The most likely explanation for this heat loss is
the evaporation of the injected fuel. In addition, it can be
also assumed that the negative HRR is also influenced by
chemical reactions that initiate ignition, which are usually
endothermic reactions.

From the heat release rate HRR, one can read the range
typical for premixed and the diffusion combustion. It is
obvious that both types of combustion occur one by one in
time, but it is difficult to identify when one ends and the
other begins. Hence, a simplification was introduced, ac-
cording to which the premixed combustion starts from point
A and it goes until achieving a local minimum (point C).
Diffusion combustion, on the other hand, was assumed to
last from point C to the end of combustion, i.e. until dQ/dt
reaches 0 at point E, the location of which is not indicated
in Fig. 4.

Additionally, knowledge of the heat release rate dQ/dt
will lead to determining combustion phases based on the
accumulated heat Q(t) with Eq. 6.

1

QO =5V [, dp ®)

1

where: t, — start of injection.

The total heat Q released from combustion can be calcu-
lated as a maximum heat defined by Eq. 6.

On the basis of Q(t) recalculated to normalized percent-
age scale, the combustion phases can be introduced as fol-
lows:

— 1o — initial combustion phase measured from the start
of injection to the release of 2% of heat released. This
phase is usually considered a reliable parameter repre-
senting the ignition delay of the air-fuel combustible
mixture

— to_10 — the initial combustion phase managed as another
reliable parameter to assess the ignition delay

— 11090 — the main combustion phase

— to_go — the initial and main combustion phases.

Characteristics of pyrolysis oil used for tests

As a result of distillation at 280°C, the pyrolysis oil was
practically free of hydrocarbons with the number of carbon
atoms above 15 (Fig. 5).

Fig. 5. Percentage hydrocarbons fractions by mass for the pyrolysis oil
after distillation

Detailed analysis of processing technology of this py-
rolysis oil is present in work [12]. As it results from the
mass composition (Fig. 5), the fractions present in gasoline
(Cs—Cyg) are dominant. On the other hand, the fractions
characteristic of diesel fuel (C1,—Cy5) present in the amount
of approximately 30% may adversely affect the octane
number of pyrolysis oil due to their lower self-ignition
temperature and thus higher tendency to generate knocking
combustion.

3. Results and discussion

According to the assumptions, the heat release rate
dQ/dt was determined on the basis of combustion pressure
trace as depicted in Fig. 6. To avoid high numbers from
deriving, the pressure was filtered.

Fig. 6. Real and filtered combustion pressure trace in the combustion
chamber at 41 bar initial pressure

Figure 7 shows the heat release rate dQ/dt for both test-
ed fuels. The phases of premixed and diffusion combustion
can be identified. As depicted, the premixed combustion for
both fuels is faster than diffusion combustion. Additionally,
higher dQ/dt is observed for pyrolysis oil, which confirms
the conclusion about the higher chemical rate of reactions
of substances forming pyrolysis oil.

Selected results from combustion analysis were includ-
ed in Table 3.

Fig. 7. Heat release rate history for pyrolysis oil and diesel fuel at initial
pressure of 41 bar
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Table 3. Selected combustion parameters for pyrolysis oil and diesel fuel
combusted in the constant-volume combustion chamber

Pyrolysis oil Diesel fuel

Initial pressure bar 41 41

too ms 1.03 0.99
to10 ms 1.22 1.21
torem ms 0.91 0.89
e ms 5.06 4.55
torem/Laitr % 18 20

Qprem J 202 181
Quitt J 907 997
Quotal J 1109 1178
Qprem % 18.2 15.3
Quifr % 81.8 84.7
Qprem/Qdiff % 22.2 18.1
dQprem, max M/s 0.57 0.46
deiff‘ max MJ/s 0.26 0.31

Figure 8 presents the combustion phases for pyrolysis
oil and diesel fuel as follows: ty 5, to 10, t10-00, and togg for
an initial pressure of 41 bar at the start of injection. As can
be seen, the time intervals ty., or ty.1 that represent the igni-
tion delay do not differ significantly from each other. Alt-
hough, the time tq, is the time in which combusted fuel
was 5 times larger of compared to the time t,_, as concluded
from heat released. This can be explained by rapid accelera-
tion of combustion in the initial combustion phase, caused
by premixed combustion. As investigated, the main com-
bustion phase denoted as to_go is longer for pyrolysis oil.
Even though, the change can be managed as insignificant,
but it can affect higher soot and unburnt hydrocarbons in
exhaust emissions if this pyrolysis oil would be implement-
ed as a fuel to automotive compression ignition engines.

Fig. 8. Time period for combustion phases to 2, to-10, ti0-90 and togo for
pyrolysis oil and diesel fuel combusted under initial pressure of 41 bar

In regards to Fig. 4, Fig. 9a shows the times of premixed
toem and diffusion tg combustion phases for both tested
fuels. It is obvious that the time tyem is definitely shorter
than the time tyi as the flame at the premixed zone con-
sumes fuel several times faster in comparison to the diffu-
sion combustion zone. Hence, the fraction of the premixed
combustion phase in relation to the diffusion combustion
phase seems to be important. The percentage tprem/tqisr quO-
tient is shown in Fig. 10. As found, the premixed combus-
tion is nearly five times shorter in general for both tested
fuels.

a)

b)

Fig. 9. Time periods for premixed and diffusion combustion phases tpen
and tgirr (@) and heat released Qprem and Quirr (b) for pyrolysis oil and diesel
fuel combusted under initial pressure of 41 bar

In addition to comparing the time tyem VS. g, Fig. 9b
depicts the amount of heat released in the premixed com-
bustion phase Qgem in relation to the diffusion combustion
phase Q. As observed, the heat contribution Qpem i
much higher than the time contribution tg.n relative to the
diffusion combustion phase represented by parameters Qgis
and tgier, respectively.

The summary of the analysis of the phases of premixed
and diffusion combustion is the percentage fraction of the
premixed phase referred to the diffusion phase. This com-
parison was made for time and heat released in these phas-
es. As presented in Fig. 10, the time ty.m is nearly 5.5 times
shorter than the time tqi for pyrolysis oil, however, the heat
released during premixed combustion is only 4.5 times
lower, respectively. It means that more heat is released
during premixed phase. If anyone compare these relations
with diesel fuel tests, would notice opposite trend. There-
fore, the maximum heat release rates dQ/dt were deter-
mined for the premixed and the diffusion combustion phas-
es as depicted in Fig. 11. One can expect the premixed fuel
burns faster if it concerns higher amount of light hydrocar-
bons, due to their faster evaporation.

Fig. 10. Premixed to diffusion combustion percentage (tpem/tsrr and
Qprem/Quirr) for pyrolysis oil and diesel fuel in the combustion chamber
under initial pressure of 41 bar
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Thus, it is confirmed from the observation of maximum
heat release rates for both tested fuels in their premixed and
diffusion phases (Fig. 11). Pyrolysis oil in comparison to
diesel fuel burns faster when it is premixed with air. On the
other hand, pyrolysis oil burns slower in its diffusion phase
in reference to diesel fuel.

Fig. 11. Maximum heat release rate of premixed and diffusion combustion
for pyrolysis oil and diesel fuel in the combustion chamber under initial
pressure of 41 bar

6. Conclusions
Combustion tests were carried out on pyrolysis oil made

of high density polyethylene (HDPE) as a result of pyroly-

sis at 575-600°C, which was then subjected to distillation
in order to remove hydrocarbons with a C number above

15. The basic research tool was a comparative analysis, to

which diesel fuel was used as the reference fuel. On the

basis of the conducted research, the following conclusions
can be drawn:

— The duration of the premixed combustion phase for
pyrolysis oil is approximately 5% shorter than the pre-
mixed combustion phase for diesel fuel. Hence, this
change can be considered marginal.

— The maximum combustion rate (assumed as heat release
rate) for the premixed combustion phase for pyrolysis
oil was approximately 27% higher than the premixed
combustion rate for diesel fuel. However, the maximum

rate of diffusion combustion was lower by 16% with re-
spect to diesel fuel.

— The percentage fraction of heat released from the pre-
mixed combustion phase to total heat for pyrolysis oil
was nearly 22%, whereas this parameter is 15% for die-
sel fuel. This is important because a bigger amount of
fuel burned at the premixed phase leads to a faster pres-
sure increase in the engine cylinder and improves the
indicated efficiency of the thermodynamic cycle, which
at the same time will improve the completeness of fuel
combustion and reduce the specific fuel consumption.

