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SUPPORTING OPERATIONS & MAINTENANCE OF AERONAUTICAL
ENGINEERING:

tribological diagnostics of lubrication systems in power units and hydraulic
systems

endoscopic examinations of power units

measurements of operation parameters of power units using one's own
and company systems and their analysis

DEVISING AND DEVELOPING NEW DIAGNOSTIC METHODS:
CT examinations — V/tome/X CT system
blade vibration measurements using the tip-timing method
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technical condition monitoring system of mini jet engine
hybrid drive of unmanned aerial vehicle
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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:
COMBUSTION ENGINES, 2023;195(4) 5
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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.

COMBUSTION ENGINES, 2023;195(4)
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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.
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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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1. Introduction

Poland is one of the more motorised countries in the Eu-
ropean Union. According to the data presented by Statistics
Poland (GUS), in 2020 as many as 664 passenger vehicles
were registered per 1,000 inhabitants, placing Poland third
in relation to the other Member States [23]. The statistics
compiled by GUS based on the data from the Central Reg-
ister of Vehicles (CEP) show that the number of passenger
vehicles in the country exceeded 25 million, the largest
share of which were vehicles registered in the Mazowieckie
Voivodeship (just under 4 million). The age structure of the
vehicle fleet in 2020 in Poland indicates that most vehicles
in use are older than 10 years. These cars accounted for
more than 75% of all vehicles [24]. The statistical data,
including a detailed breakdown of passenger vehicles by
age, are shown in Fig. 1.

Furthermore, a dominant proportion of over 53% of
passenger vehicles in 2020 were gasoline engine vehicles
and over 32% were diesel engine vehicles as shown in Fig.
2. The low share of vehicles powered by alternative fuels,
combined with the rather advanced age of vehicles, is in-
dicative of the potentially high emission of passenger
transport modes in Poland, especially in urban areas. Alt-
hough an upward trend in the number of new vehicles,
including electric vehicles, can be observed in recent years,
the purchase of this type of vehicle is still unattainable for
a large segment of the Polish society. Often, the most con-
venient choice for vehicle ownership is still buying used
vehicles imported from the Western European countries.
The above contributes to some of the worst air quality re-
sults in Polish cities compared to other centres in the Euro-
pean Union. One of the most polluted agglomerations in
Poland is Warsaw, which shows one of the highest vehicle
ownership rates in Europe. Warsaw also has one of the
highest daily commuter vehicle inflow rates [24]. The de-
velopment of transport organised via mobile apps or car
sharing is also becoming apparent.

In April 2022, a report was published on the actual pol-
lutant emission generated by transport in Warsaw [22]. The
report was developed by The Real Urban Emissions Initia-

tive (TRUE), a joint initiative of the International Automo-
bile Federation (FIA) and the International Council on
Clean Transportation (ICCT). The document contains
a detailed assessment of vehicle pollutant emissions and
recommendations for improving the environmental effec-
tiveness of road transport in Warsaw. Air pollution meas-
urements from almost 150,000 vehicles were used in the
analyses. The report’s main findings are that diesel vehicles
significantly exceed the limits for nitrogen oxide emissions.
Emissions from diesel vehicles were between 1.6 and 4.3
times higher than permitted, according to the report. For
vehicles that meet the higher emission standards, requiring
type-approval under real-world driving conditions (RDE
tests), their emissions are lower than the highest permitted
by the RDE tests, but exceed laboratory air pollutant emis-
sion standards. Furthermore, the particulate matter (PM)
emissions limit was exceeded by around 1.5% of diesel
vehicles. These results apply to vehicles meeting the Euro 4
standard and above. Particularly noteworthy is the fact that
as many as 83% of passenger vehicles in Warsaw do not
meet the emission durability conditions; a large share of
passenger vehicles in Warsaw, i.e. approximately 32%, are
vehicles whose average age exceeds 13 years and whose
mileage exceeds 223,000 km.

Considering the above, the authors determined the actu-
al emission of the transport modes available to a taxi corpo-
ration operating in Warsaw. Due to the high frequency of
taxi use and the significant daily mileage of these vehicles,
they are a significant source of emissions in urban areas.
The cited report [3] presented a comparison of the emission
of taxis offering services in Warsaw and Brussels. The
report’s authors also determined the statistics on the age
and average mileage of this type of vehicles in both cities.
The average age of taxis in Warsaw is around seven years,
while in Brussels it is only four years. It should be noted
that this difference is undoubtedly due to the restrictions
placed on vehicles intended to carry passengers for a fee in
Brussels. The upper age limit for these vehicles is seven
years. Despite the lower average age of Warsaw taxis com-
pared to personal vehicles, most have a mileage of over
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300,000 km, which undoubtedly translates into the vehi-
cles’ higher emission relative to Brussels taxis. The report
[22] also indicates, in relation to Warsaw taxis, that nitro-
gen oxide emissions are nearly twice as high and PM emis-
sions more than four times as high as those of passenger
transport vehicles in Brussels. If similar legal restrictions on
the operation of taxis were to be adopted in Warsaw, re-
garding their age and technical condition, nearly 43% of the
vehicles currently in use would have to be taken out of
service. Replacing existing vehicles with alternatively-
fuelled vehicles could reduce pollution in Warsaw by al-
most 60%. It can therefore be concluded that motorised
transport, especially in urban areas, contributes significant-
ly to environmental degradation and affects the comfort of
living in the city.

Fig. 1. Age structure of passenger vehicles in Poland in 2020 [24]

Fig. 2. Fuel type structure of passenger vehicles in Poland in 2020 [24]

The deliberations on pollutant emissions in transport
presented in the paper are limited to determining the green-
house gas emissions, such as carbon dioxide, carbon mon-
oxide and nitrogen oxides. The above assumption is re-
quired to compare the emissions determined under the real-
world conditions of the RDE road tests with the emission
calculations determined by the analytical method, devel-
oped using the statistical emission indicators for transport
modes defined by the authors.

2. Methodology
In the paper, the authors used the analytical indicator

method of calculating the emission of transport modes to
determine the emission of vehicles and the environmental
impact of individual vehicle types. The diagram presenting
the method is shown in Fig. 3. The emissions of main air
pollutants were identified based on the report concerning
the methodology for estimating air pollutant emissions in
Poland, published in 2018 [34]. However, the methodology
developed by GUS did not specify the values of unit emis-
sion indicators of particular types of air pollutants for se-
lected types of road transport modes. Based on the data
published by GUS, the authors of this paper determined the
values of the constant emission indicators for particular
types of air pollutants for:

— various types of vehicles, i.e. passenger vehicles, light-
duty wvehicles, heavy-duty vehicles, motorcycles and
buses

— various types of fuels, i.e. gasoline, diesel and LPG

— various ranges of engine cubic capacities.

Identification
> of fuel type
step 2
|
v
Identification Identification
of transport > of engine cubic
work capacities
step 3 step 4

Calculation of air
pollutant emission |«
step 5

Fig. 3. The diagram of analytical indicator method of calculating the
emission of transport modes [21]

In the scope of the present paper, an analysis of the
emission of 11 types of passenger vehicles was carried out
and their characteristics are presented in Table 1.

The source of the data used to determine the constant
and statistical values of the emission indicators was the data
derived from the 2015 GPR survey conducted on behalf of
the General Directorate for National Roads and Motorways,
data from the database of the Ministry of Digital Affairs,
based on the odometer readings, among others, collected in
CEP. In the analytical index method, the emission of par-
ticular vehicle types can be determined for passenger vehi-
cles, light-duty vehicles and heavy-duty vehicles, with
different versions of fuels used and engines of different
cubic capacities. The indicators define pollutant emission
expressed in units [g/km]; the method does not require
using a complex mathematical formulation, and has the
form of a statistical analysis adequate for the Polish
transport organisation conditions. In this method, the emis-
sion of transport modes is calculated as the product of the
emission indicator and the mileage of the given vehicle
type. The emissions of the main air pollutants determined
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as a result of the literature review and real-world tests are
presented in Table 2.

Table 1. Types of vehicles analysed in terms of pollutant emissions in the

case study
zgerzldculgtt%ﬁe Vehicle | Fuel cigg::ri]tey Power | Emission
year) code type [em’] [kwW] class
Opel Astra gaso-
2017 V1 line 999 77 Euro 6b
VW Golf gaso-
2017 V2 line 1,498 96 Euro 6¢
VW Touran gaso-
2018 V3 line 1,395 110 Euro 6b
Skoda Superb .
2018 V4 diesel 1,968 110 Euro 6¢
Peugeot 308 . Euro 6d-
2018 V5 diesel 1,499 96 Temp
Mercedes-Benz
C220 V6 diesel 2,143 125 Euro 6b
2018
BMW 530d .
2017 V7 diesel 2,993 195 Euro 6b
Toyota Prius . Euro 6d-
2019 V8 hybrid 1,798 90 Temp
VW Jetta .
2015 V9 diesel 2,000 105 Euro 6b
Hyundai i30 .
2015 V10 diesel 1,600 96 Euro 6b
Skoda Octavia .
2015 V11 diesel 1,900 77 Euro 6b

Calculation of air pollutant emissions for vehicles indi-
cated in Table 1 is carried out using the statistical values of
the indicators presented in Table 3, as well as the length of
the road connecting the points of dispatch and collection of
cargo or passengers covered by the types of vehicles, by the
following equation:

Em =1G,j) X Wik (1)

where E,, — the emission of m-th type air pollutants (NO,,
CO,, CO) generated by the k-th vehicle type, I (i, j) — the
length of connecting the i-th sending point with the j-th
receiving point, W, — m-th type air emission factor taken
from Table 2, for the k-th vehicle type.

Table 3 presents the statistical values of the emission
factors of particular transport modes.

Table 2. Results of the vehicles’ real-world emission — RDE measurements
for various vehicle types [g/km] [1, 18, 20, 31]

NOy CO, CcOo
Vehicle type

RDE RDE RDE
V1 0.0910 140.0000 0.9900
V2 0.0110 154.0000 0.3160
V3 0.0200 172.0000 0.1610
V4 0.0130 152.0000 0.0200
V5 0.0600 139.0000 0.0200
V6 0.0780 150.0000 0.0130
V7 0.0330 156.0000 0.0350
V8 0.0840 118.0000 0.0060
V9 0.2200 107.0000 0.0050
V10 0.2500 125.0000 0.0062
V11 0.1350 202.0000 0.0105

Table 3. Emission indicators for various vehicle types [g/km]

NOx CO; CO
Vehicle type
M IM M
V1 0.07241 71.79265 0.50972
V2 0.12731 83.77379 0.50705
V3 0.07241 71.79265 0.50972
V4 0.19522 44.66578 0.01267
V5 0.19522 44.66578 0.01267
V6 0.19968 60.76343 0.01610
V7 0.19968 60.76343 0.01610
V8 - - -
V9 0.19968 60.76343 0.01610
V10 0.19522 44.66578 0.01267
V11 0.19522 44.66578 0.01267

Under the analytical indicator method, having the rele-
vant data in the form of:

— the test vehicle’s mileage in connection with the
transport task in question

— the test vehicle’s engine cubic capacity

— the fuel type used

using constant statistical indicators, it is possible to deter-

mine the approximate emissions of a given vehicle type

with regard to the following air pollutants:

— carbon oxides

— carbon dioxide

— nitrogen oxides

— nitrogen dioxide

— PM2.5 and PM10.

As part of the verification of the developed analytical
indicator method intended for the determination of the
transport modes’ emission, the indicator emission was
compared with the results of real-world measurements
obtained in RDE tests for the three main types of air pollu-
tants, i.e. nitrogen oxides, carbon oxides and carbon diox-
ide. The results of real-world vehicle measurements are
widely published in the literature [1, 3, 10-12, 17, 19, 20,
29-33, 35]. Reviewing passenger vehicle emissions regula-
tions and comparing laboratory tests with real emission
results are also widely published [3, 6]. The transport
modes’ real-world emissions used in the paper are based on
literature data [1, 18, 31] and on real-world tests carried out
in the engineering thesis [20]. It should be emphasised that
analyses of the emission of vehicle-generated pollutants can
vary depending on a number of external factors. The test
results are affected by the test conditions, e.g. ambient tem-
perature, topography, road conditions, vehicle characteristics
such as age, mileage, and technical condition [2, 16, 25, 31].

The analytical method proposed by the authors, which is
based on the determination of a constant emission factor,
enables the determination of the approximate pollutant
emission values. If a large number of real-world test results
is available, it is possible to analyse the impact of other
factors on emission and to correct the constant indicators in
terms of additional criteria, such as the vehicle’s age or
technical condition. The analytical method developed does
not take these factors into account and this may constitute
a further stage of the research work. It should also be point-
ed out that emission measurement methods based on real-
world measurements of the transport modes’ emission have
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the highest accuracy in determining the vehicle’s real-world
emissions. Tests of emission can be carried out for various
vehicle types, in various traffic conditions, in different
natural topographies as well as using various fuels and
engines [9, 19, 27, 28, 36]. RDE tests require the use of
rather complex test instrumentation and a considerable
amount of time to be carried out under various traffic con-
ditions. The research methodology adopted utilised real-
world study results published in the literature [1, 18, 31]
and results obtained during real-world tests carried out in
the Poznan agglomeration in the engineering thesis [20].
The measurements were carried out using the SEMTECH
DS exhaust fume analyser. An illustration of the two vehi-
cles tested in terms of real-world emission is presented in
Fig. 4 and Fig. 5.

Fig. 4. Vehicle tested in real-world conditions (Toyota Prius) [20]

Fig. 5. Vehicle tested in real-world conditions (VW Golf) [20]

The measuring equipment for the RDE tests (SEM-
TECH DS exhaust fume analyser) is mounted inside the
vehicles; in addition, an independent power generator used

The issue of emission will remain relevant until vehicles
that emit pollutants from fuel combustion are in use. It
should be emphasised that, in addition to the RDE tests,
which are considered the most accurate tests for the emis-
sion of transport modes, there are other methods for deter-
mining the emission of vehicles, including indirectly behind
the vehicle [26].

3. Results

The analytical method developed by the authors enables
the determination of the emission of transport modes with-
out the need for real-world testing and is based on statistical
data showing the given vehicle type’s emissions [21].
Based on a case study, emission calculations were carried
out for vehicles providing taxi services in the Warsaw ag-
glomeration, using constant air pollutant emission values.
The emissions determined by the analytical method based
on statistical data were compared with the results of real-
world pollutant emissions determined based on data ob-
tained from literature sources (RDE test results) [1, 18, 31]
and from results of tests carried out by the authors of the
engineering thesis [20]. Passenger vehicles providing taxi
services in the Warsaw agglomeration were classified into
categories V1 to V11. For each vehicle category, the emis-
sion of a representative transport mode was determined and
a simplification was adopted, assuming that a given type of
vehicle has the same emission values. The authors analysed
the emission of transport modes providing passenger
transport services in the Warsaw agglomeration. The com-
pany providing transport services in Warsaw has more than
250 vehicles, 130 of which are included in the calculation
example. The vehicles (11 types) included in the case study
individually travel approx. 100 km per day, with the vehi-
cles collectively travelling nearly 3.6 million km per year.
Therefore, they transport a minimum of 4 million passen-
gers. For the purposes of the analysis, it was assumed that
the vehicle types V1 to V11 have the same technical pa-
rameters in terms of exploitation and their emission in the
given type group are the same. This assumption resulted
from the fact that it was impossible to carry out real-world
emission tests on a large population of vehicles travelling
around Warsaw. The real vehicle mileage data are present-
ed in Table 4.

Table 4. Transport work performed by vehicles in a month

to su_pply the exhau_st fume analysers !s plz_ace(_:i outside on a Wesk mileage per vehicle in each type
special platform (Fig. 4). The analytical indicator method Vehicle type
does not enable testing the emission of hybrid vehicles, but Week1 | Week2 | Week3 | Week4
it does enable the determination of the emission of electric V1 622 748 508 846
vehicles. New hybrid and electric technologies appear to be x; ggg ggg 222 2513;1
the solution to further gtter_npts to decarbonise 'grapsport Vi 453 126 507 646
modes [8, 19, 27]. Considering the above, the emission of V5 558 679 682 769
transport modes is also affected by factors such as: V6 620 705 548 757
traffic congestion as well as adequate road designing Vi 509 756 618 745
and topography [5, 7, 14, 16] v8 487 568 605 446
. T . o V9 688 543 785 604
— conventional vehicles’ adaptation to enable utilisation of V10 653 =10 789 599
new fuel types [10, 28] Vil 409 279 505 345
— natural topography, vehicle load [11, 17, 25, 33] Total km per week | 6,426 6,829 6,650 7,027
- t}}e_ engine’s operating conditions and its technical con- Average km per 494 525 512 541
dition [3, 36]. week
A"era%‘;)'/‘m per 99 105 102 108
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The distances travelled by individual vehicles from each
vehicle type were multiplied by the number of vehicles in
that type. The total distance travelled by the vehicles was
obtained as a result. In the case study, the vehicles mainly
served service points, hotels as well as railway and airport
stations. The company providing the data for the case study
ceased to operate in Warsaw during the pandemic due to
the limited number of passengers using taxi services in
Warsaw in 2019-2020. It would have been very complicat-
ed to carry out emission test for 130 vehicles, so a simplifi-
cation was adopted, which involved reading the emission
for one vehicle from a given type (V1-V11), derived from
literature results, supported by real-world studies and RDE
tests. The emission of all transport modes from types V1 to
V2 was then simulated, taking into account the real-world
mileage data of 11 vehicles over a period of one month.
One month's data was replicated to obtain approximate
figures for the total annual mileage of individual repre-
sentative vehicles. The annual mileage constituted the basis
for determining the total distance travelled by all vehicles
included in the study, assuming that, in the scope of a given
vehicle type, the vehicles travel the same distances as the
representative vehicle. The real transport work data are
presented in Table 5.

Table 5. Transport work performed by vehicles in a year

. Total km Total km Number Total km
Vehicle | . . .
type ina mont_h per | inayear per qf in a year
one vehicle one vehicle | vehicles for all vehicles
V1 2,724 32,688 5 163,440
V2 3,126 37,512 7 262,584
V3 2,259 27,108 15 406,620
V4 2,032 24,384 10 243,840
V5 2,688 32,256 6 193,536
V6 2,630 31,560 18 568,080
V7 2,628 31,536 3 94,608
V8 2,106 25,272 19 480,168
V9 2,620 31,440 11 345,840
V10 2,581 30,972 15 464,580
Vi1l 1,538 18,456 21 387,576
Total 26,932 323,184 130 3,610,872

For the above data, the transport modes’ main pollutant
emission was determined as part of RDE tests as well as the
transport modes’ analytical, statistical emission was deter-
mined by using the indicator method. The emission was
determined for all 130 vehicles of a given type, providing
annual transport services in a Warsaw taxi corporation. The
vehicles adopted as reference vehicle, representative of the
type [V1 to V2], are not older than 8 years. The vehicles
correspond to the age structure of the vehicles providing
transport services indicated in the report [22]. It should be
pointed out, however, that vehicles operating in the Warsaw
area have high mileage (over 300,000 km), which may
contribute to significantly higher emission of transport
modes relative to the results obtained in the study in ques-
tion.

Figures 6-16 show the results of air pollutant emissions
for various types of vehicles in one year period. During
analyses taking into account the real emission from RDE
tests and results from the analytical method developed by
the authors, based on statistical data.

The results of air pollutant emissions in the form of NO,
obtained during one year of operation of the taxi company's
vehicles, calculated using the indicator method, are higher
than the emission indicators obtained as part of RDE tests
(Fig. 6). The exception is the V1 vehicle, for which NO,
emissions in RDE are lower than the emissivity determined
by the indicator method. The reason for this may be the low
engine capacity of the V1 vehicle, as the analyzed vehicle
has a petrol engine capacity of less than 1000 cm®. Based
on statistical data, the NO, emissions of air pollutants cal-
culated using the indicator method are higher than the re-
sults obtained in RDE tests by about 36% on average for
V1-V7 vehicles. Regarding V9-V10 vehicles powered by
diesel engines, NO, emissions are higher in the measure-
ments obtained in the RDE tests by nearly 20% on average
compared to the indicator method. For the V8 vehicle,
which is a hybrid vehicle, it was not possible to determine
the values of statistical indicators showing the emissions of
the primary air pollutants. Considering the averaged values
of RDE emission measurements and calculations of NO,
emissions based on statistical data, it is possible to estimate
NO, emissions without conducting RDE tests. The error
scale in such a procedure is relatively small, about 30%.
The NO, emission value obtained using the indicator meth-
od was higher than the RDE results by the indicated error.

The total CO, emission from the operation of taxi com-
pany vehicles over one year, determined using the statistical
indicator, is lower for all vehicles on average by nearly
40% (Fig. 7). The most significant differences in the results
were recorded for two types of vehicles, i.e., V1 and V9.
These vehicles are highly different from others regarding
the installed engines' characteristics, capacity, and propel-
lant used. Considering the averaged values of RDE emis-
sion measurements and the calculation of CO, emissions
based on statistical data, it is possible to estimate CO, emis-
sions without conducting RDE tests. The error scale in such
a procedure is relatively small, about 40%. The CO, emis-
sion value obtained using the indicator method was lower
than the RDE results by the indicated error.

The total CO emission from the operation of taxi com-
pany vehicles over one year, determined using the statistical
indicator method, is lower than the RDE results for V1, V4,
V5, and V7 vehicles by over 50%. For the remaining vehi-
cles, i.e., V2, V3, V6, V9, V10, and V11, CO emissions
were, on average, almost twice as high (Fig. 8 and Fig. 9).
Considering all the collected results of calculations and
measurements, the most significant discrepancies were
recorded about CO emissions in terms of the results ob-
tained by the indicator method and the RDE tests. The
average absolute value of the difference in emissivity
measurements obtained in the RDE and indicator methods
was about 130%. The CO emission value obtained using
the indicator method was higher by the indicated error.

With the results of global NO, emissions (Fig. 10) and
CO emissions (Fig. 12), it can be concluded that the emis-
sion of NO, and CO pollutants calculated using the indica-
tor method is higher than the results obtained in RDE tests.
The situation is different regarding CO, emissions (Fig.
11). A summary of the emission of primary air pollutants in
a graphical interpretation is shown in Fig. 13-16.
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Fig. 15. Total CO emissions [kg] from transport trips during a one year
period by vehicle type (V1-V3)
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Fig. 16. Total CO emissions [kg] from transport trips during a one year
period by vehicle type (V4-V11)

4. Discussion

An analytical indicator method intended for determining
the vehicles’ main pollutant emission enables the calcula-
tion of approximate main pollutant emission generated by
various types of transport modes. The method enables the
determination of the emission of basic and most commonly
used passenger vehicles quickly and in a manner compara-
ble in terms of quantities to the results obtained in RDE
tests. In order to better represent the reality, the method
should be supplemented with elements correcting the emis-
sion in terms of external factors, such as the vehicle’s age,
technical condition and mileage. These factors are currently
not taken into account in the calculation of emission using
the indicator method. Nevertheless, the absence of these
factors makes it possible to record approximate emission of
a given vehicle type, which can be used practice in all kinds
of designing and simulation activities when estimating
emissions without the need for labour-intensive road tests.

The organisation of passenger transport, e.g. in urban
areas, optimising passenger transport routes in terms of

cost, can be combined with a calculation of the transport
modes’ emission and the external costs generated. In this
way, passenger transport planning can become more sus-
tainable and the selection of transport modes with lower
emission may contribute to a reduction in the transport’s
negative impact on the environment. The indicator method
intended for determining the emission of transport modes
presented in this paper allows for quick estimation of the
emission of the main transport mode types. The results
illustrate the main pollutant emission by the most common
road transport modes used for passenger and freight
transport.

5. Conclusions

An analysis of the total emissions of the test vehicles,
i.e. the annual emissions of, e.g. nitrogen oxides, allowed
for obtaining results that demonstrated a higher emission of
the vehicles tested in real-world conditions than that ob-
tained in the analytical method calculations, except for
vehicle type V9 and V10. However, because the vehicles
providing transport services in Warsaw are heavily used,
the actual vehicle emission in Warsaw, determined in the
RDE tests, may prove to be up to twice as high. In such
a case, the emission values obtained in the analytical meth-
od will coincide with the real-world measurements of vehi-
cle emission in the RDE tests. The same applies to air pol-
lutant emissions for carbon dioxide and carbon oxides.

In terms of the annual transport plans and the transport
work performed by the 130 vehicles analysed, nitrogen
oxide and carbon oxide emissions are higher in the analyti-
cal method calculations. In terms of the total annual carbon
dioxide emissions, the real-world emissions determined by
the RDE tests are higher. The vehicles analysed in the cal-
culation example, on an annual basis, collectively emit
between 375 kg and 528 kg of nitrogen oxides, from 182 t
to 341 t of carbon dioxide and from 341 kg to 456 kg of
carbon oxide. Considering the averaged values of RDE air
pollutant emission measurements and calculations of emis-
sions based on statistical data in the indicator method, it is
possible to estimate air pollutant emission without conduct-
ing RDE tests with the indicated above errors (chapter 3).
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GUS  Statistics Poland TRUE The Real Urban Emissions Initiative
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1. Introduction

Diesel engines are well-known for the high thermal effi-
ciency and extensively utilized in various applications due
to their reliability and durability. However, the combustion
of fossil fuels in internal combustion engines, including
diesel engines, has contributed significantly to the increas-
ingly severe climate issues [2]. It is imperative to seek
solutions for reducing consumption of traditional fossil fuel
and emission for diesel engines [11]. In response to these
challenges, diesel engines have adapted many technical
solutions like the innovation of injection method or the
application of alcohol fuel to meet both the strict emission
regulation and the depletion problems of fossil fuel re-
sources [3, 5], like using higher injection pressure [12], the
HEUI fuel injection system [9], the HCCI diesel engines
[22], also the adaption of air filter to reduce the HC and CO
emission [7]. many efforts about engine with alternative
fuel and adaption on engine have been made. The possible
attempt of prechambers in hydrogen internal combustion
engines is discussed [15]. Research about LPG+DME blend
fuel on Sl engine is conducted [14]. Previous research indi-
cated the efficiency of oxygenated fuel application on die-
sel engines can benefit those two purposes as well, such as
using the alcohols, ethers, and esters for its good perfor-
mance on diesel engines and the merits as the renewable
fuels [18]. As the mostly investigated oxygenate, the bio-
diesel is also attracting attention. It is widely accepted for
compression ignition (CI) engine for its renewability [19].
Biodiesel has many advantages such as reducing depend-
ence on imported petroleum, mitigating global warming,
improving lubrication, and reducing harmful emissions by
its oxygen content. However, it can affect in-cylinder pa-
rameters like atomization, vaporization, and fuel-air mixing
which considered as disadvantages. Insufficient cetane
quality in biodiesel can lead to unfavorable starting charac-
teristics, higher fuel consumption, and elevated exhaust
emissions [6]. To solve these problems, the use of fuel
additives can achieve effective atomization and fuel-air
mixing. The cetane number plays an important role. Fuel
with higher cetane numbers have shorter ignition delays,

completing a shorter duration of the combustion process [1,
21]. Previous studies found that dimethyl carbonate
(DMC)-diesel can lead to reduction on smoke and particu-
late mass with little change in NO, emission [16].

DMC can be used as an oxygenated additive to blend
with diesel fuel to improve combustion and reduce pollu-
tant emission of diesel engines since it has a high oxygen
fraction of 53.3% by mass. It is non-toxic and highly misci-
ble with diesel fuel. DMC exists in liquid state at room
temperature, which makes storage and transportation con-
venient. Research suggested that DMC is a suitable oxy-
genated additive with good blend fuel properties, and there
exists a relationship between the amount of soot reduction
and the oxygen content of the blended fuel [17]. Others [10,
23] investigated the combustion and emission characteris-
tics of diesel engine fueled with diesel-DMC blends and
found that smoke emission can be reduced without sacrific-
ing NO, emission and thermal efficiency. Dimethyl car-
bonate (DMC) added into diesel can help fuel atomize and
produce a uniform air-fuel mixture due to its favorable
evaporation attribute. It is a nontoxic compound and can
easily dissolve in diesel at ambient temperature. Previous
studies have indicated the potential of DMC in emissions
reduction and thermal efficiency enhancement [5, 17, 20].

The emissions of an indirect injection diesel engine
were compared while operating on ultra-low sulfur diesel
oil blended with up to 30% DMC by volume [4]. Research-
ers employed a new approach that involved combining
internal exhaust gas recirculation with a small injection of
diesel fuel to ignite the DMC, which was directly injected
into the engine cylinder [13]. The results demonstrated that
the engine fueled with DMC exhibited lower NO, emis-
sions, almost zero smoke levels, and a 2-3% higher effec-
tive thermal efficiency compared to the engine fueled with
diesel fuel, particularly under moderate and high load con-
ditions. Additionally, the blended fuel showed a reduction
in particulate number concentrations, highlighting its poten-
tial in mitigating emissions in diesel engines.

In this study, the DMC/diesel blend with 5%, 10%, 15%
DMC by volume are prepared to investigate the emission
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characteristics of low DMC blend ratio on a diesel engine.
Since the combustion process is strongly influenced by the
addition of low boiling point, DMC hoosts the atomization
and liquid fuel mixture, the emissions of hydrocarbons and
soot are significantly reduced by the DMC addiction espe-
cially on the high-load conditions. Also, the nitrogen oxide
emission show reduction on DMC15 with all load condi-
tions, meanwhile the CO emission increased.

2. Experiment and method

2.1. Experiment apparatus

The schematic diagram of the experimental setup is
shown in Fig. 1. In this experiment, we used a diesel gener-
ator which has a single-cylinder 4-stroke diesel engine
(model YDG300VS, by Yanmar Holdings Co., Ltd.) as the
test engine. We used the AVL Di-com4000 and an opacity
meter (ALTAS-5100D, Yanaco Opacimeter) to measure the
exhaust characteristics. The main specifications of the en-
gine shown in Table 1. It should be noted that the engine
specifications indicate the conditions under standard at-
mospheric conditions (ambient temperature of 298 K, at-
mospheric pressure of 100 kPa, and relative humidity rang-
es from 20~30%).

Fuel tank
Exhaust gas
Gas analyzer
| |
—]
Single cylinder

Computer

Fig. 1. Experimental apparatus

2.2. Test fuel properties and experiment method
Table 2 show the fuel properties of diesel and DMC.
Diesel and DMC (Dimethyl Carbonate) were mixed for 30
minutes at 1500 rpm by using a magnetic stirrer.
DMCl/diesel blend fuels were prepared with a volumetric
ratio at 5vol%, 10vol% and 15% vol% DMC with diesel.
These are abbreviated as DMC5, DMC10 and DMC15 in
the following. The calculation formula for the blending
ratio (W) is shown in Eq. (1) below
_ Volume of DMC
~ Volume of Light oil+Volume of DMC

The DMC/diesel blend fuel was supplied into the test
engine. After the engine warm-up stage ended, the exhaust
characteristics were measured by the exhaust measurement
device (AVL Di-Com 4000). The measurements data for
each load condition were averaged using arithmetic mean.
Load conditions were set at nine levels by using heaters:
0 W, 300 W, 600 W, 900 W, 1200 W, 1500 W, 1800 W,
2100 W and 2400 W. The experiment environment condi-
tion stays same for each load condition. Furthermore, vis-

x 100 [%)] 1)

cosity measurements were conducted using an SV-10 fork-
type vibrating viscometer (AND Co., Ltd). Table 3 shows
the viscosity of diesel and DMC/diesel blend fuels. With
the DMC blend ratio increase, the viscosity of DMC/diesel
blend fuel decrease.

Table 1. Engine specifications

Engine type 4 stroke cycle diesel engine
Injection system Direct injection

Bore x stroke [mm] 978%x67

Rated output [KW/min ] 4.0/3000

Cooling system Forced air cooling
Displacement [dm?] 0.320
Compression ratio [-] 21.1

Table 2. Properties of Diesel and DMC

Diesel DMC
Chemical formula — C3HgOs
Kinematicviscosity @20°C[mm?s] 2.77 0.63
Density @20°C [kg/m®] 822 1079
Boiling point [°C] 160~360 90.1
Oxygen content rate [% by weight] 0.09 53.3
Cetane number 52 36
Laten heat of vaporization [kJ/kg] 280 369
Lower heat value [MJ/kg] 42.50 15.78

Table 3. Viscosities of test fuel

Viscosity Kinematic viscosity
[mPa-s] [cSt]
Diesel 2.06 2.46
DMC 0.568 0.529
DMC5 1.76 2.07
DMC10 1.26 1.46
DMC15 0.87 1.02

3. Results and discussion

The emission characteristics of diesel fuel and
DMC/diesel blend fuel for various blend ratio are examined
and discussed in this section.

Effect of DMC on HC emission with load for diesel,
DMC/diesel blend fuels shown in Fig. 2. From Fig. 2, with
the engine load increased, the HC emission decreased for
all fuel conditions. This is attributed to the increased com-
bustion chamber temperature resulting from higher loads,
which leads to a decrease in incomplete combustion. Re-
garding the impact of DMC blending, it shows a general
tendency of reducing HC emissions. With the oxygenate
additive DMC blended in, it can be observed that the HC
emissions reduction exist with the use of DMC5 and
DMC10 under all load conditions. However, when the
DMC blend ratio raises up to 15%, the HC emission at low
load region (from 0 W to 900 W) show substantial increase,
but still show the reduction effect on the mid and high load
region (from 1200 W to 2400 W). Since the DMC additive
has lower viscosity than diesel, with the small amount
DMC additive (DMC blend ratio under 10%), the evapora-
bility of DMC improves the mixing process of liquid fuel
and boosts the combustion, its oxygen content contributes
to the HC emission reduction effect. On the other side,
while the DMC blend ratio raises up to 15%, due to the low
cetane number of DMC, which has impact on the ignition
delay time, also lead to incomplete combustion thus caused
higher HC emission at the low-load region. Still, under the
high-load region, since the combustion chamber tempera-
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ture raised thus accelerate the physical ignition delay, with
the high oxygen content and lower kinematic viscosity
which forms better liquid fuel mixture and promotes the
fuel atomization effect, the DMC15 realized lower HC
emission than that of diesel on the high-load area.

Fig. 2. HC emission

Fig. 3. NOy emission

Figure 3 shows the nitrogen oxides (NO,) emission at
each load condition with diesel and DMC/diesel blend
fuels. From Fig. 3, the NO, emissions increase with load
increase under all fuel conditions. This is because with the
load increase, the combustion temperature increase, result-
ing in increased emissions of NO, derived from thermal
sources.

Focus on the effect of DMC additive, compare to the
diesel, with the DMC additive, the NO, emission reduction
effect exists with all DMC/diesel blend fuels. The maxi-
mum reduction rate of DMC5 is 6.7%, that of DMC10 is
14.5%, both exist at 1200 W load condition. However,
when the DMC blend ratio raises to 15%, the minimum and
maximum NO, reduction ratio of DMC15 is 23.4% and
59.6% at 2400 W and 300 W, respectively. The main rea-
son is that, with the DMC blend ratio increased, the LHV of
DMC/diesel blend fuel decreased. Since the fuel injection
amount is at same with same engine load condition, under
the interact of evaporation laten heat of DMC, the lower
LHV of DMC/diesel blend fuel release less heat that im-
proves the thermal NO, reduction effect. The maximum
NO, emission reduction ratio appears in low load region,
which is affected by the combustion temperature. On the
other hand, the low cetane value of DMC increases the
ignition delay time with the increasing DMC blending ratio,
thereby leading to the incomplete combustion as mentioned
in Fig. 2, lowering the combustion temperature, and sup-

pressing the formation of thermal NO,. Furthermore, due to
the lower boiling point of DMC compared to diesel, the
evaporation enthalpy of DMC reduced the flame tempera-
ture, which considered as a factor of the NO, emission
reduction effect.

From Fig. 2 and Fig. 3, due to the high oxygen content,
low LHV, low cetane number and kinematic viscosity of
DMC, with the use of 15% DMC, it achieved simultaneous
reduction of NO, and HC emission under the high load
region (from 1500 W to 2400 W).

Fig. 4. CO emission

CO+0OH < CO,+H

20H < 0,+H,
2H,0< 0, +2H,
H, <2H
0, <20
N, & 2N

Fig. 5. Kinetic oxidation of CO

Figure 4 shows the CO emission at each load condition
with diesel and DMC/diesel blend fuels. Figure 5 shows the
main reaction pathways of CO oxidation. From Fig. 4, with
the use of DMC5 and DMC10, under low load region (from
0 W to 900 W), the CO emission show little decrease. On
the 1200 W to 2400 W load region, the CO emission of
DMCl/diesel fuel show increase compared to that of diesel
fuel. The main reason is considered as that, at the low load
region, the interaction between the increase of oxygen con-
tent and low combustion temperature caused by the DMC
additive makes the little CO emission decrease. Meanwhile,
on the high load region, the combustion temperature raised
up, but the insufficient oxygen content in the rich region at
the flame front lead to the CO emission increase [8]. For
DMC15, the CO emission is higher than all other fuel con-
ditions under all load regions. Since the DMC15 has more
oxygen content, the main reason is considered as that the
low LHV of DMC lead to a lower combustion temperature,
which has been proved in Fig. 3, the NO, emission data.
The lower combustion temperature didn’t satisfy the tem-
perature of CO oxidation condition.

Figure 6 shows the CO, emission at each load condition
with diesel and DMC/diesel blend fuels. From Fig.6, CO,
has little increasement with the use of DMC additive on
low and mid load region with all DMC/diesel blend fuels.
Since DMC15 has highest DMC blend ratio, the higher
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oxygen content benefits the CO oxidation process that led
to higher CO, emission. For high load region, the increase
rate of DMC5 and DMC15 decreased, which is considered
as the CO oxidation process is suppressed with DMC5 and
DMC15. The main reason is considered as the interaction
between the oxygen content and the low LHV of different
DMCl/diesel blend fuel.

Fig. 6. CO, emission

An opacimeter is used to measure the contamination
level of exhaust gases caused by particulate matter by pass-
ing light through the exhaust gas collected from the exhaust
pipe and measuring the transmittance (optical absorption
coefficient [m™]). Figure 7 shows the soot emission at each
load condition with diesel and DMC/diesel blend fuels.
From Fig. 7, with the use of DMC additive, soot emission
significantly decreased at the DMC15 under the low load
region (from 0 W to 1200 W), except the mid load region,
the soot extremely decreased at 2400 W. However, the
DMC blend ratio has great influence on the soot emission
decrease tendency. Further studies needed to investigate the
influence of DMC blend ratios under different engine load
conditions.

Fig. 7. Soot emission

4. Conclusions

In this study, we observed the effect of DMC blend ratio
on emission characteristics with a use of diesel generator.
The DMC/diesel blend fuels with three DMC blend ratio
are used as test fuel. Through the observation of HC, NO,,
CO, CO,, and soot, we discussed the influence of DMC’s
fuel properties on emission characteristics. Further studies
about the proper DMC blend ratio are need. The main con-
clusions show as follows:

(1) The DMC/diesel blend fuel can realize the simulta-
neous reduction of HC and NO, emissions under the high
load region by the influence of DMC fuel properties.

(2) The HC and CO can not simultaneously reduce with
the use of DMC15.

(3) It is possible to realize the soot reduction effect un-
der the low and high load region by using DMC15. The
impact of the DMC blend ratio on soot reduction exhibits
varying tendencies across different load regions.

Nomenclature

CO  carbon monoxide

CO, carbon dioxide

DMC dimethyl carbonate

DME dimetyloeter

HC  hydrocarbon

HCCI homogeneous-charge compression ignition

HEUI hydraulic electronic unit injector

LPG liquified petrolum gas
LHV lower heat value
NO, nitrogen oxides

Si spark ignition
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Evaluation of the energy efficiency of electric vehicle drivetrains under urban
operating conditions

ARTICLE INFO In electric vehicles, as in hybrids vehicles, a very important factor affecting the energy efficiency of the power-
train is the ability to use the regenerative braking energy. Depending on the settings available in electric
vehicles, the driver can choose different modes of operation: switch off the regenerative braking mode altogeth-
er, select the intensity of regenerative braking, or leave the control system in automatic mode. The last mode is
often the only one available on eclectic vehicles, so the driver cannot decide whether to switch off or increase
intensity of the regenerative braking. This paper presents a new method for evaluating the energy efficiency of
electric vehicle powertrains under urban operating conditions. The presented method uses a procedure for
mapping the operating conditions allowing to determine the reference level of energy consumption in relation to
those recorded during the identification tests. Identification tests were carried out in the Tri-City area using
electric vehicles of different purposes and operating parameters. Performed tests allowed to evaluate the
regenerative braking efficiency of tested vehicle, which varies over a relatively wide range, for vehicle A from 33
to 77%, for vehicle B from 27 to 55% and for vehicle C from 36 to 58%. It can be concluded that one of the main
factors determining the regenerative braking efficiency is the level of state of charge of the accumulator and the
management algorithm used by the vehicle for controlling this parameter.

Received: 4 June 2023

Revised: 7 July 2023

Accepted: 11 July 2023
Auvailable online: 8 August 2023

Key words: electric vehicle, urban conditions, regenerative braking, energetic efficiency, drivetrains

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Electric drive systems have the potential to be much
more efficient than conventional ones [6, 19], influenced by
the very high efficiency of the electric motor itself, but also
by its low variability over the range of typical operating
conditions [6, 18]. Taking into account typical urban oper-
ating conditions, the efficiency of an eclectic motor can be
expected to reach values ranging from 70% for very low
loads up to 90% for maximum loads [14].

A very important factor in reducing the energy con-
sumption of electric vehicles in urban conditions is the
possibility of using regenerative braking to recharge the
battery while driving [16, 21]. The efficiency of the process
itself of generating electricity by the generator reaches
a very similar level to that obtained in driving mode, but the
process of reusing the electricity to drive the vehicle in-
cludes converting the energy twice, on the way from the
wheels to the battery and back to the drive wheels. This
means that the efficiency of the regenerative braking pro-
cess can reach at most the square of the efficiency of the
electric drive system. Control strategies for hybrid and
electric vehicles are relatively complex [14, 16, 19] and
depend on the state of charge of the batteries [9, 10, 20].
Typically, the efficiency of a regenerative braking process
[1, 3, 4] is defined as a regenerative braking energy deliv-
ered to the battery and back to a drive system divided by
the energy achievable from the braking process [5, 7]. Per-
formed research show varying results, depending on the
type of test, the vehicle and the strategy used by the manu-
facturer: 86% [14], 50% [15] and 31-42% [21].

Evaluation of the efficiency of an electric vehicle's drive
system can be carried out under laboratory conditions for
strictly defined operating conditions with the assumed re-
peatability of the tests. However, from a practical point of

view, for the users of such vehicles, the results of tests and
perform evaluations, which are created on the basis of real
operating conditions [2, 8, 17], will be of greater value. It is
necessary to use a testing method, which, on the one hand,
allows for a simple and quick determination of the expected
energy indicators, while on the other hand, the results ob-
tained should be comparable regardless of the types of
vehicles tested and the place of operation.

This paper presents a description of an original method
of evaluation of the energy efficiency of electric vehicle
drivetrains under urban operating conditions. The study
uses measurements carried out in regular urban traffic. The
presented method uses a procedure for mapping the operat-
ing conditions allowing to determine the reference level of
energy consumption and compare it to the recorded during
the identification tests.

In the first stage of energy efficiency evaluation, the
drive system efficiency in a driving mode is determined,
and in the second stage in a regenerative braking mode. The
method is demonstrated using operating examples of three
electric vehicles.

The work supports the evaluation of guidelines for con-
trolling traffic in city centers using mobile applications and
on-board navigation systems to reduce the energy consump-
tion of vehicles equipped with regenerative braking systems.

2. Drive system description and parameters
defining energy efficiency
Mapping the operating conditions depends on recording
position, speed and elevation of the tested vehicles and eval-
uation of parameters, which map the operating condition for
covered route. The first parameter mapping operating condi-
tion is a specific energy consumption (SEC) [12, 13]:
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E¢
— 1)

where SEC is the specific energy consumption, E, is the
mechanical energy delivered by drive system to the wheels,
L is the distance covered by the car and m is the gross vehi-
cle mass.

Mechanical energy transmitted to the drive wheels (trac-
tion energy), can be calculated using the following equa-
tion:

SEC =

E, = ft t=tc(kp TFe-V)dt @)

=0

where K, is the positive traction force factor:

@)

1 for powered wheels
k= |

~ | 0 foridlling or braking

F is the traction force, calculated for recorded speed
and altitude change,

Fr=m-a-8+m-g-sin(a)
V? 4)

+pair - As* Cp -7+m-g-Cr-cos(a)
where a is the vehicle acceleration, § is the rotating mass
factor, g is the acceleration due to gravity, a is the road
grade, p,;. IS the air density, A; is the vehicle frontal area,
Cp is the vehicle aerodynamic drag coefficient, C, is the
vehicle rolling drag coefficient and V is the vehicle speed.

Alternatively, for the data recorded at the uniform time
step, traction energy transmitted to the drive wheels may be
calculated using the following equation:

N
E, = At~ z (kp, - Fr, - Vi) 5)
1=1

where At is the time step.

Total energy that can potentially be delivered to the re-
generative braking system (regeneration energy) can be
calculated using the following equation:

N
Ereg = At- Z 1(kregi " Fy, - Vi) (6)
i=
where Krq is the negative traction force factor:

o {—1 for idlling or braking %
reg = |0 for powered wheels

The second parameter mapping operating condition is
regenerative braking specific energy (RBSE) for the cov-
ered distance can be calculated using the following equa-
tion:

RBSE = Ereg (8)
m-L
Some part of the electrical energy is consumed by auxil-
iary devices. This energy consumption is defined by the
parameter P,p, which is electrical power delivered to the
auxiliary devices (non traction electricity consumption).
The third parameter mapping operating condition is
auxiliary devices specific energy (ADSE).

. VN

ADSE = M 9
L-m

where P,p is electrical power delivered to the auxiliary
devices (non traction electricity consumption).

Figure 1 shows a diagram of the energy flow in the
drive system of an electric vehicle with a regenerative brak-
ing system and auxiliary devices.

Measured vehicle
energy consumption
XXX

kWh/100 km

Mechanical Electrical

Accumulator

Nel/Mreg
; Auxiliary
devices
Fig. 1. Diagram of the energy flow in the drive system of an electric
vehicle with a regenerative braking system and auxiliary devices

According to the diagram shown in Fig. 1, two operat-
ing modes of the drive system can be considered:

a) driving mode, when the electrical energy from the bat-
tery is supplied via the controller to the electric motor
and then via the driveline to the wheels

b) regenerative braking mode, when the mechanical ener-
gy from the wheels is transferred by the driveline to the
electric motor, which in this situation acts as an electric-
ity generator and is then transferred to the battery via
the controller.

A drive system efficiency is corresponding to the elec-
tric energy delivered by the accumulator to the controller
and transformed into mechanical energy in the electric
motor, then conversed by the drive line into form consumed
for traction purposes. It can be defined as follows:

Eq
Nel = = 100% (10)
Eel

where E,; — is the electric energy delivered to the electric

motor by the accumulator (used for traction)

N
Ee = At- Z (Peli)
i=1

P, is the electrical power delivered by the accumulator to
the electric motor. The power of the electric motor did not
need to be measured directly in the proposed algorithm.
According to eq. (10), electrical energy taken from the
battery was measured using the on-board system of the
vehicle.

A regenerative braking efficiency is corresponding to
mechanical energy delivered to the driveline, next to the
electric generator and by the controller to the accumulator,
then back to the controller, electric motor, and the drive
line. It can be defined as follows:

(11)

Etreg
Nreg = o 100%

(12)
Ereg

where Eteg — is the traction energy reused from regenera-
tion energy.
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The regenerative braking efficiency determines how
much of the recoverable energy from the regenerative brak-
ing process will be reused to drive the vehicle. The amount
of usable energy is determined by mapping the operating
conditions.

Calculation of the electric energy consumption, which
corresponding to energy measured by the on-board system
of the vehicle, can be performed using the following equa-
tion:

1
EEC=SEC-m-— —RBSE-m~*

Nel Nreg (13)
+ADSE ' m

where EEC is the electric energy consumption; SEC is the
specific energy consumption; RBSE is the regenerative
braking specific energy; ADSE is auxiliary devices specific
energy; e is the drive system efficiency; n..g is the regen-
erative braking efficiency; m is the mass of the vehicle.

3. Evaluation of the energy efficiency of electric
vehicle drivetrains

3.1. Evaluation of the drive system efficiency in driving
mode

Performed evaluation of the drive system efficiency in
driving mode depended on making drive tests in regular
city traffic in the Tri-City area. Global Positioning System
(GPS) was used for recording position, speed and altitude
of the car with phenomenological correction of the altitude
signal [11] at a frequency of 10 Hz using a VBOX GPS
Racelogic recorder.

All tests were performed with the cooling or heating
system turned off, and the energy consumption of other
comfort systems (radio, displays, and ventilation) was re-
duced to a minimum. It was assumed that electrical power
delivered to the auxiliary devices is constant and equal to
0.3 kW, which is a typical value for electric cars with cool-
ing and heating systems switched off [14]. Electric energy
consumption was measured using the on-board system of
the vehicle, according to the layout shown in Fig. 1. The
reading was taken once, at the end of the test. During the
tests, 3 vehicles were tested of different purposes and oper-
ating parameters. Drive system parameters of the tested
vehicles have been shown in Table 1.

Table 1. Drive system parameters of the tested vehicles

No. Vehicle Mass Power cBai)ggt{/
kal | W | g
A Mercedes EQE 500 2575 375 90.6
B Mercedes EQB 300 2275 168 66.5
C Mazda MX-30 1745 107 35.0

In the first stage of energy efficiency evaluation, the
drive system efficiency is determined. For this purpose, the
best way is make test, when the regeneration system is
switched off. Unfortunately most of electric cars have this
function unachievable, in several models driver can regu-
late the intensity of regenerative braking, which enable to
achieve similar effect.

The evaluation tests of the drive system efficiency were
performed for all three tested vehicles. Formula (13) was
used to determine the drive system efficiency. For vehicle
A and B, it was not possible to disable regenerative braking
entirely, but to minimise the impact of the error in the esti-
mation of the regenerative braking efficiency, tests with the
highest possible ratio of traction energy (5) to regenerative
braking energy (6) were used. In this case, the efficiency of
regenerative braking system was assumed to be equal to the
square of the drive system efficiency. For vehicle C, it was
possible to disable regenerative braking entirely. Figures 2—
4 show the courses of speed, altitude and power delivered
to the driveline (positive) or potentially useful for regenera-
tive braking (negative) vs. time. When determining the
drive system efficiency of vehicle A and B, a route with
gradually increasing altitude was used, allowing high trac-
tion energy to be achieved during the test, with relatively
low level of regenerative braking energy (Fig. 2 and 3). For
vehicle C test, the relation of traction energy to regenerative
braking energy was not relevant, as it was technically pos-
sible to switch off regenerative braking entirely.
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Fig. 2. Speed, power and altitude while evaluating the drive system effi-
ciency of vehicle A
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Fig. 3. Speed, power and altitude while evaluating the drive system effi-
ciency of vehicle B
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Fig. 4. Speed, power and altitude while evaluating the drive system effi-
ciency of vehicle C

Table 2 shows the test results of the evaluated drive sys-
tem efficiency and the assumed regenerative braking effi-
ciency.

Table 2. Results of the evaluation tests of the drive system efficiency

Vehicle Et/Ereg Nreg Nel
A 4.24 Nreg = (Men)? 83%
B 6.35 Nreg = (Me)? 82%
C 1.66 0% 85%

The drive system efficiency for the vehicles analysed
reaches a similar level of 82-85%, and the results are in
line with literature data [14, 15, 21]. The values obtained
will be used when testing the regenerative braking efficien-
cy.

3.2. Evaluation of the regenerative braking efficiency

Evaluation of the regenerative braking efficiency was
carried out using the vehicles whose data are shown in
Table 1. On the basis of the test performed, the values of
traction energy, regenerative braking energy were calculat-
ed. It was assumed that electrical power delivered to the
auxiliary devices is constant and equal 0.3 kW. Using the
previously determined values of the drive system efficien-
cy, the regenerative braking efficiency for analysed vehi-
cles was determined based on equation (13). The results of
the evaluation are shown in Fig. 5.

Fig. 5. Influence of average speed on regenerative braking efficiency

It can be conclude that the regenerative braking effi-
ciency varies over a relatively wide range, for vehicle A
from 33% to 77%, for vehicle B from 27% to 55% and for
vehicle C (2 tests only) from 36% to 58%. In order to iden-
tify more closely the factors influencing the observed dis-
tribution of the regenerative braking efficiency, four case
studies were selected, which are analysed below:

C1 — maximum regenerative braking efficiency
C2 — minimum regenerative braking efficiency
C3 — maximum average speed
C4 — minimum average speed.

The coordinates of the case studies are shown in Fig. 5.
In Fig. 6-9 courses of speed, power and altitude of tested
vehicles for analysed case studies C1-C4 have been pre-
sented. Those courses enable to evaluate the parameters
mapping operating condition (SEC and RBSE), the third
mapping operating parameter, related to the auxiliary de-
vices (ADSE), must be evaluated separately. In Table 3
parameters mapping operating conditions for analysed case
studies have been presented. The results shown in Table 3
are averages for the entire test, without distinguishing be-
tween acceleration, braking and constant-speed driving
phases. The results obtained are consistent with the data of
the manufacturers of these vehicles, but it should be noted
that the results given in Table 3 are related to the weight of
the vehicle expressed in Mg (1000 kg), hence a direct com-
parison is possible after multiplying the result by the weight
of the vehicle.

Table 3. Parameters mapping operating conditions for case studies C1-C4

SEC RBSE ADSE Average
Case [kWh/ [kWh/ [kWh/ speed Nreg
study (Mg-100 (Mg-100 (Mg-100 [km/h]
km] km)] km)]
C1l 8.60 249 0.37 32 71%
C2 6.02 241 0.56 24 27%
C3 5.51 3.87 0.26 45 53%
C4 9.56 6.00 0.80 16 30%
100
Speed [km/h]
80 A
Power [kW]

60 - e Altitude [m]

40 A

20 1 M

0 v 'V

100 Zay \I\f 400

-20 A

-40

Time [s]

Fig. 6. Speed, power and altitude for case study C1 (maximum regenera-
tive braking efficiency)

Case study C1 corresponds to uphill driving, with rela-
tively small share of regenerative braking. It can be as-
sumed that state of charge (SOC) of the accumulator, just
after intensive driving mode is at an adequate level to ab-
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sorb all regenerative braking energy. Additionally, higher
initial speed of the braking process corresponds to higher
speed of the electric generator, which also corresponds to
higher efficiency of the regenerative braking process.