— The self-ignition delay (to_», to 10) for pyrolysis oil was
slightly longer compared to the delay for diesel fuel.
This affects the progress in further combustion, includ-
ing the increase in pressure, however, in this case, it can
be assumed that the ignition delay for both fuels has
a similar value and in this approach, there is no signifi-
cant difference between these tested fuels;

— It is proposed to use pyrolysis oil after distillation with
the removal of hydrocarbons above C15 to power car
engines, while for large stationary engines, attempts to
burn raw pyrolysis oil can be made after examining its
viscosity and sulfur content.

— It is recommended to test the exhaust gases toxicity of
pyrolysis oil in stationary and dynamic load conditions.
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Nomenclature

Cp specific heat at constant pressure

Cy specific heat at constant volume

dQ/dt heat release rate

dp infinitesimal pressure change

dQuifrmax Maximum heat release rate in diffusion
combustion phase

dQprem,max Maximum heat release rate in premixed
combustion phase

DF  diesel fuel

HDPR high density polyethylene

HRR heat release rate

K specific heat ratio

n number of moles

PO  pyrolysis oil

Q heat

Qe heat released from diffusion combustion phase
Qprem heat released from premixed combustion phase
Ry universal gas constant

to start of injection

to,  initial combustion phase

10% initial combustion phase

main combustion phase

tir  time of diffusion combustion phase

time of premixed combustion phase

T temperature

U internal energy

\V volume
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The main objective of the research is to assess the influence of the spark plug electrodes geometry on the

structure of the electric arc. This issue is increasingly important in modern gas-fueled engines with lean and
stratified air-gas mixtures. To explain the influence of electrode geometry on selected spark discharge indica-
tors, optical tests were conducted, and the parameters of the test history, together with the movies of the dis-
charging process, were recorded and analyzed. The tests were carried out comparatively for two types of spark
plugs on the test stand: conventional spark plug and spark plug with a flat ground electrode. It has been found
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that using flat plug electrodes allows a larger spark area covered by the electric arc without losing the intensity
of radiation. More, using an unconventional spark plug results in a shorter discharge time relative to the
conventional spark plug, while the geometry of the conventional spark plug allows for maintaining a stable
electric arc with a minimum tendency for creeping.
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1. Introduction

The development of onboard energy sources in vehicles
aims to complete or significantly eliminate exhaust emis-
sions [12, 16]. Work in this area involves improving com-
bustion engines or implementing battery and fuel cell sys-
tems [10, 13]. According to information reported by Grand
View Research, the internal combustion engine market in
2021 consisted of almost 170 million units and a growth
trend of 9.3% by 2030 is predicted [9].

The internal combustion engine is a thermal machine
that can be powered by fuels of very different composition
and physical state, which makes it a multipurpose source of
mechanical energy. The combustion of various types of
gaseous fuels in internal combustion engines has positive
effects on the environmental performance of the power unit
and, by burning mixtures with high excess air in addition to
improving environmental performance, a reduction in fuel
consumption as a result of increased thermal efficiency [7].

As the excess air in the combustible mixture increases,
the demand for energy for initiating the combustion process
rises [11]. To increase the ignition energy in Sl engines and
thus improve the benefits of lean combustion, the develop-
ment of modern alternative ignition systems such as laser
ignition, Microwave-Assisted Spark Ignition, Radio Fre-
guency Based Corona Ignition system or the use of a pre-
combustion chamber is being carried out [18]. Studies using
a Rapid Compression Machine for three configurations of the
system using a pre-combustion chamber indicated a signifi-
cant improvement in thermodynamic indicators and flame
development under lean natural gas combustion conditions
relative to a conventional Sl system [4]. A limitation in using
the mentioned systems is their complication and, at the mo-
ment, the fact that they are not implemented on a wide scale.

In order to improve ignition properties, it is possible to
modify the widely used spark ignition, that is, the initializa-
tion of the combustion process from an electric arc. An
example is Digital Twin Spark Ignition [14]. Positive re-
sults were achieved by modifying the ignition system by

implementing capacitors, which resulted in increased en-
gine stability, shortened combustion duration CA10-90,
reduced emissions and fuel consumption [5]. Fiedkiewicz et
al. [12] also conducted work on increasing the energy gen-
erated by a spark ignition system by using a high-voltage
ceramic capacitor connected in parallel. As a result, optical
and indicator tests on rapid compression machine showed
a 20% reduction in combustion time and a 14% increase in
flame propagation speed. Hayashi et al. [8] pointed out the
possibility of improving charge ignitability by controlling
the discharge current. When the intensity of charge move-
ment is high, the discharge current should be shortened, and
when it is low, it should be lengthened. As a result, it is pos-
sible to increase the limiting excess ratio by 0.2, up-to 1.8.

During engine testing, the effect of the ground electrode
number on engine operation was evaluated [1]. Of the spark
plugs with four, two, one and no external ground electrodes,
the best results in the most stable engine operation were
achieved with a plug without a side ground electrode. Anoth-
er study [3] compared a conventional spark plug and one
equipped with a corona ground electrode. The corona spark
plug improved fuel economy and reduced hydrocarbon emis-
sions with an undesirable increase in nitrogen oxide emissions.

Tambasco at al. [17] investigated the comparative evalua-
tion of spark plugs with a J-shaped ground electrode and
a four-electrode spark plug with flat electrodes. The research
was conducted using a small constant volume chamber.
Higher thermal energy and energy conversion efficiency
from electricity to heat were obtained for the J-shaped elec-
trode plug. In addition to the number of electrodes, the gap
between the ground and central electrodes is also important.
Optical and thermodynamic tests under different excess air
ratio conditions for plugs with gaps of 1.0, 1.2 and 1.4
showed the effect of the gap on combustion, especially under
stoichiometric and lean combustion conditions [2]. The worst
results in terms of engine stability were obtained with a spark
plug using a 1 mm gap. Energy and emission benefits in-
creased as the gap between electrodes widened.
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A simulation study comparing the effects of using an
iridium spark plug with a center electrode diameter of 0.7
mm and one with a center electrode diameter of 2.5 mm
showed an improvement in combustion stability of a maxi-
mum by 13.5% at partial load and low speed [15]. In addi-
tion, the possibility of reducing fuel consumption by 1.25%
was indicated.

In consideration of the literature information regarding
the possibility of increasing ignition energy by changing the
geometry of the spark plug, the authors of this article at-
tempted a comparative evaluation of two types of spark
plugs. It was decided to answer the question of what effect
the shape of the spark plug electrodes has on the discharge
waveform and efficiency. It was resolved to conduct model
tests using high-speed imaging and recording of electrical
parameters. Two spark plugs differing in the shape of the
ground electrode, and the material of the central electrode
were selected for the study. The authors hypothesize that
the model results correlate with the possibility of improving
the combustion process in gas engines operating in lean
combustion mode. In the mentioned mode of operation,
ignition energy is particularly important and determines the
final performance and emissions of the engine.

2. Methodology

2.1. Spark plugs geometry

The test objects accepted for investigations were two
spark plugs (Fig. 1) differing in the electrodes' geometry
and the central electrode's material. The first (Fig. 1a),
recognized as conventional due to its wide use in Sl internal
combustion engines, is a spark plug with a side electrode
with a truncated cone, whose central electrode is made of
iridium, and the gap between the electrodes is 0.8 mm. The
other one (Fig. 1b) is a spark plug with a flat side electrode
that realizes a semi-surface discharge, whose central elec-
trode is made of nickel, and the gap between the electrodes
is 1.3 mm. For this paper, the conventional spark plug is
designated by Z, while the spark plug with a flat ground
electrode is R. Both plugs have M10 threads so that they
can be used in two-stage combustion systems of high-speed
engines with limited space.

(@) (b)

Fig. 1. Spark plug units used during testing: (a) a conventional Z spark
plug and (b) a spark plug with a flat ground electrode R

2.2. Test stand and investigating apparatus

To evaluate the effect of spark plug geometry on the
discharge character, a test stand fitted with a constant-
volume chamber, high-speed filming equipment and elec-
trical measurement apparatus was used (Fig. 2).

The constant volume chamber used, in which the spark
plugs were installed, has a capacity of 2.2 L and optical
access through 5 quartz glasses with a thickness of 30 mm.
Attached to the chamber is an air pumping system consist-

ing of a compressor, cylinder and solenoid valves.
LaVision's HSS5 high-speed recording camera, an AF
Nikkor prime lens, and a 700FS80-50 filter were used for
optical signal recording. Electrical parameters were record-
ed with an eight-channel Sirius data acquisition system
from DEWESoft with a maximum sampling rate of 200 kHz
and voltages of 200 V and 1200 V (four channels each).
Current clamp meter PP218 was used for current measure-
ment, and capacitive pickup probe PP178 for high voltage.
The voltage on the primary side was recorded directly.