70

60 - Speed [km/h]
Power [kW]

>0 1 —— Altitude [m]

40 A

30 A

20 A

1wy M/\ A A A M
VWOV 500

-10 4

-20

Time [s]

Fig. 7. Speed, power and altitude for case study C2 (minimum regenerative
braking efficiency)
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Fig. 9. Speed, power and altitude for case study C4 (minimum average
speed)

Case study C2 corresponds to low average speed route,
with relatively small elevation change and non-intensive
regenerative braking. | can be assumed that SOC of the
accumulator is all the time in relatively high lever, which
limits absorption of the achievable regenerative braking
energy. Additionally, the lower initial speed of the braking
process corresponds to a lower speed of the electric genera-
tor, which also corresponds to the lower efficiency of the
regenerative braking process.

Case study C3 corresponds to high average speed route,
with down-hill driving and long-time intensive regenerative
braking. It can be assumed that high level of state of charge
(SOC) of accumulator is reached relatively quickly during
intensive regenerative braking, after that energy cannot be
used any longer. The energy recovery process, when appli-
cable is performed with high efficiency due to the relatively
high rotational speed of the generator during the initial
braking phase, which corresponds to high efficiency of the
regenerative braking process.

Case study C4 corresponds to low average speed route,
with small elevation change and long-time regenerative
braking. It can be assumed that SOC of the accumulator is
all the time at high level, which limits absorption of the
achievable regenerative braking energy. Additionally, lower
initial speed of the braking process corresponds to a lower
speed of the electric generator, which corresponds to lower
efficiency of the regenerative braking process.

4. Conclusions

This paper presents a description of an original method
of evaluation of the energy efficiency of electric vehicle
drivetrains under urban operating conditions. The method
uses universal measuring devices to collect the data for the
following analyses. The method can be widely used and
results can be implemented in applications that support
drivers in energy-efficient driving. A novelty of this method
is the use of a procedure for mapping the operating condi-
tions allowing to determine the reference level of energy
consumption and compare it to the electric energy con-
sumption recorded during the identification tests. In the
paper, the full calculation algorithm was presented using
equations (1)—(10), for example, traction energy was evalu-
ated using eq. (5), traction force was calculated based on
the vehicle's resistance to motion (4) using design data
provided by vehicle manufacturers. The power of the elec-
tric motor did not need to be measured directly in the pro-
posed algorithm. According to eq. (10), electrical energy
taken from the battery was measured using the on-board
system of the vehicle.

In the first stage of the electric vehicle drivetrain efficien-
cy evaluation, the drive system efficiency (in driving mode)
is determined, and in the second stage in the regenerative
braking mode. In this study, a new method of mapping oper-
ating conditions was used, based on recorded vehicle speed,
position and latitude. Performed tests enabled to determine
the drive system efficiency. In vehicles, where regenerative
braking cannot be switched off, this evaluation stage requires
a special approach. It has been proposed to use testing routes
with a sufficiently high ratio of the specific energy consump-
tion to the regenerative braking specific energy. This mini-
mise the impact of the unknown value of the regenerative
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braking efficiency. At the same time, it was necessary to
assume a certain value for this efficiency, which was defined
as the square of the drive system efficiency. Based on the
known value of the electric energy consumption (on-board
recording system) and the other components of equation (13),
the drive system efficiency was determined.

The drive system efficiency for the vehicles analysed
reaches a similar level of 82-85%, and the results are in
line with literature data [15, 16]. The values obtained were
then used to test the regenerative braking efficiency. The
parameters mapping operating conditions and the equation
(13) were consequently used for this purpose.

To conclude, the regenerative braking efficiency varies
over a relatively wide range, for vehicle A from 33% to
77%, for vehicle B from 27% to 55% and for vehicle C (2

tests only) from 36% to 58%, which is in line with literature
data [14, 21]. To identify more closely the factors influenc-
ing the observed distribution of the regenerative braking
efficiency, four case studies were analysed (C1-C4). Based
on the case studies, it can be concluded that one of the main
factors determining the regenerative braking efficiency is
the level of state of charge (SOC) of the accumulator and
the management algorithm used by the vehicle for control-
ling this parameter. If the regenerative braking distances are
long then the controller managing the SOC is limiting ab-
sorption of energy from regenerative braking process. On
the other hand, low driving speeds at the start of the regen-
erative braking process, i.e. typical for urban conditions,
corresponds to low generator speeds, which does not guar-
antee high operating efficiency of the generator.

Nomenclature

a vehicle acceleration

ADSE auxiliary devices specific energy

Af vehicle frontal area

Cp  vehicle aerodynamic drag coefficient

C, vehicle rolling drag coefficient

electric energy consumption

E.  electric energy delivered to the electric motor by the
accumulator

E; mechanical energy delivered by drive system to the

wheels

traction energy reused from regeneration energy

g acceleration due to gravity

Global Positioning System

Ko positive traction force factor

kg Negative traction force factor

L distance covered by the vehicle

m gross vehicle mass

P,p  electrical power delivered to the auxiliary devices
RBSE regenerative braking specific energy

SEC specific energy consumption
\Y vehicle speed

a road grade

1) rotating mass factor

Ne  drive system efficiency
regenerative braking efficiency
Pair  air density

At time step
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This article discusses the possibilities of powering a commonly used diesel engine with renewable fuels. It

analyses scientific studies that clearly indicate that the use of hydrogen is a potentially future-proof option due
to its potential to reduce specific fuel consumption and improve performance and increase thermal efficiency.
The research was carried out on a laboratory bench designed to test a diesel engine fueled by different fuels.
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1. Introduction

The well-known effects of excessive pollutant emissions
such as global warming, higher sea levels, smog or a health
crisis are driving the drive towards climate neutrality [1].
This goal can be achieved, among other things, through the
use of alternative fuels. This is why engines powered by
renewable energy sources are currently gaining more and
more interest. These include hydrogen, which is an envi-
ronmentally friendly fuel with a zero carbon footprint that
contributes to cleaner combustion. There is a huge dynamic
of interest in hydrogen on a global scale. In the report '‘Geo-
politics of the Energy Transformation The Hydrogen Fac-
tor', according to Francesco La Camera Director-General
International Renewable Energy Agency, hydrogen sources
are expected to cover up to 12 per cent of global energy
consumption by 2050 [14].

According to the European Automobile Manufacturers
Association (ACEA), the European Union has 560 passen-
ger cars and 81 commercial vehicles per 1000 inhabitants.
Diesel-powered light commercial vehicles continue to dom-
inate in most EU countries, with as much as 91.2% of the
commercial vehicle fleet in the EU running on diesel.
A similar situation (96.3%) applies to heavy goods vehi-
cles. In the second quarter of 2022, the market share of
passenger cars powered by both petrol and oil was still
55.8% despite the declines [12, 13].

It is, therefore important that conventional diesel en-
gines can eventually be adapted to run on hydrogen, e.g.
while leaving the pilot diesel injection in place. A great deal
of research work is being carried out in this area. The use of
hydrogen as a fuel for diesel engines is a complex issue.
Ceraat et al. [2] carried out experimental studies in which
they showed that increasing the amount of hydrogen im-
proves the combustion process and reduces the carbon
content in the fuel-air mixture, leading to lower CO, and
CO emissions. It has been noted that soot content decreases
with an increase in hydrogen by up to 20%.

Similarly, Juknelevi¢ius et al. [5] showed that the intro-
duction of hydrogen fuel has a positive effect on exhaust
emissions, smoke and CO emissions. Combustion becomes

smoother, smoke and CO emissions decrease, while HC
emissions increase. In [15], it was found that with the en-
richment of the mixture with hydrogen, there is a signifi-
cant reduction in specific CO, emissions (the maximum
reduction in emissions is observed at 62% in the presence
of 46% hydrogen). It was noted that soot emissions de-
crease significantly with the addition of hydrogen and are
0.28 g/kWh, 0.20 g/kWh and 0.16 g/kWh at 16% H,, 36%
H, and 46% H,, respectively. In contrast, the amount of
soot emitted without hydrogen addition was 0.66 g/kwh.
According to Santoso et al. [16], at constant load and en-
gine speed, the addition of hydrogen to the intake manifold
results in a reduction in diesel consumption.

Work has shown that hydrogen is a potentially future-
proof option because it reduces specific fuel consumption
[3, 4, 6, 7], increases engine performance, improves effi-
ciency and thermal efficiency [8-10]. It has also been found
that, by increasing the dosage of diesel, more hydrogen can
be supplied without adversely affecting the working process
[11,17-19].

2. Materials and Methods

2.1. Test stand

The tests were carried out in the Laboratory of the De-
partment of Motor Vehicles of the Lublin University of
Technology. The test object was a 1.3 MultiJet compres-
sion-ignition engine installed in a Fiat Qubo car. Parameters
and technical data of the engine are presented in Table 1.
The test environment is shown in Fig. 1.

Table 1. Main characteristics of Fiat Qubo vehicle used for the tests

Parameter Unit
Engine capacity 1248 cm®
Cylinder diameter 69.6 mm
Piston stroke 82 mm
Compression ratio 16.8:1

Max power 55 kW CEE/75 KM CEE
Max torque 190 Nm CEE/kg m CEE
Idle speed 850 £20 rpm
Rotational speed at maximum torque 1500 rpm

Injection system/fuel supply Common Rail/diesel
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Fig. 1. Test bench: 1 — 1.3 Multijet engine, 2 — Fiat Qubo, 3 — Dynorace

DF4FS-HLS chassis dynamometer, 4 — computer with software: AVL

Indicom, MultiEcuScan and dedicated gas control software, 5 — MAHA

MET 6.3 exhaust gas analyzer, 6 — MultiCon CMC-99 data logger, 7 —

AVL IndiMicro 602 measuring system, 8 — ZPR 1-B/S fuel consumption
meter

During the tests, the engine was fueled with diesel and
hydrogen, the dosage of which was adjusted using dedicat-
ed control software. Traction tests were carried out using
a Dynorace DF4FS-HLS chassis dynamometer. The test rig
is shown in detail in the block diagram (Fig. 2). The test
vehicle can be supplied with diesel fuel from the vehicle's
main tank and other liquid fuel mixtures from an installed
auxiliary tank, which allows rapid replacement of the test
fuel. The entire process is managed by ECU1 (Electronic
Control Unit 1). Fuel consumption was then measured
using a flow meter which took into account the return over-
flow from the injectors and high-pressure pump. Fuel was
then fed sequentially to the high-pressure pump, the fuel
tank and the injectors. In addition, the stand was adapted to
supply the engine with hydrogen gas. The hydrogen fuel
supply line originates in a hydrogen storage tank, and the
flow pressure can then be set via the I-regulator. The pres-
surized hydrogen then enters the flow meter with the possi-
bility of recording it in real time. Reducer Il has the task of
stabilizing the hydrogen operating pressure (this is a control
parameter). From this point, two options are possible for
feeding the engine. The first is to feed the fuel to the main
rail, from which the hydrogen is distributed to four injec-
tors. Each one assigned to a specific cylinder. In the second
option, fuel is fed directly from the reducer Il via two injec-
tors mounted between the turbocharger and the air cooler.
The block diagram shows the electrical signal measurement
paths through which the hydrogen injection controller
(ECU2) receives information from the sensors on the tem-
perature, hydrogen pressure, and temperature of the reducer
I and then controls the gas injectors.

The control and measurement track allows the recording
of parameters of engine operation under dynamic condi-
tions, measurement of fuel consumption and environmental
and energy parameters. The AVL IndiMicro 602 measure-
ment system, together with the AVL IndiCom software,
allows the recording of rapidly changing in-cylinder pres-
sures and the analysis of injection parameters. Ecological
measurements are made using the MAHA MET 6.3 ex-
haust-gas analyzer, the measuring probe of which is in-

stalled upstream of the catalytic converter. The analyzer
measures HC, CO, CO,, O,, NOy, A, PM and smoke opaci-
ty. Other actual engine operating values were recorded
using the Multiecuscan OBD Il (On Board Diagnostics)
diagnostic interface.

Fig. 2. Block diagram of the test bench

2.2. Course of tests

Tests were carried out with the vehicle running on
a chassis dynamometer in fourth gear (closest to direct
ratio) at a constant speed of 2600 rpm. The vehicle was
subjected to rolling movement resistance. Measurements
were carried out for two variants of engine fueling, i.e.
diesel and diesel with hydrogen injection into the intake
manifold. Hydrogen was injected sequentially according to
the ignition sequence 1-3-4-2 (first option shown in Fig. 2)
at the opening of the intake valves on successive cylinders.
The operating pressures of the hydrogen addition were
determined experimentally, based on preliminary tests
described in [9], and were set successively at — 0.15 MPa,
0.18 MPa and 0.20 MPa. In addition, the hydrogen injection
time was changed for each pressure value; it was 2.5 ms,
3.0 ms and 3.5 ms, respectively.

3. Results

The graphs show the values of the average indicating
pressure, maximum combustion pressure, and maximum
combustion pressure build-up rate. Also highlighted are the
values for the position of the accelerator lever, amount of
fuel injected, air flow, hydrogen flow and amount of fuel
consumed.

During the combustion of diesel with hydrogen, the rec-
orded values of the average index pressure increased. The
observed increase had a linear trend and depended mainly
on the set pressure on the operating regulator. The highest
values were reached at 0.20 MPa. Hydrogen injection with
an injector opening time of 2.5 ms and an injection pressure
of 0.20 MPa resulted in a higher average index pressure of
13.7% than diesel combustion. The exact results are includ-
ed in the table below the graph (Fig. 3). In the case of max-
imum combustion pressure, higher values were recorded
with increasing hydrogen pressure and increasing the open-
ing time of the hydrogen injectors, as shown in Fig. 4. Un-
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der the set test conditions, the maximum value of 7.51 MPa
achieved gave an 11.2% increase compared to the combus-
tion of diesel alone. Parallels were noted in the case of the
maximum combustion pressure rate. At the maximum set
hydrogen injection rate, a 20% increase was recorded com-
pared to the combustion of diesel alone (Fig. 5).

Fig. 3. Indicative mean effective pressure — diesel-hydrogen co-com-
bustion for selected hydrogen pressures and hydrogen injector opening
times

7.60

7.40

time of 2.5 ms, the observed increase in hydrogen flow with
respect to pressures of 0.15 and 0.18 MPa was up to 1.7
dm?*/min. On the other hand, each time the injector opening
time increased by 0.5 ms, the hydrogen flow increased by
an average of about 8 dm*min (Fig. 6). As the hydrogen
flow increased, the average diesel fuel consumption de-
creased. The largest reduction in diesel fuel consumption
was recorded at the hydrogen injector opening setting of 3.5
ms and a pressure of 0.18 MPa and was 3.31 dm¥h. This
was compared with a value of 4.22 dm*h of average diesel
consumption alone. At this static test measurement point,
this is 0.91 dm*/h less diesel consumption (Fig. 7).
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Fig. 5. Maximum build-up rate of combustion pressure — diesel-hydrogen
co-combustion for selected hydrogen pressures and hydrogen injector
opening times

An analysis was carried out of the recorded values of
hydrogen flow when co-combustion it with diesel fuel. By
setting the hydrogen injection control map to an opening

Fig. 7. Fuel consumption — diesel/hydrogen co-combustion for selected
hydrogen pressures and hydrogen injector opening times

It was observed that the addition of hydrogen had an ef-
fect on the set angle of the accelerator lever (Fig. 8), where,
when driving in fourth gear at 2600 rpm, the value of the
accelerator lever swing decreased as the hydrogen injection
pressure increased. At a setting of 3.5 ms and a pressure of
0.20 MPa, the difference with the diesel test was 11%. It
was also noted that there was an increase in air mass de-
mand to burn the diesel-hydrogen mixture. During one duty
cycle, the test engine required on average 6% more air to
burn the fuel mixture (Fig. 9). The average amount of diesel
fuel injected during one duty cycle of the combustion en-
gine under test was 13.1 mm?®/stroke. Re-estimating this
value in ECU1 (Fig. 2) in parallel with ECU2 (Fig. 2) by
adding hydrogen to the combustion process, a decrease of
2 mm?>/w on average was observed, as shown in Fig. 10.
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Fig. 8. Acceleration pedal position — diesel-hydrogen co-combustion for
selected hydrogen pressures and hydrogen injector opening times

Fig. 9. Mass air intake (MAF) for three injector opening times and three
hydrogen injection pressures — diesel-hydrogen co-combustion

4. Conclusions

Indicating the engine tested for diesel-hydrogen co-
combustion clearly shows that the rapidly varying in-
cylinder combustion parameters analyses are improving.
The recorded real values indicated that, as the hydrogen
injection time and pressure increase, the air requirement for
the correct combustion process increases. In addition, it was
observed that the ECUL1 reacts by decreasing the set amount

of diesel fuel injected during a single duty cycle for each
additional fuel injection. The control parameters determined
were injection time and hydrogen pressure. Their control
range was so small that the correction of the amount of
diesel injected by ECU1 over their entire range was practi-
cally unchanged. Correct adjustment of the amount of die-
sel to hydrogen is crucial for stabilizing the working pro-
cesses of the combustion engine under power.

Fig. 10. Amount of diesel fuel injected during one cycle of the diesel-
hydrogen co-combustion engine for selected hydrogen pressures and
hydrogen injector opening times

A study of a diesel engine fueled with hydrogen allowed
the control parameters for the addition of renewable fuel to
be determined so as to reduce the consumption of fossil
fuel, i.e. diesel. When driving the test vehicle in 4th gear at
an engine speed of 2600 rpm, the best fast-variable in-
cylinder parameters were achieved when the injector was
opened for 3.5ms at 0.20 MPa. Adjusted in this way, ECU2
reduced diesel consumption by an average of 21.5%. Anal-
ysis of the results indicates that the search for alternative
power sources for existing and technologically refined
internal combustion engines is in the right direction. Further
research will focus on the search for further control parame-
ters that will directly translate into improvements in the
energy and environmental values of the engine studied.

Nomenclature

ACEA European Automobile Manufacturers' Association MAF  mas air flow

CO carbon monoxide NO, nitrogen oxides

Cco, carbon dioxide OBD  on board diagnostics

ECU  engine control unit 0, oxygen

H hydrogen PM solid particles

HC hydrocarbons A excess air factor
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a research plan and empirical results, in which the engine efficiency and emissions of harmful compounds in the
exhaust gases were determined. A promising aspect is also the decrease in the concentration of NOy, which has
a positive impact on reducing the toxicity of exhaust gases. An important aspect of the passive defence of
a vessel is the reduction of exhaust gas temperature under nominal loads.
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1. Introduction

Fuel can be simply defined as a substance (solid, gas, lig-
uid) that releases a large amount of heat energy during the
combustion process [16]. This energy can be utilized for
heating purposes or technological applications. One of the
main applications of fuels is in internal combustion engines,
where they convert chemical energy into mechanical energy.

One of the major users of fuels is maritime transport. It
is estimated that maritime transport accounts for 3.5-4% of
greenhouse gas emissions, primarily carbon dioxide. In
terms of total global air pollution emissions, shipping "pro-
duces" 18-30% of nitrogen oxides and 9% of sulphur oxi-
des. In the context of European transportation, maritime
and inland waterway shipping account for 13.5% of green-
house gas emissions (including approximately 18% of total
CO, emissions and around 24% of total NO, emissions —
data referring to global maritime transport in 2018) — ac-
cording to the report by the European Environment Agency
and the European Maritime Safety Agency [4, 15]. In April
2018, the IMO (International Maritime Organization) estab-
lished a strategy to reduce total greenhouse gas emissions
from shipping by at least 50% compared to 2008 [5].

Due to the unstable geopolitical situation (including the
armed conflict in Ukraine) and the global trend towards
minimizing (eliminating) toxic compounds in exhaust gas-
es, alternative solutions to fossil fuels are being sought.
Alternative solutions include harnessing energy from wind,
solar power, geothermal sources, nuclear reactions, fuel
cells, and alternative fuels.

One of the most forward-thinking ways to reduce pollu-
tion and improve engine efficiency is to use alternative
fuels. Over the years, extensive research has been conduct-
ed on alternative fuels such as alcohols, methyl tert-butyl
ether (MTBE), and n-butanol [1, 8].

Alcohol-based fuels, which can be combined with con-
ventional fuels, have the potential as alternative transporta-
tion fuels. Previous interest has focused on the use of sim-
ple alcohol-gasoline blends in internal combustion engines.

Alcohols have a higher octane rating, making them suitable
for spark-ignition engines. The combustion properties of
alcohols in spark-ignition engines are better than gasoline.
However, due to the different physical and chemical prop-
erties of alcohols compared to gasoline and diesel fuels,
their use may require modifications to engines and fuel
systems. On the other hand, blends of up to about twenty
percent usually do not require any changes [1, 14, 17].

The idea of using n-butanol and its isomers to create
fuel blends is not new, but it has not been sufficiently ex-
plored in the case of powering marine reciprocating internal
combustion engines.

Iso-butanol has been used as a surfactant to increase the
stability of methanol/gasoline and ethanol/gasoline blends
[10, 18]. In the past, it was used in a 1:2 ratio with metha-
nol as a co-solvent to eliminate phase separation issues that
occur when mixing methanol with gasoline [8]. Bata and
his team found that when testing an engine with a 20% iso-
butanol blend, there was only a 2.5% reduction in thermal
efficiency. They was also a 6.5% increase in specific fuel
consumption compared to gasoline under the same experi-
mental conditions. They showed that butanol is superior to
methanol and ethanol in terms of thermal efficiency and
lower specific fuel consumption. They also found that iso-
butanol has a higher stoichiometric air-to-fuel ratio than
lighter alcohols, which allows for higher proportions of iso-
butanol in blends as an additive without requiring signifi-
cant engine modifications [1, 17].

The primary economic advantage of butanol is the fact
that it is a renewable fuel. An additional benefit is its physi-
cochemical properties, including its ability to blend with
hydrocarbon fuels. Research studies on fuel blends with n-
butanol have been conducted in various research fields [6].

Labeckas et al. [9] studied the effects of n-butanol-oil
fuel blends on engine performance and exhaust emissions.
They compared engine performance using a traditional
diesel fuel and mixtures with n-butanol. This allowed them,
based on the interpretation of various quantities such as
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ignition delay angle, torque, and emissions of NO, and CO,
to determine potential trends in the utilization of the tested
fuel blends [6, 9].

Pielecha et al. [13] applied a non-conventional system
for creating gasoline blends with ethanol, n-butanol, or n-
heptane using dual direct injection. The interpretation of
combustion process indicators led to the conclusion that the
fuel blend with n-butanol was the most efficient and result-
ed in a 6.1% increase in efficiency compared to pure gaso-
line combustion [6].

Elfasakhany and Mahrous [2] investigated the impact of
two-component blends (fuel with n-butanol) and three-
component blends (fuel, n-butanol, methanol) at various con-
centrations on the efficiency and exhaust emissions of spark-
ignition engines. The key finding of the research was the unfa-
vourable effect of using the three-component blend compared
to the two-component blend (both with low alcohol content)
on engine efficiency and the emission of toxic compounds.
However, for three-component blends with higher alcohol
content (> 10%), the engine efficiency and emission of toxic
compounds were found to be more favourable compared to the
two-component blend (n-butanol > 10%).

Otaka et al. [12] conducted a research study using
a blend of biobutanol with marine fuel on a single-cylinder
compression ignition engine. The results of the study
showed an extended ignition delay for the used blend and
an increase in hydrocarbon and CO emissions, primarily in
the low engine load range.

Wang et al. [20] investigated the impact of alternative
fuel blends used in two-stroke slow-speed marine diesel
engines on their performance. They discovered that by intro-
ducing a certain amount of n-butanol into the fuel, it is possi-
ble to reduce NO, emissions, and increasing the concentra-
tion of n-butanol leads to a decrease in CO, emissions.

Kniaziewicz et al. [10] conducted research on a marine
internal combustion engine fuelled with a blend of F-75
marine fuel and n-butanol. They demonstrated that n-
butanol improves combustion conditions and has a benefi-
cial impact on the emission of toxic compounds. The em-
pirical research was supported by a mathematical model
analysed using artificial neural networks.

The results of Zhang et al. [22] demonstrated that blends
of diesel fuel and methanol and n-butanol had a key effect
on fuel dispersion and combustion. Fuel containing metha-
nol and n-butanol had a longer ignition delay, higher max-
imum heat and higher in-cylinder pressure release rate
compared to diesel fuel. The authors concluded that the
optimal fuel mixture ratio was 70% diesel + 20% methanol
+ 10% n-butanol. According to the above, the mixture of
diesel fuel with methanol and n-butanol allows to improve
the combustion and emission parameters of the engine.

Tipanluisa et al. [19] conducted a study on the applica-
tion of a single-zone combustion model along with Wiebe
triple functions to analyze the effects of blends of diesel
and n-butanol as drop-in fuel in a four-cylinder heavy-duty
diesel engine (HDDE). Blends of 5%, 10% and 20%
n-butanol were used at varying speed and load conditions.
All n-butanol blends reduced CO and particulate emissions,
regardless of operating conditions, while NO, emissions
increased primarily at full load.

The article continues the work of previous researchers
to find the optimal blend of marine fuel with n-butanol and
its application in marine reciprocating internal combustion
engines. The authors decided to conduct empirical and
modeling research on a single-cylinder research engine to
analyse the obtained efficiency and emission levels of toxic
compounds for marine fuel and its blend with n-butanol.

During laboratory tests, a single-cylinder engine test rig
was used, which was driven by a planetary gearbox and
equipped with an electric dynamometer brake. The engine,
gearbox, and brake were equipped with the necessary
measurement equipment for analysing torque, crankshaft
speed, fuel and oil temperature, gravimetric fuel consump-
tion measurement, exhaust gas analysis, and cylinder pres-
sure indication.

2. Research plan and research object

2.1. Research plan

Following the methodology of conducting research,
a research plan was developed that included the research
object, the measurement apparatus used, and the measured
parameters of the research object, i.e., in the case of the
examined engine, the crankshaft rotational speed, engine
load by torque, fuel consumption, and indicated pressure,
the content of toxic compounds in exhaust gases and their
temperature.

Design of experiments (DoE) is often used to create
empirical models. It reduces the number of necessary
measurements, which translates into reduced consumption
of the tested object, and ultimately — cost reduction. It sys-
tematically and structurally explains cause-and-effect rela-
tionships in the processes being studied, which allows this
method to be the most effective in solving problems.
A properly selected research plan allows for obtaining pre-
cise and validated results, i.e., mathematical relationships
describing selected process variables [3, 21].

One of the strategies used in experimental design is the
response surface methodology (RSM). The Box-Behnken
design, chosen by the authors of the article, is based on this
method. It is used for modeling and analysing phenomena
in which multiple variables interact with the output variable
[3]. The chosen experimental design is suitable for the
assumption that the engine is a non-linear object due to the
emission of exhaust gases. A non-linear object is best de-
scribed by a non-linear equation with at least three input
values [6].

One of the stages of experimental planning is determin-
ing a set of characteristic quantities for the object under
study (Fig. 1), which was selected by introducing the fol-
lowing simplifications:

1. Constant values, due to their invariable effect on output
values, are not taken into account

2. The disturbing factors are omitted due to conducting
tests under identical external conditions

3. The set of input variables was defined as follows:
—  crankshaft rotational speed n = 800-1200 rpm
— concentration of n-butanol as a percentage by

weight C, = 0-35%

— rated brake power (input power to the engine

measured at the output shaft) N, = 0-6 kW.
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4. The output quantities are limited to the quantities:
— mean induced torque T; [Nm]
— average fuel consumption by [g/s]
—  fuel rail setting [%]
— ignition angle ajg, [POWK]
—  maximum indicated pressure angle apmay [POWK]
— exhaust gas temperature tgop [°C]
— nitrogen oxides concentration in the exhaust gas

NOy [ppm]
— nitrogen oxide concentration in the exhaust gas
NO [ppm]
— nitrogen dioxide concentration in the exhaust gas
NO; [ppm]
— carbon monoxide concentration in the exhaust gas
CO [ppm]
— carbon dioxide concentration in the exhaust gas
CO, [%].
Zy 2, Z;
X4 Y
A SN ——»
X2 N Research object Ya
Xi NE >
Cl. »
G,

[
Lt

Fig. 1. Research object — structure. x-input quantities, y — output quanti-
ties, Z — disturbing quantities, C — constant values

Input parameters (k in number) within the specified
ranges during the experiments took on three levels of varia-
bility, allowing for the construction of a mathematical mod-
el of the studied process in the form of a second-order pol-
ynomial [7]:

y = bg + X by Xy + X b X + X by xpx (1)

where: y— dependent output factor, x— j-th independent
input factor, b — regression function coefficient.

To determine the efficiency of the studied system for
the applied mixtures, the calorific value of the mixture was
determined for each mass percentage concentration of
n-butanol using the KL-11 calorimeter (Fig. 2).

Fig. 2. The calorific value of marine fuel mixture with n-butanol

By analyzing the course of the calorific value curve, the
most favorable concentrations of n-butanol in the mixture
were chosen, i.e. 15% and 35%. The area between 15% and
35% has a fault, which can affect efficiency as well as of
toxic compounds.

The experiment was carried out according to the appro-
priate set of input parameter values for the selected experi-
mental plan (Table 1).

Table 1. The experimental plan

The Box-Behnken Plan 3**(3-1)
crankshaft concentration | rated brake
TEST | A | B | C | rotational speed | of n-butanol power
[rpm] [%] [kw]
1 -1]-1]|-1 800.0 0.0 0.0
2 110 |1 800.0 15.0 6.0
3 -1111]0 800.0 35.0 3.0
4 o|-1|1 1000.0 0.0 6.0
5 o0 |0 1000.0 15.0 3.0
6 o1 |1 1000.0 35.0 0.0
7 1|1
8 110
9 1 1

The Box-Behnken plan was used because it is very eco-
nomical and therefore particularly useful when taking
measurements is expensive and their number should be
limited to the really necessary. The researcher were able to
perform as few as nine tests, which made it possible to
satisfactorily analyze the results obtained. In this plan:

— Ais crankshaft rotational speed
— B is concentration of n-butanol
— Cisrated brake power.

Number -1, 0 and 1 means lowest, middle and highest

value of parameters A, B and C.

2.2. Research object

Empirical and model studies were carried out for the
same engine operating parameters (requested power, fuel
mixture and crankshaft speed).

The research object was a laboratory single-cylinder en-
gine installed on a stand at the Institute of Naval Architec-
ture and Marine Engineering of the Polish Naval Academy.
The basic data of the engine are grouped in Table 2, while
the laboratory setup is shown in Fig. 3. The control panel of
the single-cylinder engine setup is presented in Fig. 4.

Table 2. Technical data of the engine used in the tests

Cylinder arrangement and quantity single-cylinder, vertical
Piston stroke 160 mm
Cylinder bore 135 mm
Cylinder displacement 2290 cm?
Compression ratio 16:1

Specific fuel consumption 215 g/kWh
Rated torque at rated power 127 Nm
Injection pressure 17.17 MPa
Rated power 20 kW at 1500 rpm
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Fig. 3. Laboratory engine stand

Fig. 4. Single-cylinder engine stand control panel

a)

3. Results

3.1. The significance of input parameter influence

Following the established research plan, all listed engine
operating parameters were measured and recorded for spec-
ified rotational speeds, n-butanol concentrations, and loads
(brake power).

After the tests, the obtained output values were analysed
using STATISTICA software. A modified quadratic model
was selected for fitting, containing only statistically signifi-
cant elements. The significance of the effect of each input
parameter and its interaction was determined by analysis of
variance (ANOVA). The next step was to determine the
level of fit of the obtained models to the measured values
for a specific experimental design, which was defined based
on the coefficients of determination R? and the standard
deviation of the residual component s [3, 7, 11].

The approximated polynomials (1) allowed for deter-
mining the relationships between individual variables, in-
cluding the calculation and evaluation of the influence of n-
butanol concentration in the fuel mixture on engine perfor-
mance indicators (correlation determination). It can be
assumed that this method allows for optimizing the selec-
tion of n-butanol concentration in the fuel mixture to
achieve better engine performance and reduce exhaust tox-
icity, as indicated by Pareto charts [9, 20].

b)

d)

Fig. 5. Pareto charts of concentration of a) ignition angle, b) maximum indicate pressure angle, c) average fuel consumption, d) fuel rail
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Pareto analysis (charts) is a technique that helps to visu-
ally present and rank individual independent variables af-
fecting the output variable [18].

Figure 5 shows the influence of individual independent
factors and their interactions on engine performance indica-
tors (including those related to combustion quality). The
input variables are represented on the vertical axis of the
graph. Number 1 is crankshaft rotational speed, 2 — concen-
tration of n-butanol in the blend fuel, 3 — rated brake power.
The notation "L" indicates that the coefficient value is as-
signed to the linear term of the polynomial, "Q" — to the
quadratic term, and "by" — in relation to a reference value.
The main influence is seen from the linear relationship of
rotational speed n to n-butanol concentration Cy,.

Figure 6 shows the influence of individual independent
factors and their interactions on the content of toxic com-
pounds in engine exhaust. The obtained main results and
interactions demonstrate the existing relationship between
the concentration of n-butanol in the fuel and the concentra-
tion of toxic compounds in the engine exhaust.

3.2. Evaluation of the influence of n-butanol concentra-
tion on engine performance indicators

Based on the obtained data, surface plots were created
and changes in the investigated parameters were presented as
functions of n-butanol concentration in the fuel and rotational
speed for the specified brake power N, = 3 kW. Due to the
repeatability of the function course for N, € (0,6) kW sur-
face plots were not presented for N, = {0,6} kW.

a) b)
c) d)
€)
Fig. 6. Pareto charts of concentration of a) nitrogen oxide, b) ) nitrogen dioxides, c) carbon monoxide, d) carbon dioxides, e) exhaust temperature
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The ignition angle ajg, (Fig. 7) for an n-butanol-rich
mixture decreases with increasing engine speed. It reaches
a minimum in the range of C, € (25,35). Similarly, the
maximum indicated pressure angle opmayx (Fig. 8) for the
same range of n-butanol concentration C,, decrease.

It follows that regardless of the set load, the ignition an-
gles and maximum indicated pressure angle approached the
TDC, which has a positive effect on the combustion pro-
cess, efficiency (Fig. 9c), and reducing the level of toxic
exhaust components (Fig. 10a—d).

Fig. 7. Dependence of ignition angle on concentration of n-butanol and
crankshaft rotational speed

Fig. 8. Dependence of maximum indicate pressure angle on concentration
of n-butanol and crankshaft rotational speed

The study showed that in the tested range of load and
rotational speed, an increase in n-butanol concentration in
the fuel mixture results in an increase in the load index, and
thus greater fuel consumption (Fig. 9a—b). This means that
the calorific value of the fuel mixture is lower compared to
the marine fuel used, which is confirmed by the study of
calorific values of the used mixtures (Fig. 2). However, it
should be noted that the use of an n-butanol mixture result-
ed in an increase in engine efficiency (Fig. 9c).

a)

b)

©)

Fig. 9. Dependence of a) average fuel consumption, b) load indicator, c)
indicated torque on concentration of n-butanol and crankshaft rotational
speed

In the load and speed range studied, it was observed that
raising the rotational speed resulted in a decrease in the
concentration of both NO and NO,, (Fig. 10a-b). This effect
was particularly noticeable for NO,. It should be noted that
at low rotational speeds, the content of NO, significantly
increases for high Cy, concentrations, which is related to the
values of the ignition and maximum indicated pressure
angles (Fig. 7, 8).
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The influence of n-butanol content is visible for
CO emissions (a significant increase for upper input limits)
and CO, — the gradient of the increase takes smaller values
(Fig. 10c—d). The increase in CO concentration may be
caused by the individual influence of specific carbon, hy-
drogen, and oxygen atoms in the structure of n-butanol and
its mixture with the ship fuel [6].

The analysis of the research results also revealed the in-
fluence of the percentage concentration of n-butanol Cy on
the oxygen content in the exhaust gases O, and on the ex-
haust gas temperature tg,, . The decrease in exhaust gas
temperature for C, > 15 % at high rotational speeds is
a desirable effect in military applications due to the limita-
tion of thermal fields of tanks, vehicles, ships, and aircrafts.

a) b)

d) €)

3. Conclusion

Both empirical and model-based research indicates that
it is reasonable to use fuel blends containing n-butanol.
N-butanol positively affects the combustion conditions
(dtign and apmay angles approach TDC) and efficiency,
which shows Fig. 9c. A promising aspect is also the de-
crease in the concentration of NO,, which has a positive
impact on reducing the toxicity of exhaust gases. An im-
portant aspect of the passive defence of a vessel is the re-
duction of exhaust gas temperature under nominal loads.

The prospective results encourages to continue and ex-
pand the research. The focus will be put on optimizing the
selection of n-butanol concentration in the fuel blend, intro-
ducing an additional component to the blend to minimize
the concentration of toxic compounds in exhaust gases and
confirming the use of fuel blends in military applications
(minimizing the physical fields of ships, including the
thermal field).

c)

Fig. 10. Dependence of a) nitrogen monoxide, b) nitrogen dioxides, ¢) carbon monoxide, d) carbon dioxides, €) oxygen, f) exhaust temperature  on
concentration of n-butanol and crankshaft rotational speed

Nomenclature

ANOVA analysis of variance MTBE  methyl tert-butyl ether

DV dependent variable TDC top dead centre

DoE design of experiments RSM response surface methodology

IMO International Maritime Organization
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Fuel consumption and CO, emission analysis of hybrid and conventional vehicles
in urban driving conditions

ARTICLE INFO

Hybrid vehicles are a good solution for a smooth transition towards electromobility. The aim of this paper is to

examine the relationship between route parameters and fuel consumption and emissions of harmful exhaust
components of vehicles with a conventional and hybrid drive system. As a result of simulation tests, values for
fuel consumption and CO, emissions for HEV and ICEV vehicles were obtained in 28 trips in urban conditions.
The average fuel consumption achieved by the hybrid was 53% lower than that of a conventional vehicle. When
analysing the average value of CO, emissions, the hybrid showed a 54% lower value than a conventional
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vehicle. Using statistical methods, the relationship between the route parameters and the operational parame-
ters of the vehicle was determined. It has been shown that the route parameters strongly correlate with the fuel
consumption and CO, emissions of a conventional vehicle. In the case of hybrid vehicles, there was a weaker
relationship between these parameters.
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1. Introduction

Hybrid vehicles are competitive with conventional vehi-
cles. They are becoming an increasingly popular choice
among drivers due to their lower fuel consumption and
lower emissions. The European Automobile Manufacturers'
Association (ACEA) has prepared a report on the number
of newly registered hybrid vehicles in the European Union.
In 2022, the number of registered HEVs (Hybrid Electric
Vehicles) amounted to 2,089,653 units, which is 8.6% more
than in the previous year. In Poland, the number of newly
registered HEVs increased by 5.1% [46].

The dynamic growth of the market of vehicles with al-
ternative drives is observed. The reason is the tightening of
exhaust emission standards. Since 1992, the European
emission standard has regulated the emission levels of ni-
trogen oxides (NO,), hydrocarbons (HC), carbon oxides
(CO) and particulate matter (PM) for most vehicles, pas-
senger cars, trucks and buses. Vehicles that do not meet
emission requirements cannot be sold in the EU.

The standard in force since 2015 is Euro 6 (referred to
as Euro 6b) [10]. It assumes the emission level that cannot
be exceeded by motor vehicles sold after 2015 (Table 1).
This standard has been amended several times. The change
to the Euro 6¢ standard was related to the introduction of
the WLTP (Worldwide Harmonized Light-duty Test Proce-
dure) replacing the outdated NEDC (New European Driv-
ing Cycle). The Euro 6d-temp standard was a transitional
variant, preparing for the new method of measuring exhaust
emissions in the Euro 6d standard. Its introduction was
intended to reduce the differences in exhaust emissions
between laboratory and road tests.

Table 1. Euro 6 emissions standards

Emissions, g/km
Type of | CO | THC |[NMHC| NH; | NO, [ HC+NO« | PM Brake
vehicle PMyo
Diesel | 050 | — - — 10.80| 0.170 |0.0045 -
Petrol 1.0 (0.10| 0.068 | — |0.06 - 0.0045 -

Currently, the introduction of the Euro 7 has been an-
nounced [9]. The new emission standard aims to unify the
restrictions related to the emission of harmful exhaust com-
ponents. The proposed emission values of individual ex-
haust gas components are presented in Table 2. The Euro 7
standard additionally defines the values of pollutants that
were not regulated before, e.g. nitrous oxide.

Table 2. Euro 7 emissions standards

Emissions, g/lkm
TYPeof| 6 | T [NMHC| NH, | NO, | HC+NO, | Pv | Brake
vehicle PMyo
Diesel
050 0.10 | 0.068 | 0.020.060] - |0.0045| 0.007
Petrol

The authors of the paper [33] presented the methodolo-
gy related to the preparation of vehicles to meet the emis-
sion values set out in Euro 7. It was shown that driving
conditions have a large impact on emissions and can reduce
the efficiency of some filtering devices. The methods of
reducing the emission of harmful exhaust components in-
clude: modification of exhaust gas treatment devices, opti-
mization of the engine operating temperature, and modifi-
cations in the field of vehicle electronic systems.

A number of studies provide examples of implemented
construction modifications to passenger car powertrains
that have resulted in reduced vehicle emissions. For exam-
ple, the study [7] investigated the effect of a three-way
catalyst on exhaust emissions. So far, unregulated compo-
nents, e.g. NH3 or N,O, and presented in the Euro 7 stand-
ard, have also been included. It has been shown that the
emission level of these components is related to the temper-
ature of the catalyst. A way to control the emission of these
components may be to optimize the temperature of the
catalytic converter after starting the engine. In paper [8], the
authors decided to create a control model for an electrically
heated catalyst. Appropriate adjustment of the exhaust
aftertreatment system can reduce the amount of NO, emit-
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ted. The proposed strategy of predictive catalyst control
allowed them to reduce their average emissions by 50% and
in exceptional situations — even by 70%. This allows it to
meet the expected Euro 7 standards.

Another method that will significantly reduce emissions
is the cooperation of the internal combustion engine with
the electric drive system [24, 45]. This solution is otherwise
called a hybrid drive system. The paper [22] presents
a model of a passenger car (segment C), in which a 1.6
Euro 6d-temp diesel engine cooperated with an electric
drive system. The results of the simulation tests confirmed
that both in the standard WLTP and in the RDE (real-life
drive cycle) the hybrid achieved lower fuel consumption
and CO, emissions, up to 50% in urban conditions. The
authors of papers [14, 17, 22] indicate that hybridization in
diesel vehicles is necessary to achieve the level of CO,
emissions assumed in the new standards.

Vehicles with a hybrid drive system, unlike electric
cars, do not have a limited range. Thanks to the electric
drive that supports the internal combustion engine, hybrids
achieve lower fuel consumption and lower emissions.

The adoption of hybrid vehicles by customers is the
subject of many research studies [1, 18, 26]. According to
the authors of the paper [44], the most important factor in
the adoption of hybrid vehicles is the sense of control over
one's own resources. The study found that the most influen-
tial determinant of the intention to buy hybrid cars is the
feeling that people have better control over their financial
assets. Environmental awareness turned out to be the sec-
ond most important factor influencing the intention to buy
a hybrid car. This finding confirms that people's knowledge
of the environmental impact of transport carbon emissions
will strengthen their intention to buy a hybrid car. Govern-
ment incentives can significantly increase the acceptance of
hybrid vehicles by potential buyers. The study [21] showed
that the impact of the purchase price, operating costs, and
environmental impact has an impact on the willingness to
purchase HEVs by the surveyed group. About 37% of the
150 surveyed people declare their willingness to buy
a vehicle with a hybrid drive in the future.

Hybrid vehicles have become the subject of many scien-
tific studies. Especially often the authors decide to compare
the level of operational parameters of HEV and ICEV (In-
ternal Combustion Engine Vehicle). For example, in the
paper [31], the authors examined the impact of vehicle load
and its power on fuel consumption and emission of harmful
exhaust components. A 100 kg increase in vehicle weight
has been shown to increase fuel consumption by 0.4
dm*/100 km for HEV and 0.7 dm%100 km for ICEV. The
use of a linear regression model made it possible to com-
pare the same vehicle models with different drives. The
difference in fuel consumption ranged from 2.7 to 3.25
dm?/100 km.

The authors [2] studied the emission of a conventional
vehicle and two models of hybrid vehicles. The results
indicate that Euro 3 hybrid vehicles achieved lower emis-
sion values than a Euro 4 conventional vehicle. In [16] it
was shown that two different hybrids emit significantly less
CO, than conventional vehicles. HEVs also reported lower
fuel consumption, ranging from 40 to 60%. In a study [28],

HEV and ICEV vehicle emissions were compared in real
road conditions. In the test runs in urban conditions, the
vehicles were equipped with exhaust gas analysers. It has
been shown that the CO and NO, emissions of a hybrid
vehicle are several times lower than those of a conventional
vehicle. The inverse relation concerned the emission of
particulate matter. The HEV vehicle, as a result of intermit-
tent operation of the internal combustion engine, emitted
more than two times more PMx. The research results pre-
sented in [11, 13, 42] also confirm that hybrids have lower
fuel consumption and lower emission levels than conven-
tional vehicles in various driving conditions.

In many papers, comparisons can be found between ve-
hicles with different powertrain variants in terms of emis-
sions or fuel consumption [23, 25]. In paper [27], fuel con-
sumption was compared between an ICEV vehicle and two
hybrid vehicles (Toyota Yaris Hybrid and Toyota Prius).
The results showed that the higher the vehicle speed, the
lower the fuel economy. A comparison of the two HEV
versions showed that the Toyota Prius consumes 17% less
fuel thanks to a more efficient electrical energy recovery
system. In the publication [40], the emissions of a full hy-
brid and a plug-in hybrid were compared. It has been shown
that low temperature increases exhaust emissions. Howev-
er, there were no differences in the emission of regulated
exhaust gas components of both vehicles when using
a different fuel mixture. On the other hand, the lower SOC
value increased the differences in the case of a PHEV
(Plug-in Hybrid Electric Vehicle). The authors [41] ana-
lysed the operation of the hybrid drive in terms of energy
consumption and braking strategy. It has been shown that
energy recovery is approx. 2.3 kWh, which contributes to
significant fuel savings. In addition, the use of methods to
optimize the operation of the internal combustion engine
and the electric machine may contribute to meeting the
assumptions of the Euro 7 standard.

A comparison of emission values recorded under real
traffic conditions and in relation to standardised driving
cycles can be found in various studies. In papers [35, 36],
the emission of a vehicle with a hybrid drive that met the
Euro 6d standard was examined. The vehicle's emissions
complied with the applicable exhaust emission standard.
Tests in laboratory conditions showed lower values of CO
and NO, emissions than in real tests. Of the unregulated
components, only N,O met the required level. In [12],
a Euro 6 hybrid vehicle was examined in the context of CO,
emission in the NEDC and WLTP cycles at different levels
and engine start temperatures. It was shown that in WLTP,
the vehicle's energy consumption increased by 50% and
CO, emissions by 30%. In addition, the difference between
cold and warm start in WLTP is 4%, while for NEDC, it is
10%.

The publication [19] presents comparisons of the emis-
sion of harmful exhaust gas components and the HEV and
ICEV fuel consumption in the RDE and laboratory cycles.
The results showed that HEV has lower fuel consumption
in the range of 23-49% compared to ICEV, and its efficien-
cy is the highest in the city. In addition, the analysis also
showed that the vehicles emitted less harmful exhaust com-
ponents than the Euro 6 standard. The start-stop hybrid
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generated higher HC or CO values as a result of frequent
stops and low exhaust gas temperatures.

Many papers show the level of CO, emission in real-
world driving conditions. The results of tests carried out in
real traffic conditions confirm that driving conditions effect
the level of emissions for both HEV and ICEV [3, 6, 43].
The paper [36] compared the carbon dioxide emissions of
hybrid and conventional vehicles on different types of
roads. It has been shown that the highest CO, emission
occurs in urban traffic for both vehicle types. The lowest
emission value occurs on suburban and highway roads. On
all types of roads hybrids emit less CO, than conventional
vehicles, the difference can be up to 50% [29]. As the re-
sults of research presented in [31] show, the use of hybrid
vehicles may increase by 3% per 1 km.

As mentioned before, driving conditions are crucial for
both conventional and hybrid vehicle efficiency. In [39],
the impact of ambient temperature on the emission of vehi-
cles meeting the Euro 6 standard was examined. It was
revealed that the emission values of THC, CO, NO,, SPN
and NH; were higher at —7°C than at 23°C. CO, and N,O
emission values were higher at temperatures below 0°C.
The results of the study [15] show that the use of a plug-in
hybrid vehicle on the motorway generates high emission
values, which may even exceed the limit in the Euro 6
standard. The problem of increased emissions is also the
cold start of the engine. The implemented route has a large
impact on the fuel consumption and emissions of vehicles
equipped with an internal combustion engine. The intensity
of traffic and the location of road infrastructure elements
(i.e. traffic lights, intersections, roundabouts) force frequent
acceleration, braking and stopping, and thus affect the
smoothness of driving.

The purpose of this paper is to compare the values of
fuel consumption and CO, emissions of passenger cars
equipped with a conventional drive and a hybrid drive. For
simulation tests, speed profiles from 28 trips recorded in
real conditions were used. The relationship between travel
time and average travel speed and the values of fuel con-
sumption and CO, emissions were analysed.

2. Methodology

2.1. Logging of vehicle movement parameters under real

conditions

First, velocity profiles were recorded for trips in urban
conditions. It was assumed that the length of each run was
5 km. The registration was carried out twice a day: at noon
and during the afternoon rush hour. The measurements
were carried out using the Kistler Data Logger GPS sensor,
the measurement vehicle was a Hyundai Kona (Fig. 1). The
SOC (State of Charge) value of each trip was the same and
amounted to 95%. The following parameters were record-
ed: time, instantaneous speed, instantaneous acceleration,
distance traveled and instantaneous geographic location.

Data from each run was logged in separate files. The da-
ta was then verified and edited appropriately so that it could
be entered as input into the simulation program. The col-
lected vehicle dynamic parameters from each run were
subjected to further statistical analysis.

Fig. 1. Measurement apparatus and test vehicle

2.2. Simulation tests

Simulation tests were carried out in the AVL Cruise
program. The collected speed profiles were used as input
data, reflecting the parameters of the route and the driving
style of the driver. The program adapts models of vehicles
with conventional drive (ICEV) and hybrid drive (HEV).
Table 3 presents a summary of selected technical parame-
ters of the analysed vehicles.

Table 3. Selected technical parameters of the analysed vehicles

ICEV HEV
Vehicle Mass, kg 1600 1600
Frontal area, m” 1.72 1.75
Drag coefficient 0.33 0.33
Internal Engine displacement, cm® 1200 1497
combustion Number of cylinders 4 4
engine Max speed, 1/min 6000 4700
Idle speed, 1/min 850 945
Maximum torque, Nm 90 —
Inertia moment, kg-m? 0.1055 0.18
PSM Electric Maximum power, kW - 50
motor Max speed, 1/min - 6000
NiMH Battery Battery capacity, kWh - 1.31
Initial state of charge, % - 60
Nominal voltage, V — 7.2

As a result of the simulation, CO, emissions and vehicle
fuel consumption values were obtained for each trip. The
results were then subjected to further statistical analysis.

2.3. Data analysis

The aim of the study was to assess the impact of the
route on the operational parameters of the vehicle. In the
measurements of real traffic conditions, velocity profiles as
a function of time were obtained. On their basis, the param-
eters reflecting the driving conditions were selected. The
following were used for further analysis: travel time, aver-
age velocity during the trip, and the share of stopping time
in the travel time. Two parameters were selected to assess
vehicle efficiency: fuel consumption and CO, emissions.
The impact of route parameters on fuel consumption and
CO, emissions of hybrid and conventional vehicles was
examined using correlation analysis.

3. Results

3.1. Analysis of vehicle movement parameters during

trips

During the tests in real driving conditions, 28 trips were
made. Each of the trips ran in the city, measuring about
5 km. The velocity profile of one randomly selected trip is
shown in Fig. 2. The time of travel, the average velocity in
each trip and the percentage of stopping time during each
trip were statistically analysed.
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Fig. 2. Recorded velocity profile of a randomly selected trip

Selected statistical parameters of the analysed trips are
shown in Table 4. The shortest of the recorded trips was
574 s (about 10 min), while the longest was 1890 s (31.5
min). The mean travel time of the analysed 5 km sections
under urban conditions was 962 s (about 16 min). On aver-
age, the travel time values deviate from the arithmetic mean
by +346 s (about 6 min).

Table 4. Summary of selected statistical parameters of trips

Mean SD Median | Min Max
Travel time, s 962 346 881 574 | 1890
Average velocity, km/h 21.19 | 6.13 21 10 31.80
Share of stopping time 25.01 | 11.97 | 22.90 7.14 | 48.54
in the travel time, %

Another parameter is the average velocity of the trip.
This parameter reflects the movement smoothness. The
lower the average velocity, the higher the traffic density for
the duration of the trip, resulting in a higher share of stop-
ping time. Among the analysed trips, the highest average
speed was 31.8 km/h and the lowest was 10 km/h. The
mean value of this parameter was 21.19 km/h. The standard
deviation (SD) was 6.13 km/h. Figure 3 shows box plots of
travel time, average speed, and the share of stopping time in
total travel time.

The parameter reflecting the smoothness of the trip is
also the share of stops during the drive. On average, the
share of stops during the trip was 25%. In one of the ana-
lysed trips, the vehicle spent more than half of the duration
of the entire run at a standstill due to heavy traffic.

3.2. Analysis of vehicle movement parameters during
trips
On the basis of the recorded speed profiles, simulation
tests of vehicles with conventional and hybrid drives were
carried out. A summary of selected statistical measures of
fuel consumption of the analysed vehicles is presented in
Table 5. Figure 4 shows box plots of fuel consumption

Table 5. Selected statistical measures of fuel consumption (kg)

Vehicle Mean SD Median Min Max
ICEV 0.37 0.11 0.35 0.25 0.67
HEV 0.17 0.04 0.16 0.13 0.24

The lowest vehicle fuel consumption recorded in the
runs was 0.25 kg, and the highest was 0.67 kg. The mean
value of fuel consumption was 0.37 kg. The fuel consump-
tion values of a vehicle with a conventional drive in the
analysed trips are strongly differentiated, as evidenced by
the high value of the standard deviation — 0.11 kg.