A controller from the mechatronics company was used
to check the ignition coil with the possibility of controlling
the ignition timing and the coil charging time (up to 5 ms).
A sequencer was used to initiate the operation of the cam-
era and the ignition controller, allowing the start of the
devices to be controlled with an accuracy of 1 ns.

Fig. 2. Layout of test stand used to identify spark discharge

2.3. Experimental setup

The design of the spark plugs required different loca-
tions in the constant-volume chamber so that the direction
of recording would remain constant and the optical system
would not be affected during testing. Spark plug Z was
placed in the axis of the chamber perpendicular to the direc-
tion of the camera lens so that the discharge could be rec-
orded from the side (Fig. 3a). Spark plug R, on the other
hand, was placed in the rear of the chamber in the axis of
the lens to register the image from the front (Fig. 3b). Dur-
ing testing, the camera was moved back or forward by the
difference in distance between the spark plugs as required.

The optical test plan included recording the discharge
for ambient pressure and two overpressure values of 5 and
8 bar. During electrical measurements, a test point was
added for 12 bar overpressure. The tests were conducted for
a 4 ms constant value of the ignition coil charging time,
leading to an end-charge current of 10.0 A.

Fig. 3. View of spark plug Z from the side (a) and R from the front (b)
when the discharge process is recorded optically
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3. Results

3.1. Optical observations

The spark discharge at the electrodes of the analyzed
spark plugs was recorded at 100,000 fps with a resolution
of 128 x 80 pixels (Fig. 4-5). Due to the intensity of the
discharge, an additional 700FS80-50 filter was put on the
lens, and the exposure time was reduced significantly.
DaVis software was used to process the images, allowing
the background to be removed and the images to be param-
eterized to determine the intensity of the luminous and the
area of the electric arc.

Figure 4 shows the first 40 us of the spark discharge at
ambient pressure in the chamber and an ignition coil charg-
ing time of 4 ms. In addition to the view of the arc, the
electrode contours in the white line have been added. The
first photo making the arc visible is marked as time 0. Lu-
minous intensity is illustrated as a blue-to-red spectrum
corresponding to the arc temperature, while the accurate
value was not determined. In the case of the R spark plug,
the arc is between the center and ground electrodes perpen-
dicular to the axis of the spark plug, whereas in the case of
the Z plug, the location is parallel. For the Z spark plug,
a high concentration of energy was noted at the tip of the
central electrode, which was not found for the R spark plug.
However, this is probably related to the properties of the
materials used for the electrodes. For the R spark plug, with
time, the heat spreads over the surface of the central elec-
trode without an expressed increase in heat density.

Fig. 4. Sequence of electric arc images without back pressure in a constant
volume chamber

The effects of increasing the chamber pressure to 8 bar
for the same ignition coil charging time are shown in Fig. 5.
For this case, the sequence of images begins at 20 ps from
the arc breakdown. The first two images were omitted be-
cause the luminescence intensity was too high, which led to
their overexposure. In both cases, the area of the arc has
increased, and the shape has changed. At the ends of the
arcs, one can see a marked concentration of energy in both
cases, with a longer duration for the R spark plug. The
location of the arc for the R spark plug has changed relative
to the position in Fig. 4. This type of geometry changes the
arc's location within the electrodes from cycle to cycle,
which is visible when analyzing several consecutive dis-
charges. When the recording of the full discharge is ana-
lyzed, the change in arc location can also be seen within
a cycle.

Fig. 5. Sequence of electric arc images with back pressure in a constant
volume chamber of 8 bar

The previously presented images were further processed
to determine the area and luminous intensity of the electric
arc. In addition, the case of a 5 bar chamber pressure was
also analyzed. Figure 6 shows the change in arc area for
three values of pressure and both spark plugs. In all ana-
lyzed cases, the arc generated by the R spark plug has
a larger surface area, and the differences range from 89 to
as much as twice. The R spark plug is more responsive to
pressure changes considering the surface area. In the case
of the Z spark plug for different pressure values, the results
are comparable.

Fig. 6. Effect of pressure in the constant volume chamber on the electric
arc area generated by the analyzed spark plugs

Fig. 7. Effect of pressure in the constant volume chamber on the average
luminescence of the electric arc generated by the analyzed spark plugs

Each recorded pixel has a value representing the glow
intensity in the range of 0 to 1023. Based on the number of
pixels representing the arc area and the intensity value of
each pixel, the average glow intensity of the arc was deter-
mined. For ambient pressure, a higher value of the average
glow intensity was achieved with spark plug Z. As the
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pressure and, thus, the air density increases, the average
glow intensity increases. For higher pressure values in the
initial stage of arc glowing, the R spark plug turns out to be
better, and the differences range from 17% to as much as
twice.

A parameter that has also been considered is the maxi-
mum illumination value for a particular image (Fig. 8). The
maximum possible value is reached for overpressure values
of 5 and 8 bar, considering the optics used. The trends cor-
respond to those shown in the previous Fig. 7.

Fig. 8. Effect of pressure in the constant volume chamber on the maximum
luminescence of the electric arc generated by the analyzed spark plugs

3.2. Electrical measurements

To complement the optical tests, electrical measure-
ments were conducted. During the discharge, the voltage
and current in the primary circuit and the voltage in the
secondary circuit of the ignition coil were recorded (Fig. 9).
For an ignition coil charging time of 4 ms, the amount of
energy delivered is about 242 mJ. The energy transferred to
the plug is minus the coil losses. Because the tests were
conducted in a model way without combustion, the wave-
forms differ slightly from those obtained on a real internal
combustion engine.
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Fig. 9. History of measured electrical parameters during the process of
charging the ignition coil and spark discharge

Figure 10 shows an example of the high voltage wave-
form in the secondary circuit of the ignition coil for an R
and Z plug at 5 bar. The waveform for an R-type plug (red)
during the entire discharge phase is less regular. This indi-
cates a change in the position of the arc or, in extreme situa-
tions, an interruption. The Z spark plug is characterized by
generating a more stable arc with localized interference,
particularly evident at the end of the discharge. An im-

portant piece of information to obtain an explanation for the
larger area of the arc and slightly higher intensity of the arc
for the R spark plug relative to the Z spark plug is the dura-
tion of the discharge. For the illustrated single case, the
discharge generated by the R spark plug is shorter by 0.86
ms, 70.6% of the discharge time on the Z spark plug.
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Fig. 10. High voltage waveform in the secondary circuit of the ignition coil
during a spark discharge with the discharge time specified

Figure 11 shows the discharge duration relative to
chamber pressure for the two spark plugs analyzed. The
data shown in the diagram (Fig. 11) are averaged from five
consecutive discharges at a distance of 120 ms, correspond-
ing to 1000 rpm of a four-stroke engine speed. In the over-
pressure area, the discharge time decreases as the pressure
increases. Throughout the analyzed area, the spark plug Z
generates a discharge that lasts 4 to 30% longer. As a result
of the reduction in discharge time, while supplying the
same energy to the ignition coil, the physical arc break-
down processes increase in intensity. As a result, the
change in the geometry of the spark plug electrodes caused
an improvement in the energy density of the discharge.
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Fig. 11. Dependence of spark discharge duration on pressure in constant
volume chamber

4. Conclusion

In the study presented in this paper, a model experi-
mental study was performed to evaluate the effect of spark
plug geometry on spark discharge. The tests were carried
out using a constant-volume chamber, which allowed
a partial reconstruction the conditions in the cylinder of an
internal combustion engine. The effect of the discharge was
evaluated at an ignition coil constant charging time value
and a variable value of the overpressure in the Constant
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Volume Chamber. According to the images of the spark
discharge taken by high-speed imaging techniques and the
recording of the voltage and current history of the ignition
coil circuits, the following conclusions have been made:

— high luminous intensity of the spark discharge process
during filming requires changes in the optical setup for
the various phases of the discharge (appropriate filters,
exposure time);

— surrounding pressure significantly affects the nature of
the discharge, which becomes more intense as the pres-

sure increases;

the geometry of the spark plug significantly impacts the
discharge pattern. For a conventional spark plug, the po-
sition of the arc during the discharge does not signifi-
cantly change relative to the electrodes, in contrast to a

plug with a flat electrode under conditions without air
movement;

using an R-type spark plug with a flat ground electrode
makes it possible to increase the area of the arc while
maintaining the intensity of the illumination;

type R spark plug with a flat ground electrode is charac-
terized by a shortening of the spark discharge leading to
an increase in the concentration of energy in the electric
arc which can contribute to an increase in combustion
efficiency under unfavorable conditions inside the igni-

tion chamber of a gas engines.
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on a test stand

The Euro 6 emission standard requires compliance with tough legal exhaust emissions limits for newly registered
vehicles and obligates light-duty vehicle manufacturers to respect the 160,000 km durability requirements for in-
service conformity. Although there is no legal limit set for fuel consumption, manufacturers are obligated to
decrease the carbon footprint of vehicle fleets in order to obtain carbon neutral mobility beyond 2035.