On selected trips, the difference between the maximum
and minimum fuel consumption recorded by the hybrid
vehicle was 0.11 kg. The mean fuel consumption of this
vehicle in the analysed journeys was 0.17 kg, the SD was
0.04 kg.

Then, the fuel consumption values were analysed in de-
tail for the following stages of motion: idling, acceleration
phase, driving at constant speed and deceleration. Table 6
and Table 7 present statistical measures of fuel consump-
tion at the indicated stages of movement by the analysed
vehicles. Figure 5 shows box plots of the fuel consumption
values of the analysed vehicles

Fig. 4. Box plots of fuel consumption

Fig. 3. Box plots of (a) travel time, (b) average speed of the analysed trips, (c) share of stopping time
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Table 6. Selected statistical measures of fuel consumption (kg) of the
conventional vehicle at various stages of movement

Movement stage Mean | SD | Median | Min | Max
Idling 0.10 0.08 0.07 0.01 0.31
Acceleration 0.20 | 0.03 0.19 0.15 | 0.27
Driving with constant 003 | 001 003 002 | 004
speed

Deceleration 0.05 | 0.01 0.05 0.03 | 0.09

Table 7. Selected statistical measures of fuel consumption (kg) of the
hybrid vehicle at various stages of movement

Movement stage Mean | SD | Median | Min | Max
Idling 0.00 0.00 0.00 0.00 0.00
Acceleration 0.13 0.02 0.12 0.09 0.17
Driving with constant 001 | 000 001 001 | 002
speed

Deceleration 0.03 | 0.01 0.03 0.02 | 0.08

Taking into account fuel consumption in particular stag-
es of motion, it can be seen that both for the hybrid and the
conventional vehicle, the highest values were noted during
acceleration. The lowest fuel consumption was recorded
while driving at a constant speed. For a conventionally
powered vehicle, high levels of fuel consumption occur
when idling. The hybrid vehicle recorded no fuel consump-
tion while idling. The highest fuel consumption occurred
during acceleration. The mean fuel consumption for accel-
eration is 0.13 kg.

Comparing the fuel consumption of both vehicles in
each of the movement phases, it can be seen that the con-
ventional vehicle shows higher values in each driving
phase. The fuel consumption level recorded by the conven-
tional vehicle was higher than that of the hybrid by 35%
during acceleration, 67% during steady speed and 0.4%
during braking, respectively.

Table 8 presents a summary of selected statistical
measures of CO, emissions of the analysed vehicles.

Table 8. Selected statistical measures of CO, emission (kg)

Vehicle Mean SD Median Min Max
ICEV 1.18 0.34 1.10 0.78 212
HEV 0.54 0.11 0.51 0.40 0.75

The difference between the maximum and minimum
CO, emissions recorded by a conventional vehicle in the
analysed trips was 1.34 kg. The average CO, emission was
1.18 kg. The CO, emission values obtained in the analysed
runs are strongly differentiated, which is expressed by the
value of the standard deviation. The mean CO, emission of
the hybrid in the analysed trips amounted to 0.54 kg. The
spread of recorded emission values was 0.35 kg. On aver-
age, CO, emissions deviate from the arithmetic mean by
+0.11 kg. The box plots of CO, emissions for both vehicles
is shown in Fig. 6.

Fig. 6. Box plots of CO, emission

Fig. 5. Box plots of ICEV and HEV fuel consumption in various stages of motion: (a) idling, (b) acceleration, (c) constant speed driving, (d) deceleration
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3.3. Evaluation of the impact of route parameters

on the fuel consumption and CO, emissions

of the analysed vehicles

Next, the relationships between the route parameters

and the operational parameters of the conventional vehicle
were studied. It can be seen that there are strong correla-
tions between fuel consumption and CO, emissions and
travel time. Similarly, there is a strong correlation between
fuel consumption and CO, emissions and average speed
during the trip (Table 9 and Table 10). A strong correlation
was noted for the time share of a stop versus the values of
fuel consumption and CO, emissions.

Table 9. Correlation coefficients of route parameters and fuel consumption
of the analysed vehicles (p < 0.05)

Travel time, s Average velocity, Stopping time,
km/h %
ICEV 0.94 -0.85 0.73
HEV 0.55 -0.59 0.21

Table 10. Correlation coefficients of route parameters and CO, emissions
of the analysed vehicles (p < 0.05)

Travel time, s Average velocity, Stopping

km/h time, %
ICEV 0.94 —0.85 0.73
HEV 0.55 —0.59 0.21

Considering the operational parameters of the hybrid,
a moderate relationship was observed between the parame-
ters selected for the route and the level of fuel consumption
and CO, emissions trip (Table 9 and Table 10). A weak
relationship exists between the share of stopping time in the
total trip and the values of fuel consumption and CO, emis-
sions.

4. Discussion

Based on the results of the simulation tests, it can be
concluded that the hybrid has lower fuel consumption and
lower CO, emissions than a conventional vehicle. The ana-
lysed values of nitrogen dioxide emissions and fuel con-
sumption were obtained on the basis of real velocity pro-
files of 28 trips made in urban conditions. The mean fuel
consumption achieved by the hybrid was 53% lower com-
pared to a conventional vehicle. The maximum value noted
in by ICEV was 64% higher than that obtained by HEV.
The hybrid vehicle also showed the lowest carbon dioxide
emissions in selected trips. When analysing the average
value of CO, emissions, the hybrid showed 54% lower than
the conventional vehicle.

The results of simulation tests presented in the paper
confirm that the use of a hybrid drive system in vehicles
can significantly reduce the level of CO, emissions and fuel
consumption. The papers cited in the Introduction section
confirm that hybrids have lower emissions and lower fuel
consumption levels not only in urban conditions, but also in
highway and suburban driving conditions.

Based on the results of the correlation analysis, it can be
seen that the operating parameters of a conventional vehicle
are fully affected by the analysed route. Correlation studies
have confirmed a strong relationship between travel time

and average travel speed on fuel consumption and CO,
emissions. Urban driving at different times of the day has
different traffic flows, so it affects the vehicle's fuel con-
sumption and, thus its emissions. The longer the travel
time, the higher the values of these parameters. Lower traf-
fic density, reducing average driving speed, results in high-
er fuel consumption and emissions. This is confirmed by
the results of tests conducted in real world traffic condi-
tions, which can be found in publications [4, 5, 37].

Operational parameters of hybrid vehicles are less de-
pendent on the performed route. The correlation analyses
showed a moderate impact of travel time and average travel
speed on fuel consumption and CO, emissions. The results
of real-world studies presented in papers [20, 30, 34] con-
firm the effectiveness of hybrid propulsion especially in
urban conditions. The internal combustion engine, support-
ed by the electric drive, works in its optimal operating
range, so its operation is not significantly affected by the
conditions of the route. This results in lower emissions and
fuel consumption.

5. Conclusions

The purpose of this study was to examine the values of
CO, emissions and fuel consumption for vehicles with
conventional and hybrid drives. In the first part, speed pro-
files were collected during 28 trips in urban conditions. The
recorded speed profiles were used as input data for the
simulation program, reflecting the route profile. As a result
of simulation tests, the values of fuel consumption and CO,
emissions of a hybrid and a conventional vehicle were
obtained. Based on the simulation results, it can be con-
cluded that the hybrid vehicle showed the lowest fuel con-
sumption and CO, emissions. Then, the impact of the route
on the operating parameters of the analyzed vehicles was
analyzed.

The results of the correlation study showed that the
route has a strong impact on the fuel consumption and CO,
emissions of a conventional vehicle. Studies have shown
a correlation of 0.94 for driving time — 0.85 for average
speed and 0.73 for stopping time.

In the case of a hybrid vehicle, these dependencies are
much smaller (less than 0.60). A moderate relationship was
demonstrated.

Fuel consumption at various stages of vehicle move-
ment was also analyzed. The results showed that a conven-
tional vehicle consumes more fuel at each stage of motion.
During acceleration alone, the ICEV recorded an average of
67% higher fuel consumption than the HEV. When idling,
no fuel consumption was recorded for the hybrid vehicle.

This paper shows a comparison of fuel consumption and
CO, emissions of vehicles with conventional and hybrid
drive in urban driving conditions. It is evident that hybrid
drive vehicles indisputably have lower fuel consumption
values, which also translates into economic benefits as well
as a reduction of harmful impact on the environment. Hy-
brid vehicles may therefore compete with conventional
vehicles in the future. However, it is necessary to reduce
the cost of its purchase.

COMBUSTION ENGINES, 2023;195(4)

53



Fuel consumption and CO, emission analysis of hybrid and conventional vehicles...

Nomenclature

ACEA European Automobile Manufacturers' Association ~ NO,  nitrogen oxide
CO carbon oxide PM particulate matter
CcoO, carbon dioxide RDE  Real Driving Emissions
HEV  hybrid electric vehicle WLTP Worldwide Harmonized Light-duty Test Procedure
ICEV internal combustion engine vehicle
NEDC New European Driving Cycle
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The paper describes the results of the wear test of innovative sets of piston rings intended, among others, to

drive diesel locomotives operated in North America, including the USA. The main subject of research is an
innovative set of piston rings, the first sealing ring containing a synthetic diamond embedded in a porous
chrome coating. The developed multilayer coating is designed to reduce the wear of the piston rings and the
combustion engine cylinder. This technology has been implemented at Piston Rings Manufactory "Prima™ S.A. in
L£0dz. The tests were carried out using a two-stroke diesel engine of the EMD 645 type. This engine is manufac-
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1. Introduction

The EMD 12-645-E two-stroke internal combustion en-
gine was tested [24]. This engine is the main source of
propulsion for diesel locomotives in the United States.
Depending on the type, it has a power of 750 to 1500 kW.
The number of locomotives operated in the USA powered
by the EMD 12-645-E engine is approximately 3,000. The
tests carried out at the Southwest Research Institute were
carried out using a two-stroke diesel engine with direct fuel
injection and a turbocharger power system [22], of which
the data are given in Table 1. The engine piston with
a diameter of 9 inches has 6 rings; 4 sealing w mounted on
the annular part of the piston and two wipers mounted on
the piston skirt (Fig. 1).

Fig. 1. EMD 645-E power assembly and GP38-2 locomotive [6]

Table 1. EMD 12-645-E engine data [2]

EMD 12-645-E

Number of cylinders V-12
Bore of the cylinder 230 mm
Stroke of the piston 254 mm
Cylinder displacement 10.6 dm?®
Compression Ratio 16:1
Rated power 1100 kw
Specific fuel consumption 254 g/kWh

2. The durability engine test

The main purpose of the research was to check the du-
rability and determine the wear value of the steel piston
rings installed in a two-stroke diesel engine. Rings tested
with anti-wear coating were mounted in the first groove of
the piston [11]. This coating, which consists of 22 layers
[10], was created as a result of a porosity galvanic chrome
plating, during which, after the polarity was reversed, dia-
mond dust was deposited in the pores [1]. The chrome
coating is multi-layered. Due to the diamond content in the
coating, it is characterized by high hardness [17, 18] and
good tribological properties [9, 13]. This technology is
a development of a similar porous chrome plating technol-
ogy with aluminum oxide deposited in the pores. Its disad-
vantage was that under boundary friction conditions, it was
possible to cooperate with the peaks of surface roughness of
the ring and the cylinder in the presence of hard alumina
particles, which caused the intensification of the wear pro-
cess of the upper part of the cylinder, especially at high
temperature [4, 16]. The multilayer coating tested does not
have this defect [19, 21], because the diamond at a tempera-
ture of 873 K (600°C) and higher changes its crystal lattice,
becoming graphite. Graphite is a kind of solid lubricant that
significantly reduces the coefficient of friction in rubbing
pairs and reduces their wear [8].

The main purpose of the tests carried out was to deter-
mine the wear value of the radial thickness of the piston
rings with the multilayer coating under test. The tests were
carried out as comparative tests with standard rings. Before
assembly in the EMD 645-E engine, the rings were geomet-
rically measured by measuring their axial height and radial
thickness. The test stand at the Southwest Research Institute
is mounted on a Union Pacific 3450 diesel locomotive,
equipped with additional resistance devices and cooling
sets. After checking the correct operation of the engine,
multistage durability tests were carried out during 85 hours
of engine operation. This test was carried out at a rotational
speed of 550 rpm and a power of 650 kW.
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3. Measurement before and after the test and the
wear of the tested piston rings

In addition to geometric measurements of the axial
height and radial thickness of the piston rings, the diameters
of the cylinders were also measured and their surface was
described in detail [23]. Geometric measurements of the
rings were carried out at 10 points in their circumference
according to the measurement scheme shown in Fig. 2.

The ring number consists of a number followed by the
letter "b" (Fig. 2) in the case of a test ring with a diamond
coating. The number in the nomenclature means the cylin-
der number from 1 to 12. The numbering of the cylinders is
in accordance with the standards, and looking from the
front of the engine (the side opposite to the output power),
the left row of cylinders is numbers 1 to 6, and the right
row of cylinders is numbers 7 to 12. The absence of the
letter "b" in the ring designation indicates measurements for
an uncoated ring. The test rings on one crank worked with
standard comparative rings. The test rings were installed in
the left row in the odd-numbered cylinders, and in the right
row in the even-numbered cylinders.

Fig. 2. The measurement scheme of axial high, radial thickness, and the
ring number of the EMD 645 engine

The internal combustion engine team durability tests
were carried out by implementing the 85-hour test, called
the team durability. Such a test is used, among others, by

the Federal Mogul. During the test, the engine runs at the
rotational speed of the maximum torque value on the exter-
nal characteristics. This causes an increase in wear as
a result of maximising thermal and mechanical loads. The
ring-piston assembly is exposed to particularly intensive
wear in these conditions. The tests were carried out using
the EMD 645-E engine, which has a cylinder diameter of
9.065 inches (230.2 mm). The displacement of one cylinder
is equal to 10.35 litres. EMD 645 engines are made in six-
cylinder to twenty-cylinder versions with powers ranging
from 0.6 MW to 3.1 MW, respectively. whereas a six-
cylinder engine is filled with a Roots compressor, and en-
gines with twelve and more cylinders are filled with a tur-
bocharger. The tests were carried out on a turbocharged
EMDG645-E engine with a rated power of 1200 kW and
a maximum torque of 12000 Nm. The cubic capacity of this
engine is 124.2 litres [11]. Despite the relatively short dura-
tion of the test (85 h), as a result of the intensification of its
loads, measurable wear values of the piston rings were
found, both in their axial height and radial thickness. To
calculate the wear value of the piston rings, the difference
in the measurements of their radial thickness and axial
height before and after the verification test, lasting 85
hours, was calculated. The results of these calculations are
presented in Fig. 3. They are the results of measuring the
wear of the axial height and radial thickness, which is the
result of the wear process of the diamond-based coating.

Piston ring number

Fig. 3. Average wear of the wear of the ring at axial height (blue) and
radial thickness (red)

In cooperation in the piston-cylinder combination, the
rings coated with a diamond-based coating were character-
ised by much lower wear compared to rings that did not
have this coating, especially for the wear of the radial
width, which is the most heavily loaded working surface of
the ring (Fig. 10). The smallest wear of the radial width is
about 0.01 mm for the ring with designation 3b with a dia-
mond coating, while the wear of the axial height is low.

The geometric measurements performed showed that
the average wear value of the radial thickness of the multi-
layer porous chrome coating with diamond grit is equal to
0.013 mm. Wear measurements of the radial thickness of
the comparative standard rings showed an average wear
value of 0.019 mm. The measurement accuracy was 0.001
mm. This means that the differences demonstrated in the
average value of the test and standard rings may be signifi-
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cant. Appropriate statistical tests were performed to deter- Ks'ﬁad ;oovlv?:?fév P_z%igg;“"ﬁfgfélpgz;)-?o
mine the significance of the differences. i Bkt
3.1. Statistical analysis 4

Due to the high variability of the wear values of the %

rings in their circumference, both in axial height and in g
radial thickness, the Grubbs test was carried out to deter-
mine the existence of outliers. The rejection level of the —
hypothesis about the lack of outliers was chosen as p = 0.05
("p" values below this value indicate the existence of outli-
ers in the sample population). The test was performed on all 1
12 rings. In the Table 3 and 4, exemplary results of the test

of the wear values of rings 3b and 4 are presented [3]. // \\

The test result with a value lower than the assumed sig- ®ool6 0018 0020 0022 0024 002 0028 0030

nificance level of p = 0.05 was marked in red [5, 6]. All
outliers of the 12 piston rings were identified and removed.

Fig. 5. The histogram of radial thickness wear of the piston ring 4 [3]

Eliminating outliers significantly improved the normali-

Table 3. Grubbs test for piston ring 3b ty of distribution in individual research groups (wear). With

Piston ring 3p Statistics the exception of one study group (ring 6 — "radial thickness
Variable Va'}‘ue ':‘g*er' %‘:Eﬁ’fc o ';r"“m '\r’r'ﬁ;'] de\?it;-ion wear"), for all others, the value of the Shapiro-Wilk test
High-wear does no_t give grou_ndg to _reject the null hypothesis about the
axial axis 10 |0.004| 2.422 ]0.017|-0.012| 0.010 | 0.0064 normality of the distribution.
Radial The assumptions for the analysis of variance (ANOVA),
thickness 10 |0.010| 1.836 |0.440| 0.006 | 0.013 | 0.0022 i.e. homogeneity of variance (Levene's test) were also
wear checked, Table 5.
Table 4. Grubbs test for piston ring 4 Table 5. Levene’s test for all piston rings
Piston ring 4 statistics Levene's test, i.e. an analysis of homogeneity of variance
Variable N |Aver-| Grubbs- p- | Mini- | Maxi- Std. Marked effects in red are significant with p < 0.05
value | age | statistic |value| mum | mum |deviation - =,
A c oy D
aHX'gT;’;’j:“ 10 (0002 1943 [0.296-0.005| 0.008 | 0.0037 variable | & | & 8 .- g .
Radial S| 8| 5 |98|CE|EE
thickness 10 |0.023| 1.480 [1.000| 0.018 | 0.028 | 0.0034 N £l €12
wear
) o Q| = 8
Next, using the Shapiro-Wilk test, the normality of the High-wear | & = 8 S =y 8 & 3
distribution of variables in individual groups (wear of the axial axis | 3 S|l | 78|~ |¢S
axial high and radial thickness) was verified for both varia-
bles: "axial height wear" and "radial thickness wear". The . o~ < o
. . . . Radial o N < =] © S
assumptions for the analysis of variance (ANOVA), i.e. the thickness | S - g 8 9 8 S 8
normality of the distribution for individual ring wear val- wear = 2 = - 2 ok =
ues, were checked. As in the previous test, Fig. 4 and Fig. 5
present the results in the form of histogram plots and fitted
normal distributions for rings 3b and 4 regarding the radial For both variables, the homogeneity of variance was
thickness. challenged in Levene's test. Therefore, analysis of variance
(ANOVA) with Welch correction was performed. In addi-
Ks'ﬁad ;oovlvfffklév pj()%éfé;i'“ﬁfgfzglzg-zo tion, the results of the analysis will be confirmed by the
i el nonparametric equivalent of ANOVA, the Kruskal-Wallis
test.
: § An analysis of variance (ANOVA) was also performed;
see Table 6.
The calculated significance level "p" indicates the rejec-
2 tion of the hypothesis of equal mean values in the groups
L for both examined variables. In other words, the tested
\ groups (rings) are significantly differentiated in terms of
1 height wear and thickness wear. The "p" value indicates
/ greater variation in thickness wear (lower value — sixth
decimal place still 0).
1 p )

0.005  0.006 0.007 0.008 0.009 0.010 0.011 0.012 0.013

Fig. 4. The histogram of the radial thickness wear of the piston ring 3b [3]
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Table 6. Variance analysis with Welch correction

Variance Analysis with Welch correction
Marked effects in red are significant with p < 0.05
— — ‘E
2 -
.|l2|es|g 3 |&
IR S5 s
: D = = < < - -
Variable E £ E g S| E|lu|als %g g %
(223 B I B o <
B|s5|=2|5|5]|32 R T
[%2) — |5
@15 |= S |°
High- | v o | = ) ©
N o | o Bl 6| © ~ | o | @
wear | S 148|183 |g8lel8|lo|8|g]8
ial ol |lolo|la ||| o|- el =]
axia ) S| a S lm| S LI~ | S
axis S} c | o © S S}
Radial | o 5|8 slz|8 slx|8
thick- | 2 412|129 |8|3|18|«|2|8|8
ol |lolo|la |8 || ; S
ness S S| o S|l 4| o 19| a
wear S} c | o |l | o o

Due to the undermined homogeneity of variance in the
study groups, the nonparametric Kruskal-Wallis test was
used to confirm the ANOVA results. The level of rejection
of the hypothesis was maintained as for the above tests, i.e.
p = 0.05 (Table 7 and 8).

Table 7. The Kruskal-Wallis test for variable: axial high of the piston rings

ANOVA rang Kruskal-Wallis; axial high wear
Dependent | Grouping independent variable: Kruskal-Wallis piston-

variable: axial ring test: H (11, N = 116) = 33.29436, p = 0.0005
high N Summ Averange

important value’s Rang Ranga

1b 9 728.00 80.889

2 10 932.00 93.200

3b 9 649.00 72.111

4 10 513.50 51.350

5b 10 547.50 54.750

6 9 490.50 54.500

7 10 414.00 41.400

8b 10 748.50 74.850

9 10 271.50 27.150

10b 10 609.50 60.950

11 10 429.50 42.950
12b 9 452.50 50.278

Table 8. The Kruskal-Wallis test for variable: radial thickness of the piston
rings

ANOVA rang Kruskal-Wallis; radial thickness wear
Dependent varia- | Grouping independent variable: Kruskal-Wallis test of
ble: radial thick- [the piston ring: H (11, N = 118) = 56.70718, p = 0.0000
ness N Summ Average
important value’s Rang Rang
1b 10 325.50 32.550
2 9 383.00 42.556
3b 10 218.50 21.850
4 10 1034.00 103.400
5b 9 405.00 45.000
6 10 587.50 58.750
7 10 1023.00 102.300
8b 10 707.00 70.700
9 10 538.50 53.850
10b 10 561.00 56.100
11 10 684.00 68.400
12b 10 554.00 55.400

The results of the Kruskal-Wallis test for both verified
variables unequivocally confirmed the ANOVA results:
wear on the axial height and radial thickness of the tested
piston rings are significantly different. This means that the
rings wear unevenly around the circumference. At the same
time, there is no strictly preferred wear direction.

3.2. Analysis of test results

The engine was found to have consumed 22,400 dm? of
diesel oil and 45.42 dm? of lubricating oil during the 85-
hour verification test. Considering the size of this drive unit
and comparing it with the results of other studies conducted
at the Southwest Research Institute, it was found that these
were the correct sizes. The consumption of lubricating oil
was small and was 0.2% of the fuel consumption [9].
Whereas, based on the available source data, oil consump-
tion in relation to fuel consumption for a turbocharged
EMD 645 engine is equal to 0.5 £0.2%. This means signifi-
cant savings in lubricating oil consumption resulting from
the use of an innovative piston ring solution with a dia-
mond-based coating [9].

Based on Tables 2 and 3, pie charts were prepared
showing the wear of the radial thickness at each of the 10
measurement points on the circumference of the rings for
rings coated with and without a diamond-based coating
(Fig. 6, 7).

Fig. 6. Wear of the radial thickness of the diamond-coated rings at each of
the 10 measurement points [3]

Figure 6 shows the wear of rings at the radial thickness
with a diamond coating. The highest wear value was at the
measurement point no. 1 on the circumference of the ring
marked 5b and was 0.033 mm. The smallest wear value was
observed at the measurement point no. 9 at the circumfer-
ence of the ring marked 1b, which was 0.004 mm. The
distribution of wear on the radial width was even, and for
all measurement points the wear value did not exceed 0.02
mm, except for measurement point No. 1 on the circumfer-
ence of the ring marked 5b, which could have been a meas-
urement error.

Figure 7 shows the wear of the rings on the radial width
without the diamond coating. The highest wear value was at
the measurement point no. 3 on the circumference of the
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ring marked 2 and amounted to 0.073 mm. This point was
outside the area in Fig. 6, due to the adopted scale, which
was introduced to maintain similarity to Fig. 5. The small-
est wear value was observed at the measurement point no. 7
in the circumference of the ring marked 6, which was 0.008
mm [7].

Fig. 7. Wear of the radial thickness of the rings without the diamond
coating at each of the 10 measurement points [3]

Cylinder wear values were determined on the basis of
completed diameter measurements. Measurements were
made at three measurement levels:

— in the Top Dead Centre (TDC) of the first sealing ring

(including diamond-coated),

— in the middle of the piston stroke (corresponding to the
stroke of the first sealing ring),

— and in the Bottom Dead Centre (BDC) of the first seal-
ing ring.

Measurements were made in two measuring directions:
along the longitudinal axis of the engine and across this
axis [5]. Due to the fact that the engine is made as
a V-shaped arrangement, this is along and across the rows
of cylinders. The numbering of the cylinders is in accord-
ance with the Polish standard. Cylinder numbers 1 through
6 apply to the left row cylinders when looking at the engine
along the axis opposite the power output side, and cylinder
numbers 7 to 12 apply to the right row also when viewed
opposite the power output side. If the diamond-based coat-
ing in question was made incorrectly, then the indicated
measurement accuracy was sufficient to determine such
a fact during the tests described in the previous point. The
measurement results discussed are presented in Table 9,
where the measuring height "0" (measured in mm) is the ZZ
of the first sealing ring, the measuring height "127" is the
centre of the piston stroke of the first sealing ring, and the
measuring height "254" is the ZW of the first sealing ring.

The measured cylinder wear values were within the
measurement error range of the bore gauge used for testing,
which was 10 micrometres. The bore gauge measurement
was a control. If there was excessive wear to the cylinder,
a bore gauge with a measuring accuracy of 10 micrometres
would show excessive wear. This meant the correct cooper-

ation of the piston rings with the cylinders. The confirma-
tion of the correct cooperation of the developed piston rings
with the cylinders is the photograph of the ZZ area of the
cylinders No. 3, 5 and 9 in Fig. 8, in which the sealing ring
with a diamond coating worked. The honing scratches visi-
ble in the photo show little or even no wear of the cylinders.

Table 9. EMD 645 engine cylinder wear values after the verification test

Cylinder | Measurement | Cylinder wear inthe | Cylinder wear in
No. height, mm longitudinal axis of | the cross section
the engine, mm of the engine,

mm
0 0.01 0.00
1 127 0.00 0.00
254 0.00 0.00
0 0.00 0.01
2 127 0.01 0.00
254 0.00 0.00
0 0.01 0.00
3 127 0.00 0.01
254 0.00 0.00
0 0.00 0.01
4 127 0.00 0.00
254 0.00 0.00
0 0.00 0.01
5 127 0.01 0.00
254 0.00 0.00
0 0.01 0.00
6 127 0.00 0.00
254 0.00 0.01
0 0.01 0.01
7 127 0.00 0.00
254 0.00 0.00
0 0.01 0.01
8 127 0.01 0.00
254 0.00 0.01
0 0.01 0.01
9 127 0.01 0.00
254 0.00 0.01
0 0.01 0.00
10 127 0.00 0.00
254 0.01 0.01
0 0.01 0.00
11 127 0.00 0.00
254 0.00 0.00
0 0.01 0.00
12 127 0,00 0,01
254 0,00 0,00

Fig. 8. Photograph of the surface of cylinders no. 3, 5 and 8 after the
engine verification test

During the implementation of the 85-hour team durabil-
ity test, the concentrations of harmful components of the
exhaust gases and the emissions of selected components
were also measured. These tests were performed at the
beginning of the trial and after its completion. Sulphur
dioxide (SO,), particulate matter, hydrocarbon content in
exhaust gases (HC) and nitrogen oxides (NO,) measure-
ments were performed. The results of the measurement of
these components are presented in the form of concentra-
tions per 1 litre of fuel consumed. The sulphur dioxide
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concentration was also measured, even though sulphur-free
fuel was used. It is normal for a two-stroke engine to con-
sume significant amounts of lubricating oil. For this reason,
the presence of sulphur dioxide is found in the exhaust
gases, despite the use of sulphur-free fuel. In this case, the
results are given in ppm.