The aim of this paper is to analyse the impact of various oils” and viscosity grades’ degradation on the change in
break specific fuel consumption (BSFC) measured over a standardized durability test cycle. Each oil candidate
underwent 300 h of durability test running performed on a test bed without any oil changes. The purpose of the
laboratory test was to reproduce the worst-case operating conditions and degradation process of the long-life
engine oil type that can be experienced during extreme real life driving of a vehicle.

In order to define the influence of the engine oil deterioration on the BSFC profile, the engine operation
parameters were continually monitored throughout the test run. Additionally, chemical analysis of the oil was
performed and the solid deposits formed on the turbocharger’s compressor side were evaluated.

The test results revealed differences up to 5% in the BSFC values between the oil candidates tested over the
durability cycle. The observed BSFC increase was directly related to the decrease in engine efficiency and can
cause higher fuel consumption of the engine, which in turn has an adverse effect on environmental protection

Available online: 5 August 2023 goals.
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1. Introduction

Emissions limits for carbon dioxide (CO,) and toxic ex-
haust compounds aim to achieve a carbon neutral and emis-
sion-free transportation sector in the coming decades.

Vehicle manufacturers have been developing new en-
gine technologies with reduced friction and pumping losses,
improved engine combustion and thermal efficiency. Cou-
pled with such engine technologies are highly efficient
exhaust aftertreatment systems (ATS) with primary opera-
tion focused on engine cold start emission and in-service
conformity (ISC) compliance over the full useful lifetime of
vehicle operation [1].

Modern engines and ATS technologies have to be com-
bined with dedicated lubricating oil solutions that are en-
hanced with dedicated oil additives formulations. The pri-
mary role of engine oil is to protect the engine parts from
deterioration due to friction, wear, corrosion, deposits, and
oxidation — while at the same time providing the expected
fuel efficiency effects. Anti-wear additives can protect
metal surfaces from wear due to close contact. Antioxidants
maintain oxidation stability and reduce the impact of oxida-
tive decomposition. A friction modifier can reduce the
coefficients of friction, improving fuel economy and help-
ing to protect against wear. Detergent is vital in maintaining
engine cleanliness from combustion contaminants and other
impurities. Dispersants suspend and separate insoluble
particles from fuel combustion or oil degradation [4, 11].
With a drive to lower viscosity oils for fuel economy bene-
fits, viscosity modifiers provide more flexibility to meet
those requirements [15]. To provide satisfactory perfor-

mance requirements at low temperatures, pour point de-
pressant is often blended to improve the flow properties
under cold operation. When engine oil is contaminated with
water, emulsifiers prevent phase separation for specific
applications [7, 9, 10].

The performance of engine lubricant is expected to
maintain optimum performance throughout the entire ser-
vice interval — therefore, this also applies to aged oil condi-
tions.

The term oil aging means a combination of various pro-
cesses that result in changes in the chemical and physical
properties of engine oil [5, 12]. Oil aging occurs for two
main reasons: internal — caused by destabilization of oils
(oxidation, polymerization) and external — caused by con-
tamination of oil with mechanical impurities, as well as
water or fuel [3, 8, 13]. The main lubricating oil parame-
ters, such as: viscosity, acidity, soot content and oil dilution
with fuel, change over the in-service operation of the vehi-
cle.

Engine oil particles enter the combustion chamber
through the cylinder liner-piston rings set and are burned,
forming harmful side-products. [2, 6] A fraction of air-the
fuel mixture or combustion gasses pass through the cylinder
liner-piston rings to the engine crankcase (blow-by gas) and
are recirculated back to the air intake system to reduce
emissions [14]. Blow-by gasses can contaminate the intake
ducts, including the compressor side of the turbocharger,
causing deterioration of engine operational parameters.

This paper analyses comparative test results of eight
various lubricating oils of two viscosity grades: 0W20 and
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0W30, tested on an engine test bed under a durability cycle.
Each oil sample was tested under a standardized durability
test cycle performed on a modern light-duty Euro 6 diesel
engine. The attention was paid mainly to the oil aging im-
pact on BSFC change during the test, thus the indication of
the overall deterioration in engine efficiency.

2. Test method and facilities

2.1. Test object description

The test objects were eight lubricating oils, divided into
two viscosity grades and complying with the specifications
listed in Table 1.

Table 1. Description of lubricating oils under test

Qil code SAE viscosity grade ACEA specification
Oil A 0w20 C5
Oil B 0w20 C5
QilC 0w20 C5
Oil D 0wW20 C5
Oil E 0wW30 C2
Oil F 0W30 C2
Oil G 0wW30 C2
OilH 0W30 C2

For the purposes of the test, each engine oil was identi-
fied by a letter from A to H. The lubrication oils were ran-
domly selected for the test program and derived from vari-
ous manufacturers. All of them were developed for light-
duty vehicles complying with Euro 6 emission requirements
and were designated both for compression ignition (CI) and
spark ignition (SI) engines.

The test activities were carried out on light-duty diesel
engines complying with Euro 6 emission standards. The
engine was installed on a test bed equipped with an eddy-
current dynamometer and automation system capable of test
cycle execution, engine parameters monitoring and data
storage. The engine installation layout is shown in Fig. 1.

Fig. 1. Engine installation on the test bed

The engine and ATS were instrumented with tempera-
ture and pressure sensors to monitor and analyze the varia-
tions in engine operation parameters. The base engine pa-
rameters are presented in Table 2.

Table 2. Engine parameters

Engine parameters Unit Value
Displacement cm® 1248
Maximum power kW 70
Maximum torque Nm 200
Number of cylinders — 4

2.2. Test methodology

Each lubricating oil under test underwent established
test procedure executed on the engine dynamometer. The
test procedure consisted of engine break-in, elementary
durability cycle repeated for defined number of times and
power curve measurement performed at the start and end of
the test for engine performance verification.

The elementary durability cycle was composed of a se-
quence of steady-state points including engine operation at
maximum power, maximum torque, partial load for emis-
sion components’ loading and finally a step consisting of
engine running at overspeed conditions for engine compo-
nents mechanical stress.

The main criterion for lubrication oil evaluation during
durability test was that the operating parameters did not
exceed the engine protection limits. Another key criterion
for an oil assessment was the air temperature profile at the
compressor outlet, which was likely to increase due to
blow-by sediments collected inside the compressor housing
of the turbocharger.

The durability cycle on the test bench lasted 300 h and
aimed at reproducing in an accelerated manner the distance
of 30 000 km covered by the vehicle on the road.

The lubricating oil properties and elemental composi-
tion were defined based on chemical analysis performed at
fresh oil conditions and during the durability cycle. The
parameters analyzed included: soot content according to
DIN 51452:1994 method, kinematic viscosity at 40°C and
100°C according to PN-EN 1SO 3104:2021-03, TAN and
TBN values.

Additionally, a chemical analysis of deposit composi-
tion collected inside the compressor housing was per-
formed.

In order to ensure the desired repeatability of the test
procedure, a brand new diesel engine unit was procured for
each oil sample under test.

3. Test results and discussion

3.1. Specific brake fuel consumption results and engine
performance for OW20 lubricating oils

Four different SAE OW20 oil samples (named A-D, re-
spectively) were subjected to the 300 h durability cycle run
on a test bed.

Figure 2 presents the variation in BSFC traces as a func-
tion of test time for A-D oil samples. Engine oil A complet-
ed the cycle; however, it did not meet the requirements due
to exceeded limit of air temperature at compressor outlet. It
resulted in a steady increase in the delta compressor tem-
perature after 120 test hours, as shown in Fig. 3. The delta
compressor temperature was the calculated difference be-
tween the compressor inlet and outlet temperatures.

The BSFC value of oil A was found to be increased by
around 3.5% at the end of the test (EOT) compared to the
best performed on oil sample C.
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In the case of oil B, the durability cycle was terminated
at 230 h due to activation of the engine protection limit of
air temperature at compressor outlet. The temperature dif-
ference between the input and output of the compressor
reached 180°C, which was an increase of over 30% com-
pared to the start of test (SOT) condition. The increase in
BSFC (compared to oil C) at the stage of test termination
was near 5%.

Oil samples C and D did not reveal a significant in-
crease in BSFC profile throughout the durability test. Also,
the delta compressor temperature was found to be at a sta-
ble level for those oils.

Fig. 2. BSFC change in function of the test time

Fig. 3. Difference between compressor inlet and outlet temperature change
as a function of test time

Figure 4 compares the exhaust gas pressure traces at the
turbine inlet of the turbocharger. It can be noted that for oil
sample A, the inlet turbine pressure exceeded 2500 mbar at
EQT i.e. increasing by 25% compared to the SOT value.

Considering engine oils C and D, the exhaust gas pres-
sure inlet turbine remained at a stable level for the entire
test.

Fig. 4. Pressure upstream turbine change as a function of test time

The engine torque profiles throughout the test hours for
A-D oil samples are presented in Fig. 5. For oil A that
completed the test (but exceeded engine boundary condi-
tion), the relative decrease in torque was nearly 5% com-
pared to oil C. Around 6% of engine torque deterioration
was seen for oil B at the point of test termination. Engine
oils C and D did not reveal a significant decrease in engine
torque as a function of test time.

Figure 6 compares the calculated values of compressor
efficiency for the turbocharger. The highest drop in effi-
ciency from 0.73 to 0.54 was noticed for oil A, and it was
similar in range to oil B (which did not complete the test
run). The efficiency profiles for the compressor also re-
mained almost constant in the case of oils C and D.

Fig. 5. Engine torque change as a function of test time

Fig. 6. Calculated compressor efficiency change as a function of test time

During the execution of durability testing, the air inlet
temperature was maintained in the range of 18-22°C, as
illustrated in Fig. 7. This approach was essential for test
condition repeatability. Fluctuation or increase in air inlet
temperature above the target values can intensify the depos-
it formation inside the compressor housing.

Fig. 7. Compressor air inlet temperature change as a function of test time

COMBUSTION ENGINES, 2023;195(4)

111



Analysis of lubricating oil degradation and its influence on brake specific fuel consumption...

3.2. Brake-specific fuel consumption results and engine
performance for 0W30 lubricating oils

Further lubricating oils samples named as E-H were of
0W30 viscosity grade.

Figure 8 compares the variation in BSFC behavior as
a function of the durability test. Engine oils E and F did not
show relevant fluctuation in the BSFC.

Oil G completed the durability test although did not
meet the engine boundary conditions due to elevated air
temperature at the compressor outlet. For that oil sample,
the BSFC increased slightly (by around 1.5%) at EOT
(compared to oil E, which was taken as a reference).

The last oil sample (code H) did not complete the dura-
bility cycle because of exceeded engine protection limit of
the air temperature at the compressor outlet. This test run
was terminated at 195 h. The delta compressor temperature
sharply increased after 150 h and reached a value 160°C, as
shown in Fig. 9. The increase in BSFC at the point of test
termination was about 5% in relation to the SOT condition.

Fig. 8. BSFC change as a function of test time

Fig. 9. Difference between compressor inlet and outlet temperature change
as a function of test time

The traces of exhaust gas pressure upstream of the tur-
bine are shown in Fig. 10. For oils E, F and G, the pressure
were aligned with each other and increased by 11% at the
EOT.

In terms of oil H, the pressure profile initiated from
a higher level of 2050 mbar and ended up on 2300 mbar at
the point of test termination (an increase of 12%).

Figure 11 illustrates the engine torque traces as a func-
tion of the test time. Oils E, F and H did not reveal a signif-
icant decrease in engine torque, in contrast to oil G for
which torque decrease was 9.5% and the EOT.

Calculated compressor efficiency lines are set in Fig.
12. The greatest deterioration of compressor performance
was found for oil H corresponding to values of 0.68 at SOT
and 0.54 at the EOT.

The compressor air inlet temperature were adjusted in
the range of 18-22°C, as shown in Fig. 13.

Fig. 10. Pressure upstream turbine change as a function of test time

Fig. 11. Engine torque change as a function of test time

Fig. 12. Compressor efficiency change as a function of test time

Fig. 13. Compressor air inlet temperature change as a function of test time

3.3. Chemical analysis of 0W20 engine oils

Chemical analysis of all engine oils under test were car-
ried out periodically. Figure 14 shows a trend of soot con-
tent measured for oils A—D. The soot content did not ex-
ceed 1% for any of the oil samples A-D.

Kinematic viscosity was analyzed at oil temperature of
40°C and 100°C. In each case an increasing trend was visi-
ble over the durability test (Fig. 15 and 16).

Further investigation concerned the change in total base
number (TBN) and total acid number (TAN) values over
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the cycle. In the case of oil A, the traces of TAN and TBN
already intersected after 85 hours of testing (Fig. 17).

The test run on oil B was stopped due to the activation
of engine protection limits but the TAN/TBN traces had not
yet intersected at that point.

The best performing oils (C and D) did not show any
tendency for the TAN/TBN traces to intersect. This indi-
cates that those two engine oils showed the best acid-
neutralizing properties (defined by TBN), which counter-
acts the acidic products formed during fuel combustion and
harsh operating conditions.

Fig. 14. Soot content change as a function of test time

Fig. 15. Viscosity at 40°C change as a function of test time

Fig. 16. Viscosity at 100°C change as a function of test time

Fig. 17. TBN and TAN numbers change as a function of test time. (TBN
and TAN crossover marked with a circle)

3.4. Chemical analysis of 0W30 engine oils

Figure 18 presents the trend of soot content for lubricat-
ing oils E-H. In case of oil H, the soot concentration in-
creased by 2.5% even though the test was terminated at 240
h. For other oils, the soot level did not exceed 1% at EOT.

It was noticed that the viscosity values at 40 and 100°C
were elevated for oil H, which was explained by its high
soot content (Fig. 19-20).

TBN and TAN traces are presented in Fig. 21. For oils
G, H and F, the crossover of TBN/TAN occurred at 150 h,
190 h, and 220 h (respectively), whereas oil E maintained
the best properties in that respect.

Fig. 18. Soot content change as a function of test time

Fig. 19. Viscosity at 40°C change as a function of test time

Fig. 20. Viscosity at 100°C change as a function of test time

Fig. 21. TBN and TAN numbers change as a function of test time. (TBN
and TAN crossover marked with circle)
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3.5. Chemical analysis of lubricating oil deposits inside
the turbocharger’s compressor

Chemical analysis of the composition of the deposits
collected inside the compressor housing revealed that near-
ly 92% of the material consists of carbon. The other ele-
ments found were: iron, molybdenum, calcium, phospho-
rus, sulfur, zinc and others, as presented in Fig. 22. The
elemental composition derived mainly from the formulation
of the oil additives. The analysis performed for oil H.

In principle, the reason for deposit formation inside the
compressor housing is blow-by gas vapor introduced at the
compressor inlet that carries over from the engine crank-
case the oil fog, impurities and remnants from the combus-
tion process. An example of a severely contaminated com-
pressor housing and cover is shown in Fig. 23 and Fig. 24.

Fig. 22. Elemental content of compressor deposits after the test

Fig. 23. Deposits collected on compressor cover after the durability test

4. Conclusion

An engine oil’s resistance to aging process throughout
in-service operation has an important impact on the engine
operating parameters and its overall efficiency, which can
be referred to as BSFC value.

Eight randomly selected oil samples of two viscosity
grades (OW20, OW30) were subjected to a 300 h durability

test run, meant to reproduce in an accelerated method the
distance of 30 000 km of vehicle on-road usage.

Fig. 24. Contaminated compressor housing after the durability test

It was found that within a selected batch of engine oils
the maximum deterioration of BSFC reached 5%, while the
decrease in engine torque was up to 6%.

Moreover, two oil samples (B and H) out of eight did
not complete the durability cycle. The reason for cycle
termination was exceedance of the limit for charge air tem-
perature measured at the turbocharger’s compressor outlet
under full load conditions.

Elevated charge air temperature was caused by contam-
ination of the inside of the compressor with oil-derived
deposits, resulting in the deterioration of compressor effi-
ciency.

Oil samples (C-F) successfully passed the durability
run, maintaining engine operating parameters including:
BSFC, engine torque, and charge air temperature at a stable
level. For those oils, the engine protection limits were not
surpassed.