Table 10. The value of the emission and concentration of the toxic exhaust
components of the EMD 645 engine before and after the verification test

Chemical to be measured Before test After test
Sulphur dioxide, SO, ppm 0.15 0.18
Solid particles, g/dm® 2.16 215
Carbon monoxide, CO, g/dm? 9.46 9.85
Hydrocarbons, HC, g/dm® 4.32 455
Nitrogen oxides, NO,, g/dm® 81.02 90.5

The concentration limits for harmful compounds in the
United States are given in grammes per gallon of used fuel.
Therefore, in order to reference these standards, the de-
scribed measurement of the concentration per litre of fuel
was used. The measured concentrations of harmful com-
pounds in the exhaust gases are within the standards appli-
cable in the USA for EMD 645 series engines, introduced
by the Environmental Protection Agency (EPA), according
to the NSPS standard for the engine category with the des-
ignation 1/2 (for ships and locomotives), updated in 2008,
which dates back to 1999.

During the 85-hour test, a number of engine perfor-
mance indicators were discreetly measured. The engine
worked at parameters close to the maximum torque value.
Measurements of the engine operation indicators were per-
formed every 3 seconds, thanks to which a significant data-
base was obtained, that is, 102,000 records stored in the
form of 16 gears corresponding to the engine starts during
the test. The analysis of the collected material allowed us to
draw conclusions of a utilitarian nature. Figures 9 and 10
show power and hourly fuel consumption curves as exam-
ples.

Figure 9 shows the changes in power in particular hours
of the verification test. There were no visible differences in
the values in the individual hours of the 85-hour test and in
the settings. This value was on average at the level of 650
kw-700 kW. Only a change was noticeable at the very
beginning of engine operation, but this is caused by the
running-in of the TPC unit and the associated load reduc-
tion.

Fig. 9. Power as a function of time during the 85-hour verification test

Fig. 10. Hourly fuel consumption as a function of time during the 85-hour
verification test

Figure 10 shows changes in the hourly fuel consumption
in individual hours of the verification test for each of the
controller settings. From about 34.00 hours, the wear
showed no signs of disturbance and remained at an even
level. However, at 34:00, jumps in these values were ob-
served; they may have been caused by the engine running.
Two characteristic peaks were also observed: one to the
value of 200 kg/h around the 22nd hour and the other to the
value of 200 kg/h around the 32nd hour of the test. Also
very characteristic was the moment of lack of fuel con-
sumption measurement between the 6th and 22nd hour of
the test, which was caused by a failure of the measuring
device.

4. Summary and conclusion

Based on research, among others, presented in [21], it
was found that the coefficient of friction of an element with
a coating made in a technology based on diamond-
containing layers is lower, especially in cooperation with
steel and cast iron surfaces. Another extremely important
feature of these coatings is wear resistance, manifested by
its lower value, which was also found based on the present-
ed research [14]. The use of these coatings becomes partic-
ularly important in the event of an intensification of loads,
which is, for example, the case in the drive engines of die-
sel locomotives and inland waterway vessels. They are
subjected to extreme loads and are most often operated with
maximum torque settings [15]. The tests carried out con-
firm the desirability of using coatings containing synthetic
diamond in their composition. This may be a new direction
of research on their wider use for components of internal
combustion engines, especially for sealing piston rings [25—
27]. The wear values obtained of the radial thickness of the
rings tested with coatings containing synthetic diamonds
allow us to conclude that their use in highly loaded two-
stroke diesel engines is justified [10]. The developed and
tested diamond coatings show high adhesion to the steel
piston ring substrate despite being subjected to a complex
load condition, which is a characteristic feature of the oper-
ation of piston rings while ensuring very good tribological
properties. Diamond-containing coatings are also character-
ised by high hardness, even up to 70 GPa [12]. They also
have a high electrical resistance value and a low specific
mass [20, 28].
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Emissions from transport account for 20-25% of anthropogenic global carbon dioxide emissions [17, 37], with

more than 70% coming from road transport, making it an extremely important topic in the context of decarboni-
zation. The aim of the article is to analyze the trend of CO, generated from road transport, taking into account
various sources, and also to examine how reduced mobility during the pandemic affected the emissions at the
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time. For this purpose, a time series containing observations up to the pandemic outbreak and a time series
containing additional observations from the pandemic period were analyzed. For each time series, a trend was
determined and described by a polynomial and then verified to see if the pandemic phenomenon significantly
affects a parameter of the proposed model, using appropriate statistical tests.
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1. Introduction

Global warming, the main cause of which is the grow-
ing emission of carbon dioxide, causes drastic consequenc-
es for many ecosystems, bringing about irreversible chang-
es in them [27, 36, 38]. The use of petroleum fuels in
transport determines its significant share in greenhouse gas
emissions, which is why this sector faces the greatest de-
mands [5, 12, 23]. Meanwhile, the progressing globaliza-
tion, population growth, increasing demand for goods, as
well as the dynamic development of the tourism industry
and the number of people travelling do not make this task
easier, especially since it is estimated that by the 2050, the
EU economy will more than double [10].

Emissions from transport account for 20-25% of an-
thropogenic global carbon dioxide emissions [17, 37], of
which 71.7% are from road transport, but taking into ac-
count the production of cars and the construction of road
infrastructure, this number increases to 37% of all emis-
sions [7, 14, 16, 24]. Transport uses 30% of the world’
energy. Although only 7% of the population owns cars, this
translates into 40% of the world's petrol production.

Cars are considered the most polluting means of
transport and at the same time the most unsafe [3, 4, 18].
They are also the largest emitter of toxic chemical com-
pounds not subject to legal regulation, such as butadiene,
benzene and others [22, 25]. The area necessary to build
a road (30 to 40 m on average) is much larger than the re-
quirements for railway traction (10 to 14 m) [25]. What's
more, 30% of car journeys in the European Union do not
exceed 3 km, and 50% — 6 km [39], so they could be suc-
cessfully replaced by environmentally friendly natural
forms of transport, such as bicycles.

The share of Polish road transport in the total emissions
of the European Union is significant. Poland has been oc-
cupying leading positions for years [9]. Moreover, due to
the intensive increase in passenger and transport activity,
CO, emissions are constantly growing, increasing in 2020
by almost 150% compared to 2000, while emissions
throughout the EU remain relatively constant [2].

The transport sector is therefore a challenge on the way
to achieving climate neutrality, related to the reduction of
greenhouse gases emissions, which is the result of the Eu-
ropean climate policy. Currently, the European Parliament
requires a 40% reduction in greenhouse gas emissions by
EU countries by the 2030, compared to the level of 2005
[29]. This is a recent change (March 2023). The previous
target was 30%.

Therefore, the article analyses the current dynamics of
changes in CO, emissions from road transport, including
various types of transport means. Mathematical identification
of the examined time series and determination of the forecast
was aimed at relating the current level of CO, emissions to
the requirements imposed by the EU in this regard.

In addition, the article features an analysis of the impact
of the COVID-19 pandemic on CO, emissions. Global
movement restrictions, limited travel options and remote
work, as well as fear of contagion, have strongly influenced
changes in people's preferences in their choice of transport
and travel in general. More people staying indoors or using
safer forms of transport like cycling or walking may have
reduced these emissions, as confirmed by studies by
a number of authors [11, 13, 20, 32, 42]. On the other hand,
the fear of coming into contact with an infected person has
fostered a switch from public to private transport [1,6], and
a number of authors believe that the decrease in emissions
was too short-lived to have a relative effect [31, 33]. There-
fore, the article also features an attempt to answer the ques-
tion of how the COVID-19 pandemic in Poland affected the
trend in CO, emissions, taking into account different modes
of transport.

For this purpose, time series of CO, emissions from
transport, published by the European Environment Agency,
expressed in Gg [8], were analyzed. Time series with ob-
servations up to the outbreak of the pandemic and time
series with additional observations from the pandemic peri-
od were analyzed.

For each time series, a trend was determined and de-
scribed by a polynomial and then verified to see if the pan-
demic phenomenon significantly affects a parameter of the
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proposed model, using appropriate statistical tests. A de-
tailed survey procedure is presented in Chapter 2. The lack
of confirmation of the significance of the impact of the
pandemic on the model coefficients means that the hazard
did not significantly affect CO, emissions.

2. Materials and methods

2.1. Determining the trend in a time series
The trend in the time series {x.}

a polynomial [15, 41]

is identified as

1<isn

Xe, = Bo + BT + - + BT + & 1)

where {&;},<i<n IS @ sequence of independent random varia-

bles with a normal distribution N(0, 6%) and Xy, f Xy The
trend occurring in the series is identified using a k degree
polynomial. The dependence (1) between the endogenous
variable and the predictors (transformations of the variable
1) is linear. At the beginning we define objects:

o . X,
x=l¥ i J v=["2|
i Tn I% Xty

€9 Bo

e= |7, B=|"

€n B‘k

therefore, the dependence (1) can be presented in linear
form [21,24]:
Y=XB+e¢ (2)

Using the Least Squares Method (LSM) [41] the values
of the model parameters can be estimated using the formula

B=X"X)"XTY (3)
The vector of residuals € € R™ can be presented as

e =Y —XB. Coefficient of determination [41] is deter-
mined as follows
n .2
R?=1-—2=29 @)
s (%)
where X = %Z}ll Xy, and the estimator of the variance of
the residuals is equal

1 n
~ _ - 2
° _n—k—lzsl
j=1

Values of variance of structural parameters [41] are de-
termined as follows

S? = (S3,S%,...,S%) = diag(@*(XTX)™1).
Thus, each of the structural parameters B; has a normal
distribution N(p;, S?) for 0 < j < k. For each parameter p;

the significance of the influence of component <} on the
realizations of the series according to model (1) is tested. At
the significance level 0 < a < 1 for each structural parame-
ter B; we create a null hypothesis

HO: B] = 0
against an alternative hypothesis
Ho: Bj # 0.
The test statistic
t=1L 5)
SZ

has t — distribution with n —k — 1 degrees of freedom
[15,34,40]. The test probability is equal:

p.val; = 2(1 — ‘P(|t|))

where W(-) is t — distribution function with n —k — 1 de-
grees of freedom. If p. val; < a then for the parameter ; the
null hypothesis H,, is rejected in favor of the alternative hy-

pothesis H;. Therefore, the component r’i significantly affects
the realization of the time series defined by formula (1).

The key in the analyzed mathematical equation is the
choice of the degree of the polynomial. To select the appro-
priate polynomial, the Ramsey RESET test (linearity test)
[21, 28] was used in the research. The degree of the poly-
nomial is chosen as the lowest natural number for which the
coefficient of determination is at a sufficiently high level
and there are no grounds to reject the null hypothesis for the
linearity test.

2.2. Study of the impact of COVID-19 on CO, emissions

First, a time series of CO, emissions is considered for
pre-pandemic data, i.e., data covering the years up to and
including 2019. Thus, for the series {x,} __ _the model

(1) is identified and, taking into account the linearity test of
the models, the degree of the polynomial k € N is deter-
mined. Using LSM the structural parameters of the model
and the variances of these structural parameters are deter-
mined, therefore B2°1° ~ N(B2°19,52019) for 0 < i < k.
Next, the time series of CO, emissions for data that in-
cludes the COVID-19 pandemic are analyzed, i.e., for data
including the year 2020. Thus, for the series {x.} __the

model (1) for the degree of the polynomial k € N is identi-
fied. Using LSM the structural parameters of the model and
the variances of these structural parameters are determined,
therefore p2°2° ~ N(B2°2°,52°20) for 0 < i < k.

In the next step, for each j indices, 0 < j < k at signifi-
cance level a = 0.05 the null hypothesis is created:
Ho: B = B7°%° (no impact of pandemic on parameter ;)
against an alternative hypothesis:
Hy: O # B7°%° (significant impact of pandemic on pa-
rameter ;)

The test statistic
’Bj2019_ ’Bj2020

T= (6)
Sf019
n-k-2

52020

n-k-1

has a normal distribution N(0,1) [15, 41]. The test proba-
bility is equal:

p.val; = 2(1 — @(|T)))
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where ®(-) denotes the standard normal distribution
N(0,1). If p.val; < a then the null hypothesis H,, is rejected
in favor of H;.

If there is such j index, 1 < k for which p.val ; < a, itis
considered that the estimator of B; parameter determined
from observations up to the pandemic and observations
with the onset of the pandemic are significantly different,
and therefore the pandemic had a significant impact on the
trend of CO, emissions. If for each j indices, 1 <k the
condition p.val; = a is satisfied, then for each structural
parameter, the estimators obtained from observations up to
the pandemic and observations with the start of the pan-
demic are not significantly different from each other, there-
fore the pandemic did not have a significant impact on CO,
emissions.

3. Evaluation of the trend of CO, emissions in road
transport

3.1. Road transport

First, CO, emissions from road transport as a whole
were evaluated without breaking them down by mode of
transport. Figure 1 presents the time series under study
(black curve).

Fig. 1. CO, Emission for Road Transportation [8]

Then, for the time series presented, a model built only for
the pre-pandemic period was proposed (blue line in Fig. 1).
The estimators of structural parameters, standard deviations,
t-statistic values and p-values are presented in Table 1.

Table 1. Structural parameters, standard errors, values of t-statistic and p-
values for the trend to the pre-pandemic period

B1, B2, B3, B4, Bs, Be, B7, Bg, therefore the predictors of these
parameters significantly affect the polynomial trend in the
time series. The value of the statistic for the Ramsey
RESET test is 1.6778, while the p-value is 0.2496.

In the next step, a model was built for data covering the
period of the pandemic (red line in Fig. 1). Table 2 presents
the estimators of structural parameters, standard deviations,
values of t-statistics and p-values for the entire period.

Table 2. 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
B, | 12173.08505 5969.19873 2.03932 0.05258
B, | 15486.44602 6946.95856 2.22924 0.03542
B, | —8500.03179 2739.16084 —-3.10315 0.00485
B3 2003.84146 512.08133 3.91313 0.00066
By | —239.32353 52.03960 —4.59887 0.00012
Bs 15.74571 3.03706 5.18452 0.00003
Be —0.57695 0.10158 —5.67979 0.00001
B, 0.01102 0.00181 6.09446 <le5
Bg —0.00009 0.00001 —6.43854 <le-5

The coefficient of determination is equally high at
0.9873. The standard deviation of the residuals is equal to
1836.77. At the significance level a = 0.05, the hypothesis
H, was rejected in favor of H; for the parameters
B1, B2, B3, B4, Bs, Bs, B7, Bg- Thus, predictors at these param-
eters significantly affect the polynomial trend in the time
series.

For the polynomials constructed above, their parameters
were compared. Table 3 presents the calculated values of
statistics (6) and p-values for the test of differences of
structural parameters.

Table 3. T-statistic values and p-value for the tests of differences in struc-
tural parameters

T p-value
By -3.10942 0.00187
B, 3.91841 0.00009
B, —4.63753 <1le5
B, 5.29107 <1le5
Ba -5.88978 <1le5
Bs 6.44278 <le5
Be —6.95724 <le5
B, 7.43869 <1le-5
Bg —7.89137 <1le5

Estimate Std. error t value p-value
Bg 7115.71935 5166.94560 1.37716 0.18172
B, | 22985.07637 6162.91969 3.72958 0.00110
B, | —12041.9597 2495.18762 —4.82607 0.00007
Bs 2769.26980 479.62213 5.77386 0.00001
B -327.12113 50.15569 -6.52211 <le-5
Bs 21.43286 3.01362 7.11200 <le-5
Be —0.78550 0.10381 —7.56667 <le-5
B 0.01505 0.00190 7.90711 <le-5
Bg -0.00012 0.00001 -8.15249 <le-5

The coefficient of determination is equal to 0.9907, and
the standard deviation of the residuals is equal to 1524.28.
At the significance level a = 0.05, the H, hypothesis was
rejected in favor of H; for the structural parameters of

At the significance level a = 0.05, the H, hypothesis
was rejected in favor of H, for all structural parameters.
Thus, the parameters are significantly different for the poly-
nomial trend determined for the CO, emission series up to
the time of the pandemic outbreak and the polynomial trend
determined for the CO, emission series containing the first
year of the pandemic. Thus, the COVID-19 pandemic sig-
nificantly affected the CO, emissions trend analyzed for
road transport in Poland, as a whole.

In the next stage of the study, an analogous analysis was
made, however, taking into account the different modes of
transport. Passenger cars, light duty trucks, heavy duty
trucks and motorcycles were studied.
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3.2. Passenger cars

Passenger cars make up the majority of the vehicle mar-
ket in Poland (more than 60% of the market). The latest
available data shows that at the end of 2022, 26.675 million
passenger cars were registered in the database of the Cen-
tral Register of Vehicles and Drivers (CEPiK), 577,000
more than a year earlier [35]. In Fig. 2 CO, emissions
(black line) are also on an upward trend.

Fig. 2. CO, emissions for cars [8]

According to the adopted algorithm, the model was first
built for the pre-pandemic period only (blue line in Fig. 2).
Its structural parameters, standard deviations, t-statistic
values and p-values are presented in Table 4.

Table 4. Structural parameters, standard errors, values of t-statistic and
p-value for the trend to the pre-pandemic period

Table 5. 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 801.28414 2682.23759 0.29874 0.76771
By 9504.78508 3121.59039 3.04485 0.00558
B, | —4600.55486 1230.83189 -3.73776 0.00102
Bs 1068.95081 230.10187 4.64555 0.00010
By —127.14660 23.38380 —5.43738 0.00001
Bs 8.31891 1.36469 6.09581 <le5
Be -0.30269 0.04564 -6.63143 <le-5
B, 0.00574 0.00081 7.06237 <le-5
Ba -0.00004 0.00001 —7.40639 <le-5

For polynomials constructed for CO, emitted from
passenger vehicles, their parameters were similarly
compared. Table 6 presents the estimated values of
statistics (6) and p-values for the test of differences of
structural parameters.

Table 6. T-statistic values and p-value for the tests of differences of struc-
tural parameters

T p-value
Bo —2.22406 0.02614
B, 2.79922 0.00512
B, -3.30850 0.00094
B3 3.76942 0.00016
B, —4.18986 0.00003
Bs 457649 <le5
Bs —4.93458 <le5
B, 5.26820 <le5
Bg -5.58048 <le5

Estimate Std. error t value p-value
Bo -902.69310 2570.25660 -0.35121 0.72863
By | 12031.29715 3065.69611 3.92449 0.00068
B, | -5793.93596 1241.21153 -4.66797 0.00011
B 1326.84643 238.58427 5.56133 0.00001
B, | —156.72823 24.94956 —6.28180 <le5b
Bs 10.23508 1.49910 6.82748 <le5
Be -0.37295 0.05164 —7.22225 <le-5
By 0.00710 0.00095 7.49445 <le-5
Bg —0.00005 0.00001 —7.66937 <le-5

The coefficient of determination equals 0.993, and the
standard deviation of the residuals equals 758.24. At the
significance level a = 0.05, the H, hypothesis was rejected
in favor of H; for the structural parameters of
B1, B2, B3, B4, Bs, Be, B7, Bg, therefore the predictors of these
parameters significantly affect the polynomial trend in the
time series. The value of the statistic for the Ramsey RE-
SET test is 0.9118, while the p-value is 0.5895.

Consistently, in a further step, a model was built for da-
ta covering the time of the pandemic (red line in Fig. 2).
Table 5 presents structural parameters, standard deviations
of parameters, values of t-statistics and p-values for the
entire period.

The coefficient of determination is equal to 0.9921, and
the standard deviation of the residuals is 825.34. At the
significance level a = 0.05, the H, hypothesis was rejected
in favor of H; for the By,B;, B3, Ba Bs,Be Bz, Bs:
parameters. Thus, also in this case, the predictors at these
parameters significantly affect the polynomial trend in the
time series.

At the significance level a = 0.05, the H, hypothesis
was rejected in favor of H; for all structural parameters.
The parameters are significantly different for the polynomi-
al trend determined 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.
Thus, in the case of passenger cars, the COVID-19 pandem-
ic has significantly affected the trend in CO, emissions.

3.3. Light and heavy duty trucks

Trucks, which are the second largest group of vehicles
registered in Poland [19, 26, 35] were then examined. As of
the end of 2021, the number of registered trucks (including
goods and passenger carrying vehicles) will reach 3.6 mil-
lion [30], 3.0% more than a year ago. CO, emissions from
light duty tracks (black line in Fig. 3) and heavy duty trucks
(black line in Fig. 4) were analyzed.

Fig. 3. CO, emissions for light duty truck [8]
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Table 8. Structural parameters, standard errors, values of t-statistic and
p-value for the trend for the entire period

Fig. 4. CO, emissions for heavy duty trucks [8]

The models built for the pre-pandemic period (blue line
in Fig. 3 and 4), their structural parameters, standard devia-
tions of the parameters, values of the t-statistic and p-values

Estimate Std. error tvalue p-value
Light duty truck
By 7166.73855 585.40978 12.24226 <le-5
B, | —993.26539 230.94782 —4.30082 0.00019
B, 119.85381 27.04951 4.43091 0.00013
B —4.92894 1.18699 —4.15246 0.00028
Bs 0.06762 0.01733 3.90227 0.00055
Heavy duty truck
Bg 8345.93187 2968.73528 2.81128 0.00967
By 931.14915 3455.01664 0.26951 0.78984
B, | —1480.57710 1362.30067 —1.08682 0.28791
B 445.58876 254.67973 1.74960 0.09296
B, —60.51175 25.88150 —2.33803 0.02805
Bs 4.33818 1.51046 2.87209 0.00839
Be —0.16909 0.05052 —3.34697 0.00269
B, 0.00338 0.00090 3.76141 0.00096
Bg —0.00003 0.00001 —4.11824 0.00039

are presented in Table 7.

Table 7. Structural parameters, standard errors, values of t-statistic and

p-value for the trend to the pre-pandemic period

Estimate Std. error t value p-value
Light duty truck
Bo 7347.38426 585.58715 12.54704 <le-5
B, | —1103.45576 237.77329 —4.64079 0.00008
B, 136.30530 28.67462 4.75352 0.00006
B3 —5.78733 1.29616 —4.46498 0.00013
By 0.08198 0.01950 4.20497 0.00026
Heavy duty truck
By 5669.98087 | 2480.91621 2.28544 0.03183
By 4898.82097 2959.13457 1.65549 0.11141
B, | —3354.68039 | 1198.06785 —2.80008 0.01017
B3 850.59185 230.29124 3.69355 0.00120
B4 -106.96717 24.08233 —4.44173 0.00019
B 7.34736 1.44699 5.07767 0.00004
Bs —0.27943 0.04984 —5.60608 0.00001
B, 0.00552 0.00091 6.03490 <le5
Bg —0.00004 0.00001 —6.37530 <le5

For CO, emissions from light duty trucks, the coeffi-
cient of determination is equal to 0.7679 and the standard
deviation of the residuals is 542.63. At the significance
level a = 0.05, it was found that the structural parameters
Bo, B1, B2, B3, B4 are significantly different from zero (Table
7), thus, the predictors of these parameters significantly
affect the polynomial trend in the time series. The value of
the statistic for the Ramsey RESET test is 2.1032, while the
p-value is 0.0877.

At the significance level a = 0.05 for heavy duty
trucks, it was found that parameters Py, B2, Bs, B4, Bs
Bs, B, Bg are significantly different from zero (Tab. 7), thus
predictors at these parameters significantly affect the trend
of CO, emissions. The value of the statistic for the Ramsey
test is 1.4937, while the p-value is 0.305. The coefficient of
determination is higher and equal to 0.9856. The standard
deviation of the residuals, meanwhile, is 731.88.

The models built for the entire study period (red line in
Fig. 3 and 4), their structural parameters, standard deviations,
t-statistic values and p-values are presented in Table 8.

For CO, emissions from light duty trucks, the coeffi-
cient of determination for the entire study period is 0.7621
and the standard deviation of the residuals is 554.42. At the
significance level o = 0.05, thus all parameters of the
model are significantly different from zero. For the trend
model of CO, emissions generated by heavy duty trucks,
the coefficient of determination is 0.9792, and the standard
deviation of the residuals is 913.5. At the significance level
a = 0.05, it was found that the structural parameters
Bo, B4, Bs, Bs, B7, Bg Significant are different from zero, thus
the predictors at these parameters significantly affect the
trend occurring in the time series.

Comparing the two models with each other for each of
the modes of transport analyzed, it can be seen again that
the COVID-19 pandemic also affected the trend of CO,
emissions from trucks. Table 9 presents the values of statis-
tic (6) and p-values for the test of differences in the struc-
tural parameters. For light duty trucks at the significance
level a = 0.05, the H, hypothesis was rejected in favor of
H, for the structural parameters 3,, B3, B4, While for heavy
duty trucks the parameters By, B1, B2, B3, B Bs: Bs: B7, Bs
are significantly different for the polynomial trend deter-
mined 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.

Table 9. T-statistic values and p-value for the tests of differences of struc-
tural parameters

T | p-value | T | p-value

Light duty truck Heavy duty truck
Bo 1.14388 0.25267 By —-3.35853 0.00078
B, —1.74252 0.08142 B, 4.23413 0.00002
B, 2.18704 0.02874 B, -5.01350 <le-5
B3 —2.55875 0.01051 B3 5.72280 <le-5
B, 2.88339 0.00393 By —6.37357 <le-5
Bs 6.97556 <le5
Bs —7.53647 <le5
B, 8.06220 <le5
Bg —8.55730 <le-5

3.4. Motorcycles
The analyses conducted ended with a study of motorcy-
cles. Despite their growing popularity — 23,910 new motor-
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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
B, 0.72418 0.46895

Estimate Std. error t value p-value
Bo 452.59779 17.62924 25.67313 <le-5
B, -0.94515 0.16588 -5.69780 <le5
B3 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 a = 0.05, the H, hypothesis was rejected in
favor of H; for the structural parameters 3¢, 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
Bg 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 a = 0.05, the H, hypothesis was rejected in
favor of H; for the structural parameters 34, 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 H, 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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A computational flow analysis of an ideal vortex-controlled diffuser (VCD) was carried out. The simulation

model used is the compressible Reynolds averaged Navier-Stokes equations(RANS), with the application of the
RNG based k-¢ turbulence model. The effects of important parameters like static pressure recovery, bleed
fraction, position of bleed slot, have been studied and comparisons were made with respect to VCD without the
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length and diffuser total pressure loss. Results obtained by applying the RNG turbulence model show an
instantaneous improvement in the diffuser efficiency that happen at reasonably minimal suction rates. From the
calculations, it has been verified and shown in the analysis that the effect of the bleed positioning offers ad-
vantages in relation to where it is located.
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1. Introduction

Huge advancements, in recent years, in the technology
of different components of aircraft turbines have increased
the focus on the need for the design and manufacture of
short, effective diffusers suitable to be installed between the
compressor and combustor and having the main goal of
reducing air velocity to guarantee efficient combustion with
a minimal pressure loss.