During the durability test, physical and chemical proper-
ties of engine oils were analysed in terms of lubrication oil
degradation monitoring.

In the case of four engine oil candidates (samples:
AF,G,H) crossover of TAN/TBN parameters occurred. The
equilibrium of TAN and TBN values indicates that the
organic and inorganic acid-neutralizing properties of the oil
(as defined by the TBN value) are at its borderline value.
Acidic products are mainly formed during fuel combustion
and under harsh operating conditions.

A chemical analysis of the composition of deposits
found inside the compressor revealed that nearly 92% of the
material consisted of carbon.

From a vehicle operation perspective, inadequate quali-
ty engine oil can lead to severe contamination build up
inside the turbocharger’s compressor and an increase in
charge air temperature. At engine full load conditions,
a heavily contaminated compressor has generated charge air
temperature exceeding protection limits and also a signifi-
cant increase in exhaust backpressure was measured. That
in turn may result in the turbocharger overstressing and its
premature failure. The issue of compressor contamination
can be enhanced for extended engine oil change intervals;
for such applications the lubricating oil quality require-
ments are of key importance for faultless engine operation.

114

COMBUSTION ENGINES, 2023;195(4)



Analysis of lubricating oil degradation and its influence on brake specific fuel consumption...

Nomenclature

ATS after-treatment system
BSFC break specific fuel consumption

Cl
CO,

compression ignition
carbon dioxide

EOT end of test

ISC

Sl

SOT
TAN
TBN

in-service conformity
spark ignition

start of test

total acid number
total base number
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The article presents the results of tests, replaced according to the vehicle manufacturer's recommendations, of
engine oils. The sample of engine oils in service came from spark-ignition and compression-ignition vehicles
used in urban or mixed mode. During their collection, the type of drive unit, the mileage of the car and the
number of kilometers the oil was used for were recorded for each sample (this was the main criterion for
differentiating samples). In addition, a control group of samples consisting of fresh oils of the same viscosity
grade and distributed by the same producer was set up to observe changes in the parameters of individual
lubricants after the operating period. The first part of the empirical study consisted of determining the physico-
chemical properties of the lubricants, i.e.: kinematic viscosity, density and water content. The second part
involved anti-wear tests using a T-02U tribometer. The use of the tribometer made it possible to record the anti-
wear parameter, i.e. moment of friction, and also the load imposed on the friction node, as a result of which it
was possible to calculate the friction force and friction coefficient. The research was complemented by an
analysis of worn surfaces of the friction node on a microscope. The tests carried out can be used for predictive
purposes, in terms of assessing the condition of a lubricant subjected to an operating process in an internal
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1. Introduction

It is estimated that approximately 23% of total energy
consumption worldwide is related to friction. The negative
effects can be reduced by using lubricants. The use of such
measures, among others, can reduce the aforementioned
energy consumption by 40% in the long term and by 18%
in the short term [10]. In addition to its primary function —
lubrication — engine oil also has the task of dissipating heat,
among other things. Protection in the broadest sense also
includes preventing corrosion and cleaning the interior of
the engine from wear products by accumulating wear prod-
ucts and transferring them to the filter [17].

As the lubricant is used, its parameters change [24],
which is associated with a loss of protective properties.
This is influenced by the thermal oxidation process [23],
which determines the darkening of the fluid and an increase
in its viscosity. The products of this process contribute to
the formation of viscous fractions, which can cause block-
ages in filter cartridges. Too low viscosity, on the other
hand, can be caused by the penetration of fuel or coolant
into the oil [16]. The properties of the lubricating oil are
also affected by aspects such as the presence of worn parti-
cles of drive unit components, soot or exhaust gas [20].
Observing the dynamics of changes in the physico-chemical
properties of engine oils can provide information about
possible damage to the unit.

Because of the variable nature of lubricant viscosity
during the exploitation process, researchers often refer to it.
The article [13] focused on the study of viscosity changes
depending on the mileage of the vehicle sampled. The ex-
periment was conducted on oils from compression-ignition
(CI) and spark-ignition (SI) engines. The analysis of the
results showed that, based on this parameter for the group
of oils from CI engines, it is possible to estimate the ap-
proximate mileage at which an oil change is necessary. An

attempt to capture the correlation between lubricant viscosi-
ty and wear resistance of sliding nodes was made in his
work by Ryniewicz [19]. He performed viscosity tests over
a wide temperature range for engine oils differing in viscos-
ity class and manufacturer. The results show that despite
the same oil designation according to SAE classification,
viscosity characteristics differ between samples from dif-
ferent manufacturers. These differences are particularly
apparent in the non-catalog range for measurements at 40
and 100°C. Another paper focusing on viscosity is that of
Ghannam [9]. In this case, used and fresh oil samples were
juxtaposed. This approach allowed a conclusion to be
drawn regarding the difference in viscosity characteristics
created due to the type of power unit. Viscosity is sensitive
to the lubricant's degree of wear and tear and the way it is
used, which provides a reasonable basis for using this value
as an indicator during research dedicated to engine oils.

The driving style of the driver influences the condition
of the engine oil. The lack of smoothness of the drive unit,
understood as city traffic, as well as often starting the en-
gine at low temperatures can result in the accumulation of
water in the engine. This results in an emulsion that is char-
acterized by a higher viscosity and therefore does not lubri-
cate the engine as effectively as fresh oil [14]. Another
adverse effect of water in the lubricant is the increased
danger of corrosion of system components [8]. In his work,
Jakubiec [14], based on processes occurring during opera-
tion, provides a set of methods useful in assessing the prop-
erties of engine oils. One of the proposed parameters is the
determination of water content in a sample following
ASTM D 95. An alternative is to use the Karl Fischer cou-
lometric titration method, which was used by Jedrychowska
in her work [15]. In a subsequent paper [22], a team of
researchers focused on the diagnostics of a drive unit based
on lubricant properties. One of the parameters determined
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was the water content, which after the test exceeded the
permissible limit, which the authors considered as a reason
for immediate lubricant replacement. The frequent use of
water content in engine oil as an indicator of irregularities
related to the operation of a drive unit, and as a parameter
conditioning the reduced suitability of a lubricant to protect
cooperating elements, motivates its use when analysing the
impact of the value of this parameter on the antiwear char-
acteristics of the system.

As the lubricant is used, the content of wear products
from the system also increases. Such contaminants contrib-
ute to an increase in the density of the substance [23]. As
presented in the article [24], increased density can be an
indicator of progressive oxidation of the sample. As studies
available in the literature [21] show, there is an apparent
correlation between lubricant density and lubricant viscosi-
ty. This translates directly into lubricant properties in terms
of friction as well as wear. This parameter can successively
be used to determine the relationship between the properties
of fresh and degraded oils. Such an approach was presented
in their work by Landowski and Baran [17]. One type of
engine oil (5W30) — fresh and used — was tested. The meth-
odology included a comparison of three parameters with
each other, which were density, viscosity and viscosity
index. Based on the results, the authors conclude that the
observed changes can be used as an indicator to determine
the condition of the drive unit.

In addition to focusing on the properties of the lubricant,
it is worth deepening the analysis by performing tests using
the kinematic node that the oil protects. Machines that ena-
ble such tests are tribometers. [18]. One of the most com-
monly used tribometers is the T02-U four-ball tribometer.
The work of Farhanah [7] was dedicated to testing engine
oils of the same SAE viscosity class (10W30) from three
different manufacturers. During the experiment, the tem-
perature (40, 70, 100°C) and speed were changed stepwise.
As the results show, despite the identical designation of the
lubricants, they exhibit different lubricating properties.
A different approach, a comparison of two groups of oils —
synthetic and mineral — is presented in the paper [21].In
addition to recording the basic physicochemical properties
of the engine oils, the authors examined them using a T02-
U tribometer. Through correlation analysis, it was proven

that the frictional properties of lubricants are influenced by
their viscosity. This conclusion is only possible if the anal-
ysis is extended to include wear testing. Another applica-
tion of the four-ball tester in the analysis of the properties
of petroleum products was the work of [11]. In this study,
the effect of carbon black, on the tribological properties of
engine lubricants was investigated. The result of the study
was one of the conclusions indicating engine oil as having
better antiwear properties than base oil.

The purpose of this study is to obtain data to develop an
assessment of the condition of a lubricant subjected to ser-
vice in a combustion engine. Most of the literature sources
are based on the analysis of the physico-chemical parame-
ters of fresh or used oils, or of the wear tests. Some of the
tests involve artificial contamination of samples with wear
products. In the present study, the focus will be on lubri-
cants subjected to operation under real conditions, i.e. in an
internal combustion engine. It is hoped that the juxtaposi-
tion of data from physico-chemical and tribological tests
will contribute to the knowledge of changes in the proper-
ties of lubricants that have been subjected to service. The
paper consists of four chapters. The first contains a litera-
ture review related to the issue under consideration. The
second describes the methodology of the research carried
out. Another, the third, is designed to present the results of
the empirical research. The last chapter contains a summary
and conclusions of the analysis.

2. Methodology

The experiments carried out are part of a planned com-
prehensive study of the effects of lubricant properties on the
system in which they operate and on the components they
protect from wear. Figure 1 shows in yellow the scope of
the work envisaged in the current section, the results of
which are described in the article, while grey shows further
experiments related to the extension of the analysis.

The empirical research consisted of two parts. The first
involves testing lubricants for their physico-chemical prop-
erties. This included measuring the viscosity, density and
water content of fresh and used oil samples. Carrying out
wear tests using a T02-U tribometer (four-ball machine)
formed the second part of the laboratory tests.

Fig. 1. Scheme of planned research
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2.1. Research object

Table 1 shows eleven selected used oil samples, which
were assigned fresh oil samples characterised by the same
viscosity class and manufacturer (attention was also paid to
the additives contained in the oil). During the collection of
used oil samples, data related to the characteristics of the
drive unit and its mileage was extracted. In addition, to
simplify the determination of the samples, each sample was
marked with an individual laboratory number, which is
recorded in the first column of the table. The viscosity of
the prepared samples was determined using an automatic
mini AV-X viscometer. Measurements were carried out at
temperatures of 40°C — under EN 1SO 3104:2020 [5] — and
75°C. The higher measurement temperature provided
a reference point for tribological tests, which were per-
formed at the same temperature.

For the determination of the water content of the sam-
ples, the testing methodology was based on EN ISO
12937:2000 [3]. The Cou-Lo Aquamax KF apparatus was
used for the tests. Samples for the test were fed at 1 cm®.

The density of the samples was determined using a stand-
ardised areometer with a range of 0.8-1.0 g'ml™. The tests
were carried out taking into account the lubricant density test
temperature given in EN 1SO 3675:1998 [6]. Analogous to
the viscosity measurement, due to tribological testing, the
second density determination test was carried out at 75°C.

The tribological process test was performed following
EN 1SO 20623:2018 [4]. Another document that specifies
the test conditions is ASTM D 4172-94 (Method B) [1].
The test time was 3600 s. The spindle speed was 1200 rpm,
the node was loaded with a force of 392 N. The temperature
of the lubricant was 75°C. The balls from the kinematic node
were visually inspected and measured using a microscope
(HUVITZ HRM 300). According to the standard, the diame-
ter of the wear marks formed on the lower balls was meas-
ured for each test performed and the average wear diameter
was determined from these.

Following the empirical tests, an analysis of the data ob-
tained was carried out and the correlation between the phys-
icochemical and tribological properties of the tested engine
oils and their effect on the state of the kinematic junction
was determined.

3. Results

A mileage index was used to compile the data, which
takes into account both the Py vehicle mileage and the Pq
oil mileage. It was calculated from the equation:

— Po
W,=1- ™ (1)
where: Wp — mileage index [-], Po — oil mileage [km], Pp —
vehicle mileage [km].

This approach makes it possible to take into account
both performance variables that characterise the test group.
If the Wp value is close to zero, it can be concluded that the
sample came from a low mileage vehicle. As this indicator
increases and approaches a value equal to 1, it can be as-
sumed that the vehicle has a lower operating potential (the
operating parameters of the vehicle may be worse than
those of a new vehicle).

3.1. Results of physico-chemical tests

The data obtained from the physico-chemical tests were
ranked according to the adopted split concept concerning
the W5 index (table 2). The oil that had the lowest mileage
index is Ow30 distributed by the Volkswagen Group. The
sample was characterised by the fact that it was taken from
a new car and the oil change interval was within the manu-
facturer's recommended interval. By comparing the results
of this sample with fresh oil from the control group, it can
be seen that the viscosity and density parameters are simi-
lar. The fresh oil showed a 5% increase in viscosity, which
was 58.96 cSt at 40°C and 19.86 cSt at 75°C (a 3% in-
crease). For density, the values were 0.835 g'ml™* for 15°C
and 0.815 g'ml™* for 75°C.

The next in line sample is the 5w30 grade oil distributed
by Selenia. In this case, the viscosity of the used oil
dropped by 37.3% (viscosity measurement at 40°C) and for
75°C the viscosity decreased by 28.3%. When comparing
the density measurements of fresh and used oil, they in-
creased slightly. For the 15°C test, it was an increase of
1.2%, and for 75°C only an increase of 0.6%. The same
trend of decreasing or increasing density and viscosity was
shown by another lubricant with a viscosity grade of 5W40
(Total). The viscosity values in the used oil decreased by
23.6% (at the lower test temperature) and 20.2% (at the
higher test temperature). For density, there was an increase
of 1.7% and 1.2% for the 15°C and 75°C measurement
temperatures, respectively. Another sample showing the
same trend is oil with a viscosity grade of 5W30 (Shell).
The decrease in viscosity values in this case did not exceed
1% for both temperatures. In contrast, the density of the oil
in service increased by 1.8% for both temperatures.

Table 1. Data on operating conditions of used oil samples

Engine oil Vehicle
#sample Manufacturer Viscosity Oil mileage | Type of fuel to power | Engine capacity | Nominal motor | Car mileage at oil
number class SAE [km] the engine [dm?] power [KW] drain [km]
1 Fanfaro 5W30 12,650 Gasoline +LPG 14 63 362,211
2 Mobil 5W30 14,141 Gasoline 1.6 85 91,635
3 Shell 5W30 5,481 Gasoline 1.2 57 110,007
4 Total 5W40 7,734 Gasoline 1.6 120 60,631
5 Fanfaro 5W30 11,452 Gasoline +LPG 1.6 63 157,473
6 Selenia 5W30 14,998 Diesel 1.6 77 101,021
7 Shell 5W30 5,002 Gasoline 1.0 57 52,333
8 Mobil 10w40 6,500 Gasoline 1.6 72 330,041
9 Fanfaro 5W30 5,159 Diesel 25 88 196,427
10 Total 5W20 5,126 Gasoline 1.5 110 112,927
11 Volkswagen 0W30 15,000 Gasoline 1.0 95 15,000
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Table 2. Physico-chemical test results sorted by mileage index

11 0W30 0.00 61.97 20.44 0.850 0.810 845.14
2 5W30 0.845 70.50 22.10 0.865 0.825 643.15
6 5W30 0.851 34.07 12.04 0.860 0.825 316.46
4 5W40 0.872 61.84 20.22 0.865 0.825 740.85
7 5W30 0.904 58.20 19.29 0.855 0.815 993.16
5 5W30 0.927 54.61 17.30 0.860 0.820 1877.26
3 5W30 0.950 63.92 20.44 0.855 0.815 2124.42
10 5W20 0.954 41.40 13.93 0.855 0.820 895.86
1 5W30 0.965 61.42 19.17 0.855 0.815 825.31
9 5W30 0.973 58.35 18.47 0.855 0.815 1180.19
8 10W40 0.980 86.72 24.75 0.870 0.830 1088.63
Sample number 5, in the viscosity test run, showed a)

a decrease in viscosity of approximately 11% for both tem-

peratures relative to the fresh oil sample from the control

group. The density measured for the dependent samples at

15°C was unchanged, while at 75°C it increased by less

than 1%. A sample of oil in use with a viscosity grade of

5W?20 (Total) relative to the oil in the control group showed

a decrease in viscosity of 10.0% (at 40°C) and 7.7% (at

75°C). There was an increase of 0.5% in density at 15°C

and a decrease of 0.6% at 75°C.

A sample of the oil 5W30 (Fanfaro) after viscosity test-
ing at the lower temperature showed a 0.1% increase in b)

viscosity, and a 1.1% increase for the higher temperature.
Comparing the density measurements, it was found that the
values at the lower temperature differed by 0.5%, while
there was no change at the higher temperature. The last
lubricant sample distributed by the same manufacturer and
the same viscosity class (#9), with a different mileage in-
dex, showed decreases in viscosity relative to fresh oil of
4.8% for both temperatures. The density measurement at
the lower temperature also showed a decrease (by 0.6%),
while the measurement at 75°C was the same for both used
and fresh oil.