When a compressor exit velocity increases, the diffuser
then needs to compensate by having higher ratio of cross
sectional area as to achieve proper mixing and flow condi-
tions for good performance and the use of annular combus-
tors results in lower pressure losses due to their design
features, with that said, it’s very important to ensure ade-
quate mixing at the diffuser outlet to maintain optimal per-
formance characteristics.

A vortex controlled diffuser allows for precise adjust-
ment of the pressure within specific regions of rapidly ex-
panding fluid flows using small gaps. Heskestad is credited
with originating this idea [9]. In his work, the incorporation
of edge suction that was fitted at the edge of the curved
surface helped to channel the flow to a border in a way that
considerably shorten the length of the recirculation zone.
Heskestad [8] also did an investigation on edge suction at
the step expansion of a circular pipe, analyzing the useful-
ness of the structure for a short diffuser. Here, he applied a
consistent inlet profile with a fine boundary layer. He indi-
cated that the structural design of the suction slot in addi-
tion to the suction rate, affected the flow expansion. He
emphasized that suction power should be taken in to factor
while evaluating the diffuser’s effectiveness.

The need for the manufacture of efficient diffuser to be
placed between the compressor and combustor was the
driving force behind the continued evolution of the vortex
controlled diffuser (VCD) design.

Adkins [2] collected data using a variety of tubular and
annular research diffusers with inflow to outflow cross
sectional area ratios between 1.9:1 to 3.2:1 and with diffus-

er inlet Mach numbers and velocity-profile displacement
levels that were similar to those found in engine systems.
He discovered that, for modest bleed rates, diffuser lengths
just 1/3 of those needed for conventional conical diffusers
may be used to reach efficiencies of more than 80%. Later,
Adkins studied a hybrid diffuser, which combines a VCD
with

a traditional diffuser [1]. According to his findings, bleed
rates were lower than those needed for the step VCD setups
that had previously been researched.

The VCD's mode of operation is yet unknown. A possi-
ble theory suggests that the bleed gap creates a zone of high
shear, which causes a layer of strong turbulence to con-
dense downstream and prevent flow separation along the
outer wall [2]. Others have asserted that the principal im-
pact of suction is to merely bend or redirect the mean flow
around the acute corner, shortening the recirculation region
[10]. In a fluid diffusion system, the fluid naturally has the
propensity to detach off the walls of the widening tunnel,
change course, and stream backward toward the direction of
the negative pressure [7].

In this current paper, the performance of an ideal VCD
was carried out numerically. The geometry and mesh was
structured using Gambit software and ANSYS FLUENT 14
used for the flow simulation. The flow simulation used the
compressible Reynolds averaged Navier-Stokes equations
(RANS), with application of the renormalization group
(RNG) based k-¢ turbulence model. The presented results
describes the effects of the bleed rates applied, ranging
from 0%, 1%, 1.2%, and 2%.

The findings from the diffuser with no suction configu-
ration were provided for purposes of comparison. The ve-
locity profiles, plots of velocity contours, static pressure
rise, and pressure recovery coefficient were used to illus-
trate and analyze the flow structure in detail.

Chakrabarti et al. [4, 13] performed a computational
simulation of a diffuser sudden expansion with fence for
low Reynolds number regime and concluded that, at the
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point of the neck region, a wall incorporated in a sudden
expansion design affects how the flow diffuses and that
a quick fence enlargement does not necessarily result in
more benefits at a lower fence subtended angle (FSA) when
Reynolds numbers are smaller. Aside from being reliant on
Reynolds number, the average static pressure rise normally
relies on the fence's location relative to the throat as well as
its defined angle.

The application of multistep configuration of a sudden
expansion diffuser at low Reynolds numbers provides im-
portant advantages, although there’s no significant improve-
ment in its efficiency at larger Reynolds number flow [14].

There are two primary styles of annular diffusers uti-
lized in gas turbine combustion engines to reduce the speed
of fluids, a faired and dump diffuser, both diffusers have
long been a common component of aero-engine combus-
tion. Dump diffusers have become commonly adopted due
to their greater resilience to fluctuations in inflow velocity
patterns and component dimensions [11, 12].

The investigation done on a dump diffuser [19], ex-
plained that, since the airspeed dispersion at the diffuser
exit is inconsistent, the bleed flow through the dump loca-
tion helps the dump diffuser work better and the ideal bleed
rate is between 0.4 and 0.7 percent. It has been discovered
that the ideal inlet vortex level and prediffuser angles are
required to get an optimum static pressure recovery. Partic-
ularly for a little prediffuser angles, the dump gap prove to
have a substantial impact on the static pressure recovery

[6].

2. Research objectives
The objectives of this research are listed as follows:

- to give more information on the physical processes that
accounts for the efficiency attained by the VCD

- to observe and analyze how the design of the vortex
chamber affected diffuser effectiveness while changing
the radial and axial positioning of the bleed slot X and
Y respectively (see Fig. 1)

- to see how the RNG-based k-¢ — model outperforms the
traditional k- model at predicting difficult flow recircu-
lation of this nature

- to collect and analyze the flow characteristics and prop-
erties derived from the computations.

Computational viewpoints of the present work

The computational analysis of a vortex-controlled dif-
fuser (VCD) was performed in this paper. The calculations
were done with RNG based k-¢ model with enhanced wall
functions. Bleed gap effects and the vortex chamber on the
diffuser performance was investigated numerically. The
following are the lists of certain characteristics and criteria
that were taken into account:
- reattachment length, Lg
- separation of the flow within the diffuser
- pressure recovery coefficient.

3. Numerical methodology

The computational approach adopted for this research
work is the compressible RANS equations suitable for
motion calculation and explanation inside a traditional axi-
symmetric VCD setup. The mathematical model for instan-

taneous continuity (1), momentum (2) and energy (3) for
compressible fluid are as follows:

@+%(ﬁﬁj) =0 @
aaji 61:]-1 2
—(pu)+ (pu]u) 6x1+6_xj o @
F) _
(p ) + (pu]H) = (crllu1 + ojiy; )
X;
0 (q] + cppu pu/T" — i iTi +- pu”u”u”) 3)

where u; and x; represents velocity components, p stands
for pressure, p is the fluid density and t; is the viscous

stress tensor, g; is the heat flux vector, E is the total energy

per unit mass, and H is the total enthalpy per unit mass.
Specifically,

E=8+00; @)
H=ﬁ+§mm—é+§+§mm (5)
— — A cpfi AT
q; = —kr 0T/ 0%, = —%a—xj (6)

where @ and h, represents internal energy and enthalpy per
unit mass respectively.
The viscous stress term is:
— ~(a 100
0ji = 2{1 (Sji - E;}tsji) (7)
The Reynolds stress term tj; = —pu;'u;’, has a negative
sign and the density can occasionally be omitted from the
formulation, however, it is irrelevant if the terms are used
differently as long as the expression is consistent all
through the derivation. The term c, is the heat capacity at
constant pressure, and Pr is the Prandtl number which for
air is approximately 0.72. The overline represents the
standard average mean time, the averaging time scale is
long for turbulent fluctuations, and short for unsteady mean
flow. Using Sutherland's Law will help to compute the
dynamic viscosity fi, which gives a relationship between the
dynamic viscosity and the temperature of an ideal gas [17].
By entering the local value of temperature (T) into equation
(8), Sutherland's Law can be used to calculate the local
value of dynamic viscosity:

_ T\3/2 (To+s
H=Ho (T_o) (T+S) (®)
where T, is the temperature and p,, Ty,and S are constants,
o = 1.716 X 107> kg/(ms), T, = 491.6 Rankine (°R),
and S = 198.6 Rankine (°R).

To close this system, its necessary to specify equation of
state:

P=(-D[E—;p@ +0*+@2) —pk| (9
where k represents local turbulent Kinetic energy:
= [ + @)% + (®])?].
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Below Favre-averaged mathematical terms need to be

o oI

approximated: tj;; c,pu;"T"; oju;’; and %pui ui'u;’.

Reynolds stress terms (t;;) are the main subject in most
turbulence calculations. The Reynolds-stress tensor is
a symmetric tensor (t;; = Ty), and thus it has six independ-
ent components that have to be modelled. Therefore to
solve Eq. (2), it is necessary to find enough equations to
close the system.

The tensor is modelled using the Boussinesq approxi-
mation [18], thus the Reynolds stress tensor is given by:

~ (& 100 2 _
Tji = 2 (Sji - g(,—:: 511) — 5 Pk (10)
g —1fomi_ 9y
Sji - 2 <5X]' + 6Xi) (ll)

where {i, — represents eddy viscosity, §ji — represents strain-
rate tensor, k — represents the specific kinetic energy, p —
the density, the operator &;; — is the Kronecker delta.
Equation (12) describes the turbulent heat flux model:
Cphe 0T

Ty
Cppu; T = —
pPY; Pry 0%;

(12)
where Pr, stands for turbulent Prandtl number, having a
constant number around 0.9 for air. Different models are
used to represent the terms associated with turbulent
transport and molecular diffusion in the energy equation.
For instance:

" 1 [N TN T, (A ﬁt) ok
L N Gy s

(13)

where oy is a coefficient associated with the modeling
equation for k.

3.1. Turbulence model

Unsteady velocity fields are a defining characteristic of
turbulent flows. The unsteady flow would combine with
transported quantities such as momentum, energy, and
species concentration, causing the transported quantities to
fluctuate as well. The Reynolds stress turbulence model is
implemented in the program. The choice of the k- model is
dictated by the calculation time and the recommendations
of the k-¢ model for the analyzed class of flows.

3.2. The RNG k-g¢ model

Previous experiments have pointed out that the RNG based
models does yield results that are preferable to those of the
conventional k-¢ model in relation to boundary layer, extreme
strained, separated and high laminar bending flows [16].

The instantaneous Navier-Stokes equations are used to
develop the RNG-based k-g turbulence model by employ-
ing the RNG computational method. The RNG model has
an extra component in its ¢ calculation that considerably
increases the reliability for unsteady shear flows. Only
turbulent areas along a radial plane that are not closed to the
wall are suitable for the k-¢ models. High Reynolds number
turbulent flow requires a separate wall modeling to connect
the 100% turbulent state and the close to the wall frictional
zone. In order to depict flow characteristics like separation
effectively, the near wall region must be adequately struc-
tured.

4. Computational investigation of the vortex-
controlled diffuser (VCD)

The fundamental objectives of this work was to clarify
the governing flow mechanics of a VCD by altering the
values of the radial and axial distance Y, X respectively
(see Fig. 1). The examination initially focuses on the bleed
effectiveness and the reattachment mechanism. In order to
compare and achieve these objectives, flow simulations
were conducted for a basic, 2D VCD without a bleed con-
figuration (Fig. 2). When performing such CFD calculation,
it's crucial to make sure the result is realistic within the
parameters of the model assumptions employed and grid
independent. The basic 2D VCD study would help to:

- develop a grid-based solution

- evaluate the effectiveness of the turbulent model
- apply and check for suitable boundary conditions
- achieve grid independence.

After the study, the concluded methodology was then
maintained throughout the CFD analysis, and covering its
findings reported in the subsequent chapters.

4.1. Flow domain arrangement

The structure of the VCD with and without the bleed
configuration were created using “GAMBIT” modeling
software (see Fig. 1 and 2), the inlet diameter is 0.031 m,
the overall area ratio is 1.612 and a non-dimensional length.
Only half of the geometry is taken into account (an ax-
isymmetric flow calculation). The two-dimensionality al-
lows an axisymmetric boundary condition at mid inlet duct
height, where by reducing both the computing effort and
the number of grid cells in half.

Referring to Fig. 1, is a primary duct positioned in
a secondary duct, with a structured vortex fence placed in
the secondary duct downhill of the primary duct's outlet,
a bleed duct used for the air pressure regulation is locat-
ed within the secondary duct. when a little passage of air is
allowed using the bleed duct, it enables the incoming
stream of air from the primary duct to diffuse quickly, re-
ceiving substantially smaller amounts of air in the second-
ary duct. The velocity of the inflow air is changed by alter-
ing the rate of bleed flow, which changes the quantity of air
that travels down the secondary duct.

Fig. 1. Vortex-controlled diffuser (VCD) computational domain, with the
bleed configuration

Fig. 2. Fluid domain of the VCD with no bleed configuration
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4.2. Computational grid

The fluid flow area was meshed after the VCD models
were generated. A multi-block structural mesh was created
with a boundary layer close to the recirculation region from
the step as shown in Fig. 3 and 4, boundary layer meshing
was applied in order to handle the strong velocity fluctua-
tions and for better visualization of fluid characteristics
around this region.

4.3. Grid sensitivity study

A detailed grid-independent investigations have been
conducted with the goal to choose the appropriate grid size
by adjusting the node spacing on the edges and utilizing the
standard mesh law approach. The first order discretization
methods, the RNG k-g& model, and enhanced wall functions
were used to study the grid-independence employing three
different sizes of grids. As the mesh size decreases, the
more fine mesh is obtained, providing best results and the
length of recirculation increases as the mesh size is in-
creased. Table 1 shows the three tested mesh sizes.

Table 1. Three tested mesh sizes

Grid Mesh Element No. of No. of No. of
No. Type Cells Face Nodes
Coarse mesh
1. (No boundary Quad. 1985 4149 2165
layer)
2. Fine mesh Quad. 3064 6333 3270
3. Finer mesh Quad. 4782 9846 5065

Grid independence was checked on the static pressure
recovery as depicted in Fig. 5, we can observe that the cal-
culation with grid number 2 indicates little change in the
static pressure rise compared to the result from grid number
3. Hence, further grid refinement seems unnecessary. Grid
number 2 was used for the present analysis.

Streamline plots of velocity magnitude for every grid
generated are depicted in Fig. 6, it illustrates the variations
in the recirculation flow development and flow reattach-
ment lengths, Lg.

Fig. 3. VCD computational grid, with no bleed configuration

Fig. 4. VCD computational grid, with the bleed configuration (boundary
layer near the recirculation region)

Fig. 5. Static pressure recovery for different set of grids

Fig. 6. Velocity streamlines at reattachment length, L for all set of grids
in grid independence study (RNG k-& model, Enhanced wall function, First
order discretization schemes, for 1% Bleed)

A thorough understanding of the turbulent flow behav-
ior, particularly fluctuations of the principal recirculation
zone's reattachment length was offered by Schéifer [15], it
was explained that the erratic shear layers separating the
principal flow and the recirculation waves contain vertical
patterns that cause the immediate reattachment and the
secondary separation line to flutter.

4.4. Boundary conditions

Table 2 shows summary of the boundary conditions and
the numerical method implemented for RNG k-g¢ model.
Five types of boundary conditions were specified during the
flow setup, which includes Inlet, Outlet, Bleed duct, Wall
and Axi-symmetry constraints.

Inlet: In the current computation, velocity was set at 60
m/s as the inflow constraint with a flat profile, this value
was applied in the two configured diffusers, the hydraulic
diameter at the inlet is given as 0.0589 m. A predetermined
level of turbulence or 1% of the corresponding flow diame-
ter was used, therefore the turbulent intensity was set at,
| = 0.16(Repn) ™8, where Repy is the Reynolds number
based on the hydraulic diameter.

Outlet: A pressure outlet having a zero pressure gauge
has been selected as the outlet boundary constraint.
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Bleed duct: Pressure outlet boundary constraints is
specified at the bleed duct. This duct is in vertical position,
therefore a negative uniform pressure was applied. The
bleed rates are equal to 0%, 1%, 1.2% and 2% of the oper-
ating pressure (1 MPa).

Wall: The entire wall were applied a non-slip surface
criteria. To avoid the effects of wall friction, a default fric-
tion constant, 0.5 was applied which represents a uniform
sand grain roughness.

Axi-Symmetry: The computation solely addresses the
top half of the geometry, an axi-symmetric boundary con-
straints were assigned to both generated models on the
symmetry plane, and a higher-order scheme was used. The
residuals of all parameters were kept in the order of 107 in
the convergence solution.

The motion of fluids on each side of the mirror plane
border condition is subject to restrictions known as "mirror-
ing" conditions, i.e. the normal velocity vector is zero at the
border of the symmetry axis [3].

Table 2. The list of applied flow constraints, including numerical method
implemented for RNG k-& model

CASE RNG

Steady, two dimensional

Model compressible

Turbulence model RNG k-g (2 equation)

MATERIALS
Density Ideal-gas
Viscosity p=1.7894 * 10~5 kg/ms

DISCRETIZATION Turbulent case

Pressure Standard
Pressure-velocity coupling SIMPLE
Momentum First order upwind

Turbulent Kinetic energy First order upwind

Turbulent dissipation rate First order upwind

Energy First order upwind

BOUNDARY CONDITIONS

Inlet RNG

Velocity components, (method- mag-
nitude and direction)

Assumed velocity 60 m/s
and temperature 500 K

Turbulence intensity Tu=1%

Hydraulic diameter Dy=0.0589 m

Qutlet

Outlet pressure Gauge pressure (Pascal) = 0

Backflow turbulent intensity Tu=1%

Backflow turbulent length scales Dy =0.0923 m

Bleed duct

Gauge pressure (Pascal) =
(0,1, 1.2, 2)% of the operat-
ing pressure = 1 MPa

Outlet pressure

Backflow turbulent intensity Tu=1%
Backflow turbulent length scales Dy =0.057 m
STATIONARY WALL
Shear condition No slip

4.5. Computational flow steps

- First step, flow domain was generated using Gambit,
then meshed with quadratic-mesh. Mesh was refined
with elements from 1985-4782. Velocity and pressure
criteria was set at the inlet and outlets respectively, axi-
symmetry and no-slip wall conditions were applied. The
fluid is an air type specification, the mesh was later ex-
ported to Fluent for simulation and analysis.

- Second step, further analysis was done in Fluent, the
grid was resized and tested. A 2-D axi-symmetric tech-
nique, pressure based solving approach and, fluid flow
parameter for air were selected. RNG k-g¢ model was
applied. The inlet velocity of 60 m/s at temperature 500 K
was applied.

Turbulence intensity of 1%, 3% and 5% based on inlet
flow diameter were applied and atmospheric pressure type
was specified at the outlet. First order upwind scheme was
chosen. Convergence requirement was set at 10 ®and iterat-
ed.

5. Results and discussion

This section provides an overview of the conclusions
drawn from the CFD analysis of the two dimensional VCD.
To improve the diffuser's efficiency, various alterations on
the geometry were made and experimented. Bleed rates for
the VCD have been found to be between 0%, 1%, 1.2% and
2%.

5.1. Screening test results

The effectiveness of the VCD with the bleed configura-
tion was checked using the following parameters, radial
flow speed profiles at the inlet, middle and exit planes,
static pressure recovery, diffuser efficiency, and diffuser
total pressure loss.

Identifying the vortex fence placement and dimension
that would produce the best diffuser effectiveness and the
lowest pressure loss at practical suction rates was the first
phase of the test process. Following this, the geometry that
passed these tests was then assessed in light of the stated
performance criteria. The values of Y and X shown in Fig.
1 above was altered in order to assess the impact of the
bleed configuration on the diffuser performance. Table 3
includes the diffuser static pressure rise and reattachment
length, Lr at 1% bleed rate, and it provides the conclu-
sion of the investigation performed. The rise in static pres-
sure along the center line for different axial gaps X with
constant radial gaps Y is shown in Fig. 7-9.

The behavior or the change in static pressure along the
center line may be described as follows: It begins with a fall
of the static pressure across the inlet length, later the fluid
at the diffuser neck begins to experience a rise in pressure
caused by the abrupt expansion of the VCD's outflow
space. Figure 10 shows the static pressure rise for different
values of the distance, Y with fixed values of distance, X at
tested maximum value, X = 0.015 m, we can observe that
the static pressure increases as the radial gap Y decreases
with increase in axial gap X. The pressure recovery im-
proves as a result of this rise in static pressure, which is
vital when designing a VCD. For values of X = 0.015 m
and Y = 0.0025 m, the VCD performed well in the static
pressure rise and reattachment length, Ly compared to other
models values. The symbol (*) in Table 3 confirms the
dimensions that were selected for the overall VCD design
and were used for further analysis and the report discussed
in this paper.
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Table 3. Effect of suction chamber geometry on diffuser performance (exit
rake position L = 0.4 m)

Static  [Reattachment

Axial gap, | Radial gap, | Inlet Mach Bleed

Model X [m] Y [m] number, M Firseesfgz IE:g[trz,] rate [%]
1 | 0005 | «00025 | 0133 | 1283 | 03875 | 10
2 *d 015 * 0.133 -1035 0.3840 *
3 ) 0.133 750 "0.3650

4 0.0045 | 0.0045 0.133 —1204 0.4000 1
5 0.010 * 0.133 -1002 0.3850

- 5

6 0.015 0.133 —772 0.3740

7 0.0045 | 0.0085 0.133 -1049 0.4000 1.0 Fig. 10. Difference in static pressure rise for different values of radial gap
8 0.010 0.133 -853 0.3863 * Y for fixed axial gap X (for maximum axial gap tested X = 0.015 m)

9 0.015 0.133 -850 0.3862

5.2. Graphical representation of re-attachment length

The graphical reattachment length, Ly is described in
Fig. 11-14. The reattachment length is determined by plot-
ting the x-wall shear stress along the line lying close to the
wall from the step. The reattachment length corresponds to
the axial length at which the shear stress changes sign from
negative to positive.

* — Final geometry chosen

Fig. 7. Difference in static pressure rise for different values of axial gap X
for fixed radial gap Y = 0.0025 m

Fig. 11. Graphical representation of Re-attachment length for VCD with-
out bleed configuration

Note that Fig. 11 is direct plot by the ANSYS software
while the plots shown in Fig. 12-14 were generated using
excel after exporting the corresponding result data from
ANSYS, this way it was possible to plot and compare for
different positions of the bleed slot and that is why in Fig.

. . . i ) ) ) 12-14 axis starts from 0.0 and not from 0.2 as in 11.
Fig. 8. Difference in static pressure rise for different values of axial gap X

at fixed radial gap Y = 0.0045 m

Fig. 12. Graphical representation of Re-attachment length, L at varying
axial distance values of X at fixed radial distance Y = 0.0025 m

Fig. 9. Difference in static pressure rise for different values of axial gap X
at fixed radial gap Y = 0.0085 m
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Fig. 13. Graphical representation of Re-attachment length, L at varying
axial distance values of X at fixed radial distance Y = 0.0045 m

Fig. 14. Graphical representation of Re-attachment length, L at varying
axial distance values of X at fixed radial distance Y = 0.0085 m

5.3. Conclusions drawn from the finalized vortex cham-
ber design

This chapter presents the performance obtained with the
final vortex chamber configuration. The factors listed be-
low were additionally used to evaluate the VCD effective-
ness:
- Pressure recovery coefficient:

P-P;

Cp = %p—vg (14)
where, P, and V; are pressure and average velocity inlet
reference section.

P represents the static pressure at the location where the
pressure coefficient is calculated.

- ldeal pressure recovery coefficient

1-B)2
Cpi =1- (H) (15)
— b
B=1 (16)

where B represents the bleed fraction, AR is the aspect
ratio, my, and m, is the mass flow rate at the bleed duct and
inlet respectively
- Diffuser efficiency:
C
= 17)

=
- Pressure loss coefficient:

K=Cp—C (18)

P

5.4. Static pressure gradients across the VCD’s center
line
The outcome of the VCD experiments with no bleed
configuration and that of 0%, 1%, 1.2%, and 2% bleed is
shown in Fig. 15. In this figure we can observe the initial

decrease of static pressure across the primary duct (region a
to b), there after the fluid starts to experience static pressure
rise because of an abrupt expansion of the flow area (region
b to c), the plot illustrates that when the bleed percentage
rise, the static pressure rises as well. The part ¢ to d is the
vortex stabilization expression and at this stage, more in-
crease in bleed would not have a significant effect on the
VCD effectiveness. The situation associated with point ¢ is
known as the point of lowest bleed required, therefore the
conclusion is that, for this particular VCD geometry the
minimum bleed required for its proper performance is at
bleed rate 2% at axial length, L = 0.3 m.

5.5. Pressure coefficient (Cp)

In fluid dynamics, a dimensionless number called the
pressure coefficient is used to characterize the range of
pressure present inside a flow field. Any location in a field
of fluid motion has a different pressure coefficient. Figure
16 depicts an illustration of the pressure coefficient across
the VCD center line for various bleed rates (0%, 1%, 1.2%,
and 2%). As the fluid travels, the pressure coefficient rises,
although at the beginning it is nearly constant.

The wall pressure coefficient (Cp), near the step corner,
is negative, low, and relatively constant. It increases steadi-
ly downstream to a favorable level close to the point of
reattachment. The conclusion is that the pressure coefficient
rises as the bleed rates is increased.

Fig. 15. Variation of static pressure rise for various bleed rates

Fig. 16. Variation of pressure coefficient along the center line for various
bleed rate
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5.6. Static pressure contours at different bleed values

In general the static pressure varies along the length of
both diffusers. Static pressure recovery is an important
characteristics of an expansion diffuser. The flow pattern of
static pressure for VCD with no bleed configuration and for
various bleed rates are described in Fig. 17-21 respectively.
For VCD without bleed configuration, Fig. 17, we can
observe the gradual increase of static pressure and the re-
gion of highest static pressure recovered is at the exit of the
diffuser. For the VCD with bleed rates, we can observe the
region of lowest static pressure recovered mostly in the
vortex chambers. In conclusion, the static pressure increas-
es with increase in bleed rates.

Fig. 17. Visual colors of static pressure (pascal), for VCD with no bleed
configuration

Fig. 18. Visual colors of static pressure (pascal) at 0% bleed

Fig. 19. Visual colors of static pressure (pascal) at 1% bleed

Fig. 20. Visual colors of static pressure (pascal) at 1.2% bleed

Fig. 21. Visual colors of static pressure (pascal) at 2% bleed

5.7. Streamlines of velocity magnitude

Observations were made on the recirculation and sepa-
ration region. It was observed that flow separation occurred
below the step boundary and free shear layer formed behind
the flow separation zone as described by the streamlines of
velocity magnitude in Fig. 22-25 for VCD without bleed
configuration and with a bleed of 1%, 1.2% and 2% respec-
tively. Included are the reattachment lengths, Lg, we can
observe from the streamlines that the reattachment length,
Lr decreases with increase in bleed rates. The more the
separation reduces the more pressure is recovered.

Fig. 22. Velocity magnitude (m/s) streamlines, for VCD with no bleed
configuration

Rectangular region is characteristic of stationary flow.
In the real flow, this vortex changes its shape and can peri-
odically disappear, run down the stream, generating again
in the corner.
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Fig. 23. Velocity magnitude (m/s) streamlines at 1% bleed

Fig. 24. velocity magnitude (m/s) streamlines at 1.2% Bleed

Fig. 25. Velocity magnitude (m/s) streamlines at 2% bleed, no boundary
layer separation. Flow entered the vortex chamber mostly from the main
stream

5.8. Variation of velocity magnitude along the center

line of the VCD

Figure 26 describes the result of variation of velocity
along the center line with a bleed of 0%, 1%, 1.2% and 2%,
applied at the step corner. The flow behavior here can be
characterized as follows: First was the acceleration of ve-
locity along the inlet length, and later the fluid at the throat
starts to display a decrease in velocity due to sudden en-
largement of flow area of the VCD resulting in the for-
mation of wall recirculation zone (see Fig. 22). In Fig. 26
we can observe that the higher the bleed the lower it is the
velocity magnitude.