A trend line was drawn for the ranked data, showing the
relationship between the results obtained during the physi-
co-chemical tests and the mileage index. In this way, four
characteristics were obtained, which show that the trend in
these parameters is similar. The mileage index of the ana-
lysed data was in the range of 0.84-0.99. From Fig. 2a, it
can be determined that there is a decrease in oil viscosity in
the range of 0.84-0.88. In the range 0.88-0.92, the values
are lowest and then there is an increase until the Wp index
value is close to 1.

Analogous ranges can be determined for the density test
carried out. The middle limit denoting the range of the
lowest density values of the samples is shifted slightly
towards higher values and is in the range of 0.9-0.94 W;.

When analysing the graphs presented, a characteristic
point can be seen that stands out from the rest of the data,
this being the point describing the viscosity measurement at
40°C for the 5W30 oil (Selenia). Such a low value for this
parameter may be since the drive unit of the vehicle from
which the sample came was subjected to a flushing during
the lubricant change.

When analysing the results obtained from testing the
water content of in-service oil samples, no correlation was
found between this data and the value of the mileage index.

Fig. 2. Comparison of viscosity (a) and density (b) test results with trend
lines
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Fig. 3. Water content in samples

3.2. Results of tribological tests

The T02-U four-ball tester used in this part of the study
made it possible to record test parameters such as the actual
force acting on the kinematic node and the actual friction
torque. These parameters were recorded at a frequency of
1 Hz. In order to take into account the load on the node and
the torque acting on it, the coefficient of friction p was
calculated for each test, according to the following equa-
tion:
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p=t, )
where: p — coefficient of friction [-], M¢ — friction torque
[Nm], F — load on the kinematic node [N], r — constant
moment arm of 0.15 m.

The tests on the four-ball tester consisted of three test
runs for one lubricant, one hour each. The variation in time
of the coefficient of friction for each sample is shown in
Fig. 4. The average coefficient of friction characterising the
sample was then calculated for this run.

After each test, the lower balls were visually inspected
using a microscope to determine the average area of the
wear mark. The data thus prepared were ranked in the same
way as the results of the tribological tests (Table 3). The
standard for the determination of wear traces assumes the
measurement of trace diameters on the three lower balls of
the kinematic node. For each ball, the measurement should
be carried out twice — once along the wear traces and the
second across them.

The wear marks obtained from the tests showed hetero-
geneity in terms of shape. Some of them were irregular
(Fig. 5a), while others were close to a circle (Fig. 5b). For
this reason, the diameter calculated according to the stand-
ard was not used to determine the area of the wear mark,
but the image analysis methodology was used to calculate

the area. This approach enabled a more accurate determina-
tion of the contact area between the lower balls (A, — for
used oil samples, A; — for fresh oil samples) and the ball
placed in the spindle of the tribometer.

(® (b)

Fig. 5. Example microscopic images of signs of wear

By placing the points corresponding to the mean wear
trace area on the graph as a function of W, it was found
that the trend line describing the change in mean wear trace
area (Fig. 6) shows similar properties to the trend lines
determined for viscosity and density. It decreases slightly in
the range 0.83-0.85 W5. In the range of 0.85-0.91 it is at
a constant value (lowest). Once the Wp exceeds 0.91, the
trend line manifests an increasing trend.

Fig. 4. The p factor for all used oil samples

Table 3. Results of tribological tests ranked by mileage index

#sample number Viscosity class W, n Ae As A,

SAE [mm?] [mm?] A
11 0W30 0.00 0.268 0.782631 0.234429 3.33
2 5W30 0.845 0.228 0.669358 0.405792 1.64
6 5W30 0.851 0.218 0.611117 0.318869 1.91
4 5W40 0.872 0.216 0.974916 0.200990 4.85
7 5W30 0.904 0.256 0.552152 0.220804 2.50
5 5W30 0.927 0.167 0.850034 0.166564 5.10
3 5W30 0.950 0.141 0.614777 0.220804 2.78
10 5W20 0.954 0.197 0.938673 0.202223 4.64
1 5W30 0.965 0.084 0.471683 0.166564 2.83
9 5W30 0.973 0.199 0.541008 0.166564 3.24
8 10W40 0.980 0.207 0.1073030 0.260796 411
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The trend line drawn for the data describing the friction
coefficient as a function of the mileage index did not show
the same characteristics. In this case, in the range 0.84-0.87
there was an increase in the trend line. In the range 0.87—
0.95, there was a decrease. This was followed by an in-
crease once again once the run rate exceeded 0.95. Alt-
hough this trend line does not show the same characteristics
over the entire range as those determined previously, it is
worth noting that it also shows an increase after crossing
a relatively high run rate.

When analysing the data collected, it is important to
note the differences in the field of wear marks obtained in
the tests of used and fresh oils. In each case, the wear traces
when testing fresh lubricants are smaller. When calculating
the relationship between the field of the wear pattern ob-
tained from testing fresh and in-service oils, it can be seen
that the traces of the second oil group are larger from 1.6 to
more than 5 times.

Fig. 6. Field of wear marks in relation to the mileage index

The coefficient of friction p, calculated on the basis of
the applied force and friction torque, was in most cases
greater for the used oil than for the fresh oil. Only samples
of oils produced by Fanfaro are inconsistent with this rela-
tionship. Due to this fact, attention was paid to the friction
torque that was recorded during the test. It turns out that for
all three lubricants subjected to operation, it was lower
compared to the oil in the control group. Because of the
dependence of the friction coefficient on the friction torque,
this translated into an inverse relationship between the
operated and fresh oils.

4. Conclusions

In this paper, aspects of lubricant condition assessment
were developed. Based on the collected data, a synergistic
W, mileage index was determined, taking into account
vehicle mileage and engine oil mileage. This enabled the
research group to be ordered according to the criterion of
operating conditions.

As the test results show, as the mileage index value ap-
proaches 1 (which can be defined by the near-critical condi-

tion of the drive unit), viscosity and density also increase.
For proper lubrication of the drive unit, the parameters
should be within the appropriate range and not increase
excessively. It can therefore be concluded that, in the case
of an engine in critical condition, these properties will be so
high that the lubricant will not provide adequate protection
for the system components. As mentioned in the introduc-
tion of the paper, the increase in these parameters may be
due to excessive accumulation of wear products. In the case
of water content, it was found that there was no correlation
between the adopted Wp index. The values recorded during
the tests for used oils were in the range of 316-2125 pg-cm >,
Such a large discrepancy in results could be influenced by
such aspects as the moment of oil change (hot or cold en-
gine), the method of operation (e.g. frequent engine start-up
and driving over short distances) or the water content of
fresh oil fed into the system.

The relationships between the assumed W; index and
the density measured at 15°C and 75°C in the form of trend
lines are similar in shape. This can be inferred from the
similar coefficients of the trendline equation. In the case of
the trend line describing the viscosity relationship at 40°C
and 75°C and the Wp index, the discrepancy between the
trend line coefficients is noticeably different. The coeffi-
cients take on a value several times greater for the trend line
plotted for the viscosity measurement at 40°C.

The loss of lubricating properties by oils taken from
high-mileage engines is also confirmed by tribological tests
carried out. Several times larger areas of wear marks (from
1.6 to more than 5 times) in the case of testing with used oil
than with fresh oil testify to less protection for the mating
parts. It should be noted that in all tribological tests carried
out with fresh oil, the field of the wear mark was always
smaller than that of the corresponding used oil of the same
viscosity grade and distributed by the same manufacturer.
By comparing the wear marks of the lower balls of the four-
ball tester with each other when testing a group of oils
operated according to the mileage indicator, it can be de-
duced that, with the drive unit approaching a critical state,
the wear marks will also be larger, and thus, just as in the
case of the comparison with fresh oils, the engine compo-
nents will be more exposed to wear.

The microscopic examination carried out showed ir-
regular wear marks on the lower balls of the four-ball appa-
ratus. This result may be due to the formation of lubrication
channels at the lower ball — upper ball interface, which
prevents the components from fully pressing against each
other. It should be noted that the validity of this statement is
supported by the fact that when irregularly shaped wear
marks were obtained during the test, a friction torque was
recorded at a very low level, at times not exceeding
0.1 Nm.

Nomenclature

A. area of the wear mark on the lower ball of the four-
ball tester for used oil [mm?]

As area of the wear mark on the lower ball of the four-
ball tester for fresh oil [mm?]

F kinematic node load [N]
M;  friction torque [Nm]

Po  oil mileage [km]

Pp vehicle mileage [km]
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