Fig. 26. Variation of velocity along the center line for different bleed rates

5.9. Radial profiles of velocity at inlet, intermediate and

outlet planes

Figure 27 depicts the distribution of radial velocity at
the inlet plane for different bleed levels, we can observe
that at the inlet plane the bleed rates did not affect the flow
velocity, the flow is uniform and fully turbulent for all
bleed rates and inside the wall there is a favorable gradient
i.e dU/dx > 0, dp/dx < 0 and no separation. At the mid
plane, radial length, L = 0.03 m we can observe in Fig. 28
that the flow separated from the wall for all bleed rates
except for bleed rate 2% which is the minimum percentage
bleed rate required. The separation is an indication of unfa-
vorable pressure slope, or dp/dx > 0. At the exit plane we
can observe in Fig. 29 that the flow is fully reattached to the
wall for all bleed rates indicating that there is a zero pres-
sure gradient at the wall i.e. dU/dx = 0, dp/dx = 0 and no
separation.

Fig. 27. Turbulent flow, radial velocity plot at the inlet plane with different
bleed rates

Fig. 28. Velocity radial profiles with different bleed rates at the midplane
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Separation occurred except for the bleed rate 2%, which
is the minimum percentage bleed rate required for this par-
ticular VCD geometry.

Fig. 29. Outlet plane radial velocity plot for different bleed rates

5.10. Velocity magnitude flow patterns at various bleed
rates

Figures 30-34 depict the contour patterns of velocity
magnitude for VCD with no bleed configuration and with a
bleed of 0%, 1%, 1.2% and 2% respectively.

The contours show the weight of gradual decrease of
velocity, from red (the highest value) to blue the lowest
value.

In Fig. 30 the blue color close to the step corner tells the
extent of boundary layer separation. The flow decreases
gradually as it passes the throat due to sudden enlargement
of flow area of the VCD resulting in the formation of wall
recirculation region.

In Fig. 31-34 we can observe the rapid flow of air
through the bleed slot as the bleed rates increases respec-
tively. The highest rapid fluid flow through the bleed slot is
observed at bleed rate 2% (see Fig. 34), this is the minimum
bleed rate required for this particular VCD geometry, fur-
ther increase in bleed rate greater than 2% may affect the
VCD’s effectiveness in terms of static pressure recovery.

In summary, observation made is that, the diffuser in-
corporating the bleed geometry performed better in reduc-
ing the velocity at the exit. Due to this decrease in velocity
the pressure recovery at the exit improves which is im-
portant when designing a vortex controlled diffuser.

Fig. 30. Velocity magnitude (m/s) patterns with respect to the vortex
controlled diffuser with no bleed configuration

5.11. Static temperature flow patterns
In the flowing figures static temperature rise for the
VCD without bleed geometry and with a bleed of 1% and

1.2% are presented respectively. Generally the temperature
in both geometries did not increase significantly, their or-
ders of magnitude ranges from 500 K (initial condition) to
502 K which is not very high, it is suitable for the consid-
ered geometries.

Fig. 31. Velocity magnitude (m/s) patterns at 0% Bleed

Fig. 32. Velocity magnitude (m/s) patterns at 1% bleed

Fig. 33. Velocity magnitude (m/s) patterns at 1.2% bleed

Fig. 34. Velocity magnitude (m/s) patterns at 2% bleed

In Fig. 35 the temperature rises gradually after it passes
the throat, the order of magnitude is greater close to the step
corner and the diffusing wall. In Fig. 36 and 37 we can ob-
serve the highest order of temperature magnitude in the vor-

80

COMBUSTION ENGINES, 2023;195(4)



CFD simulation of a vortex-controlled diffuser for a jet engine burner

tex chamber and close to the recirculation region where it is
observed to be low velocity region (Bernoulli’s principle).

Fig. 35. Static temperature (k) patterns, with respect to the vortex con-
trolled diffuser with no bleed configuration

Fig. 36. Static temperature (k) patterns at 1% bleed

Fig. 37. Static temperature (k) patterns at 1.2% bleed

6. Summary and conclusions
A 2-D VCD effectiveness modeling has been conducted

in the present study. The dimensions of Y and X shown in

Fig. 1 were altered to check the efficiency of the VCD with

bleed configuration. The final goal was to increase the

pressure recovery inside the VCD by relieving pressure
through the bleed slot.

Gambit software was used for the flow domain and
mesh generation, and ANSYS FLUENT for flow modeling,
applying the compressible RANS model, and RNG based k-
¢ for vortex flow.

Parameters like static pressure recovery, bleed fraction,
position of bleed slot were observed and compared to VCD
with no bleed configuration and below characteristics were
found:

— When bleed is applied, the VCD acts differently from
the VCD with no bleed configuration in relation to
changes in total pressure inside fluid domain.

— With fixed velocity 60 m/s and specified aspect ratio,
the static pressure rise improves as the bleed rates gets
higher.

— The favorable dimension for the bleed fence for this
particular VCD geometry is at distance, X = 0.015 m
and Y =0.0025 m close to the step corner of the VCD.

— The VCD without bleed configuration did not reduce
the velocity magnitude at its exit, but the chosen geome-
try for the VCD with the bleed configuration performed
better by decreasing the exit velocity from 60 m/s (as-
sumed inlet velocity) to 41 m/s at 1% bleed and 10.5
m/s at 2% bleed.

- When air is delivered to the combustion chamber, the air
bleed regulates the strength of the vortex that is created
in the vortex chamber, which in turn regulates the pace
at which air diffuses.

Nomenclature

RNG Re-Normalisation Group (turbulence flow model)

VCD  vortex-controlled diffuser

RANS Reynolds averaged Navier-Stokes CFD computational fluid dynamics
AR aspect ratio Cp  pressure coefficient

L reattachment length
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This paper presents an analysis of the mileage energy consumption for an electric passenger vehicle in terms of
introducing numerous speed limits. Regulations concerning the limiting of vehicle speed t030 km/h in cities or
residential areas are particularly common. This restriction is intended to increase traffic safety, but at the same
time introduces increased mileage fuel or energy consumption in electric drivetrain. Regardless of the energy
carrier, any increase in energy causes negative effects for the environment. The analysis was focused on the
mileage energy consumption of electric passenger cars for a constant speed under real traffic conditions. During
the tests, the tested vehicles’ speed on a specially designated road section was changed gradually by 10 km/h,
simultaneously recording the car’s traction parameters and mileage energy consumption. An analysis of the
mileage energy consumption was then carried out for the assumed fleet of cars travelling one after another (in a
So-called traffic jam), while maintaining a safe distance. This allowed for the calculation of the environment’s
energy burden caused by a fleet of vehicles travelling on a given road section, indicating that a reduction in
vehicle speed causes an increase in the vehicles’ energy consumption. Both total and mileage energy consump-
tion of electric vehicles were analysed during the tests.

Key words: energy consumption, constant speed, safe driving distance
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1. Introduction

The reduction of carbon dioxide (CO,) emissions and
other components resulting from the combustion of hydro-
carbon fuels to power vehicles and machinery is a global
issue for the 21st century’s civilization. It derives not only
from global norms, but also due to the passenger vehicles
sector, where the mobility of society has become a common
phenomenon. For this reason, the passenger vehicles manu-
facturing sector is one of the most growing areas of the
economy, and in many countries the passenger car satura-
tion rate per 1,000 inhabitants exceeds the magic number of
700 units. This value represents a high degree of mobility in
society, meaning that there are more cars on the market
than opportunities for people to use them on the road at any
one time. Powering these passenger cars requires an energy
carrier in the form of fossil fuels, gaseous fuels, alternative
fuels [3, 5] or electric energy in the case of electric drive
units. Electric drive units are equipped with energy storages
known as traction batteries, powered by the mains electrici-
ty supply or supplemented by energy recovered during the
car’s deceleration process. In Poland, electricity is produced
[6] mostly from fossil fuels. This makes passenger vehicles

neutral in terms of emissions on the road, but their envi-
ronmental burden is transferred to the location of electricity
production. This is beneficial for urbanised areas, but in
terms of supplying energy to the wheels in the so-called
“Well-to-Wheels” system, the final efficiencies are compa-
rable (Table 1).

The final efficiency of electric drive units depends less
on the drive unit itself, which is an electric machine with
a high specific field efficiency, but more on the traffic con-
ditions in which the vehicle operates. It is the driver's speed
profile that has a significant impact on the electric drive
unit’s performance. At the same time, under real traffic
conditions, the performance deviates from that measured in
the WLTP cycle, similarly as in the case of internal com-
bustion drive systems of passenger cars [1]. Hence, the
range in real traffic conditions is shorter by several to over
a dozen percent in the case of many electric vehicles as the
range declared by the manufacturer [12]. This paper in-
cludes an analysis of the performance of an electric drive
unit, achieved while driving at a constant speed under road
conditions.

Table 1. Well-to-Wheel efficiency for battery electric vehicles (BEV) and internal combustion engine vehicles (ICEV)

Extraction of fossil fuels and
refining processes

Low energy losses during
transport as a result of
evaporation or sticking to
tanks

Most of the energy is lost as heat.
included efficiency of a drive unit
featuring a combustion engine

Well Tank Tank to Wheel
Drive unit Production Transport Energy Conversion efficiency WTW Efficiency
BEV 35-60% 81-85% 65-82% 18-42%
Depends on different methods of Power transmission + Losses during energy conversion,
electricity production charging efficiency motion, friction of the drive unit
ICEV 82-87% 99% 19-25% 16-20%
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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.

Key words: pyrolysis oil, diesel fuel, combustion, heat release rate, IC engine
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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

90

COMBUSTION ENGINES, 2023;195(4)


http://orcid.org/0000-0001-6863-7823
http://www.combustion-engines.eu

Combustion comparative analysis of pyrolysis oil and diesel fuel under constant-volume conditions

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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ARTICLE INFO

This paper presents the results of the experimental research of the atomized fuel spray with the marine diesel

engine injector in the constant volume chamber. The specificity of the phenomena occurring in the marine
engine cylinder was the reason to use the optical visualisation method in the studies — the Mie scattering
technique. This work presents an analysis of the influence of different geometry of outlet orifice and opening
pressures of marine diesel injector on the macrostructure of the fuel spray. In the results, it was observed that
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the increased L/D ratio of the outlet orifice of the injector caused: an increase in the spray cone angle and
a decrease in the spray tip penetration in the early stage of injection. Furthermore, it was defined that the
characteristic of spray tip penetration over time was power, whereas the spray cone angle over time was

Key words: marine diesel engine, marine diesel engine injector, early stage of injection, spray cone angle, spray tip penetration
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1. Introduction

Two- or four-stroke diesel internal combustion engines
with direct in-cylinder fuel injection are used in marine ship
engine rooms. A consequence of the fuel combustion pro-
cess of marine engines is the emission of toxic compounds
in the exhaust gases, such as nitrogen oxides (NO, or car-
bon oxides (COy). These marine diesel engines are usually
fueled by marine diesel oil and heavy diesel oil. It should
be mentioned that research is also conducted on the use of
alternative fuels in marine diesel engines [28]. It is widely
known that the amount of toxic compounds emitted in the
exhaust of marine engines into the atmosphere is closely
related to the fuel combustion process in the cylinder [8].
Consequently, the tightening requirements associated with
meeting acceptable levels of toxic emissions in marine
engine exhaust gases have become a major motivation for
research work in this area.

The fuel injection system is responsible for the correct
combustion of fuel in the cylinders of marine engines. The
injectors are the main building block of the injection sys-
tem, as they are responsible for the process of injecting and
spraying the fuel at the correct time and dose.

The marine diesel engines use the closed injectors with
a needle that opens under the force of compressed fuel [11].
The main difference in their design is using spray tips with
different numbers and geometry of fuel outlet orifices. The
geometry of the nozzle outlet orifice of the injector is one
of the main factors determining the atomization process of
the fuel spray [22]. Consequently, numerous research works
are being carried out to determine the influence of various
design features of the injector outlet orifice on the spray
pattern of diesel engine cylinders [3-5, 27]. One such de-
sign feature considered in the research work is the ratio of
outlet orifice length (L) to outlet orifice diameter (D) —
(L/D). As previously mentioned, fuel injectors are used to
atomize the fuel from liquid form into fine droplets. It
should be noted that fuel in droplet form evaporates more
quickly and mixes with air leading to an explosive mixture
with the correct ratio of air and fuel masses. Therefore, the

fuel atomization process is so important that it will affect
the subsequent self-ignition process of the fuel-air mixture.
The fuel injected under high pressure into the engine cylin-
der forms a cloud of droplets of varying diameter and spa-
tial distribution.

The high injection pressure of the fuel in combination
with the small outlet orifice of the injector results in the
first atomization of the fuel stream into droplets, referred to
as primary atomization, already during fuel flow through
the orifices [21]. The fuel flowing from the spray nozzle
outlet into the pressurized gas (in the cylinder) undergoes
further rapid atomization into droplets. This decomposition
is defined as the secondary atomization of the fuel spray
into droplets [21]. The different forces govern the primary
and secondary atomization process of the fuel spray. These
forces are conditioned by the place of their occurrence and
are classified into internal and external. The internal forces
come from the fuel flow inside the injector. They include
cavitation or fuel flow disturbances [2, 24, 26], and are
influenced by the geometry of the injector’s outlet orifices,
inaccuracies resulting from the machining process of the
orifice surface, or vibrations from the needle, and the injec-
tor itself [3, 5, 8]. On the other hand, the external forces
result from high pressure and temperature in the cylinder.

In the fuel injection, atomization, and combustion pro-
cess analysis, the information on the parameters determin-
ing the external shape and internal structure of the fuel
cloud becomes crucial. This information constitutes the
parameters referred to as macro and micro [16]. In the cyl-
inder of a marine diesel engine, macro parameters provide
information on the volume of the sprayed fuel. The
knowledge of this geometry is required for the appropriate
configuration of the injection system. The external shape of
the spray cloud is characterised by macro parameters: spray
tip penetration (STP) and spray cone angle (SCA).

The literature includes the mathematical models for cal-
culating the STP and SCA, based on the results of the ex-
perimental research of the fuel injection and spray process
[1, 6, 7, 14, 27]. These mathematical models are mainly
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determined by: the pressures of the fuel injection process,
the geometry of the injector outlets, or the density of the
gas in the chamber. A pioneering two-stage model for the
STP was presented in the work of Hiroyasu and Arai [12].
The two stages of the model rely on the fact that the early
stage of injection of the fuel spray is directly proportional
to the passage of time, and after a certain time tyeq iS pro-
portional to the square root of time. This model was often
the basis for defining new models [10, 13, 20]. It should be
noted that, most mathematical models for the SCA do not
account for the passage of time [12, 14, 23, 25]. This macro
parameter is calculated as a constant maximum value.

The different designs of marine diesel engines with di-
rect in-cylinder fuel injection in relation to the design of
engines used in the automotive sector make it necessary to
familiarise ourselves with the fuel injection and spray pro-
cess in the cylinders of these engines [17, 18].

Considering the importance of the injector design pa-
rameters conditioning the fuel injection process into the
cylinders of marine engines, the main aim of this paper is to
analyse the effect of changing the L/D ratio of the outlet
orifice of a marine engine injector on the geometry of the
fuel spray. The paper particularly focuses on the early stage
of atomization because, due to the relatively low rotational
speed of direct-injection marine diesel engines, the fuel
injection usually occurs within a few degrees of the crank-
shaft angular position before the TDC. This is the time
when the air compressed by the piston forms the smallest
volume of the high-temperature working space, which ex-
ceeds the self-ignition temperature of the fuel. As a result,
the first foci of fuel spontaneous combustion appear in the
cylinder space already during the initial fuel injection due
to rapid processes of atomization into droplets, evaporation,
and mixing with air. It is important to note that fuel com-
bustion begins when not all the fuel has yet been delivered
to the cylinder, and the fuel-air mixture formation continues
throughout the fuel injection period. It is, therefore, im-
portant to carry out an analysis of the characteristics of the
injected fuel spray into the cylinder at the early stage of
spraying and not when the fuel spray has already developed
and reached its maximum size.

2. Experimental test and method

The experimental research of the spray geometry was
carried out on a laboratory bench using the constant volume
chamber (CVC) presented in Fig. 1 [9, 10].

The CVC, measuring 200 mm x 200 mm in length and
width, was filled with the inert gas — nitrogen. The back-
pressure in the chamber amounted to (Pp) 3.2 MPa. The
backpressure in the chamber, corresponded to the pressures
in the combustion chamber of the Sulzer 3 Al 25/30 marine
diesel engine at the start of fuel injection into the cylinder,
i.e. 18° before the TDC, operating at a correspondingly
lower load. The diameter of the CVC access window was
100 mm. The principle of the fuel injector system was
based on a common-rail system. A high-pressure fuel sys-
tem (UPS — Unit Pump System) kept the fuel pressure con-
stant at around 50 MPa. The fuel injection time was 0.04 s.
A Sulzer 3 Al 25/30 marine diesel engine injector was used
for the fuel injection and spray process in the CVC. The
mechanical type injector was adjusted for three injector

opening pressures Py 15, 25 and 35 MPa, respectively, by
means of a needle pressure spring. The fuel pressure down-
stream of the injector was measured with a Kistler piezore-
sistive pressure sensor type 4067E designed specifically for
measurements in hydraulic injection systems of internal
combustion engines [15].

Only one nozzle orifice was active in the spray tip of the
injector, and the others had been plugged. The dimensions
of the injector orifice design parameters considered are
presented in Table 1.

Fig. 1. Experimental laboratory set-up: 1 — constant volume chamber, 2 —
marine diesel engine injector, 3 — Kistler 4067E pressure sensor, 4 — high-
speed camera

The spray pattern was recorded using the Mie Scattering
optical technique with a high-speed Photron SA1.1 camera
with a recording frequency of 40 kHz [10, 19]. Two halo-
gen lamps with a total output of 500 W were used to illu-
minate the chamber. The tests were conducted at 20-25°C.
The used fuel was diesel, with a density of 816.1 kg/m* at
40°C.

Table 1. The nozzle dimensions

Nozzle Diameter [mm] Shape [-] L/D [-]
1 0.285 cylindrical 10.9
2 0.325 cylindrical 9.5
3 0.375 cylindrical 8.3

Each measurement of the registration of the injected
diesel spray into the constant volume chamber was repeated
three times to eliminate coarse errors. A series of images of
the injected diesel spray into the CVC were obtained from
each trial. The example images for different times from the
start of diesel injection are presented in Fig. 2.

The photographs of the diesel spray pattern obtained
from the experimental research were subjected to image
processing in the specialist software DaVis 8.4. On the
basis of the graphically processed images, the geometric
dimensions of the diesel spray pattern were calculated for
the considered L/D ratio of the injector outlet orifices and
injector opening pressures.
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Fig. 2. The example results photos of diesel spray without outlet hole
marine engine injector, L/D: 8.3; P,: 15 MPa, Py: 3.2 MPa

The STP is defined as the maximum reach of the fuel
spray pattern in the cylinder. The SCA is the apex angle
between two straight lines with a common origin at the
injector outlet. The straight lines define the boundaries of
the sprayed fuel in the radial direction from the spray sym-
metry. The definition of the STP is presented in Fig. 3a, and
SCAin Fig. 3b.

b)

Fig. 3. The definition of: a) TP, b) SCA

3. Results and discussion

As part of the experimental research carried out, the
STP and SCA measurement results were obtained for the
spray pattern of diesel fuel from a marine diesel engine
injector.

According to the example experimental results present-
ed in Fig. 4, both the STP and SCA are time-dependent. As
mentioned above, the macro parameters increase as the

spray propagation time in the CVC increases. The STP
characteristics of the chamber propagation were divided
into three stages (Fig. 4a) and the SCA into two stages (Fig.
4b). According to Fig. 4, the stage one (I) was defined as
rapid growth over a generally short period of time.

For stage (1) (Fig. 4a) for the STP, a more gentle and
prolonged increase in the STP over time was observed until
the stage (I11), defined as “stabilisation — maximum STP”,
was reached. The rapid STP stage results from the initial
velocity imparted to the jet by the occurring pressure differ-
ence between the injector opening pressure and the back-
pressure in the CVC (P, — Pp). During this time, the first
break-ups of the spray into droplets also occur, mainly
caused by the phenomena of primary atomization and sec-
ondary atomization. These phenomena include the occur-
rence of turbulence in the fuel jet flowing through the outlet
orifice and the influence of forces from the gas medium
with increased density in the CVC. In the stage (lI), the
diesel spray’s atomization intensifies mainly due to the gas
medium’s aerodynamic forces in the CVC. Consequently,
the stage Il lasts longer than the stage I, and the STP growth
during this time is more gentle. In the stabilisation stage
(1), the range of the spray front reaches its maximum
value. During this time, the maximum atomization of the
spray into droplets occurs for the given experimental condi-
tions.

The characteristics of the SCA over time were divided
into two stages. The stage (I) similarly to the STP repre-
sents an initial rapid increase in the SCA.

100

75

E
Il
£ 5 !
o
'_
w
25 o
o
]
o £
0 2 4 6
Time [ms]
a)
20
M
5
=]
< 10
IS}
w
I 11
0
0 2 4 6
b) Time [ms]

Fig. 4. The example of results: L/D: 10.9; Py: 3.2 MPa, P,: 15 MPa, a)
STP, b) SCA

The initial rapid increase in the SCA is mainly due to
the difference in P, — Py, pressure. The increased gas density
in the CVC causes the diesel droplets contained in the in-
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jected fuel cloud to be decelerated and deflected from the
jet axis. The extremities of the spray’s break-up into drop-
lets, increasing the surface area occupied by the fuel. After
approximately 1.2 ms, there is stabilisation and oscillation
around a constant maximum SCA value, referred to as the
stage (I1) as shown in Fig. 4b.

a)

b)

c)

Fig. 5. The characteristics of the STP in the early stage of injection inde-
pendent of different L/D ratios and opening pressures: a) 15 MPa, b) 25
MPa, ¢) 35 MPa

Figures 5 and 6 present the STP and SCA characteristics
from injection start to 0.7 ms depending on the L/D ratio
considered. The error bars present maximum and minimum
values from each repeated measurement relative to the
average.

In order to analyse the effect of the L/D ratio on the STP
in the early stage of the spraying phase, an approximation
method was applied using an appropriate mathematical
function. The approximation lines are presented in Fig. 5
and 6. The best fit to the presented STP results was ob-
tained using a power function. R? coefficients were calcu-
lated to assess the fit of the power function to the experi-
mental data. The regression equations were determined for
the specified functions according to the general form of the
power function according to the general equation (1).

STP(t) = at® 1)

where: STP — spray tip penetration; a, n — the regression
coefficients; t — time [ms].

The calculated R? coefficients stand at 0.93-0.99, re-
spectively, indicating a very good fit of the power function
to the experimental results for time-dependent STP in the
early stage of diesel spraying.

Table 3. The coefficients of regressions STP equations

P, L/D a n R?
10.9 51.67 0.91 0.99

15 MPa 9.5 86.78 1.27 0.96
8.3 58.04 0.64 0.99

10.9 52.88 0.80 0.95

25 MPa 9.5 96.66 1.25 0.97
8.3 78.501 1.02 0.96

10.9 46.90 0.49 0.98

35 MPa 9.5 101.20 1.04 0.93
8.3 68.32 0.75 0.98

Table 3 presents the calculated coefficients of the re-
gression equations for the presented STP characteristics
over time as a function of the L/D ratio and the injector
opening pressures P, considered. Based on the obtained
directional coefficients “a” of the regression equations, it
was observed that a change in the L/D ratio of the outlet
orifice causes a change in the course of the STP characteris-
tics during the early stage of diesel spraying.

Using Fig. 5 and Table 3, we have observed that as the
L/D value of the injector fuel outlet increases, the STP
decreases. For P,: 15 MPa, the smallest STP was obtained
for the L/D = 10.9 and the largest for the L/D value = 8.3.
The STP for the L/D = 8.3 increased by an average of ap-
prox. 55% and for the L/D = 9.5 by 26% in relation to the
STP for the L/D =10.9. However, it should be noted that for
Po: 25 and 35 MPa, the highest STP was observed for the
L/D = 9.5, which increased by approximately. 35-36%,
while for the L/D = 8.3, it increased by 21-24% with re-
spect to the STP for the L/D = 10.9. An increase in L/D, i.e.
a decrease in the diameter of the outlet orifice (for a con-
stant orifice length L), results in a change in the fuel flow
conditions in the orifice at certain injector opening pressure
conditions. The diesel oil used in the tests is characterised
by a significant viscosity and density, and therefore
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a change in the outlet geometry can lead to turbulence in
the high-pressure fuel flow in the injector outlet.

For P,: 25 and 35 MPa, the initial STP (from 0 to ap-
prox. 0.2 ms) is greater for the L/D = 10.9 of the outlet hole
compared to the other L/D values considered. This is the
result of an intensification of the diesel spray's atomization
due to the increased gas density in the chamber. The higher
pressure difference (P, — Py) leads, for the L/D value of
10.9 of the outlet hole, to conditions in which the fuel spray
atomizes faster and more intensively, which is associated
with a temporary increase in the STP.
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Fig. 6. The characteristics of SCA in the early stage of injection in de-
pendent of different L/D ratio and opening pressures: a) 15 MPa, b) 25
MPa, ¢) 35 MPa

Figure 6 presents the SCA characteristics between 0.2
and 0.7 ms. The first three measurements (at time 0-0.1 ms)
were omitted from the analysis due to the difficulty in cal-
culating the SCA of a very small fuel spray.

For the SCA, as for the diesel STP, an approximation
method was applied using an appropriate mathematical
function to determine the change in the L/D for the SCA
during the early spraying stage. The best fit of the SCA
experimental results was obtained for the logarithmic func-
tion according to the general equation (2).

SCA(t) = aln(t) +Db 2

where: SCA — spray cone angle; a, b — the regression coef-
ficients, t — time [ms].

The coefficient of determination R? for the determined
cone angle characteristics was calculated and amounted to
0.82-0.99. The resulting R? calculations demonstrate a very
good fit between the experimental results and the chosen
logarithmic function.

Table 4. The coefficients of regressions SCA equations

P, L/D a b R?
10.9 3.56 13.80 0.95
15 MPa 9.5 1.52 9.89 0.82
8.3 1.10 7.42 0.91
10.9 5.34 17.58 0.99
25 MPa 95 2.70 11.67 0.92
8.3 4.15 14.72 0.99
10.9 2.43 14.66 0.88
35 MPa 9.5 6.28 16.32 0.98
8.3 4.42 14.71 0.99

Based on Fig. 6 and Table 4, it was observed that the
SCA increases during the early stage of spraying. The high-
est SCA was obtained for the L/D = 10.9 for all P, consid-
ered.

By reducing the diameter of the injector outlet, the fuel-
wall friction force of the orifice increases in the wall layers,
leading to an intensification of the shear forces of the spray
layers. The occurrence of shear forces is a result of the
viscosity effect of the diesel. Consequently, the increased
disturbances occur in the injected diesel spray as a result of
the intensification of the shear forces of the spray wall
layers. The increased disturbance in the orifice and the
smallest diameter of the outlet orifice under consideration
resulted in the formation of droplets in the cloud, which lost
their velocity faster and deviated from the jet axis due to the
increased gas density in the CVC. Therefore, for the L/D =
10.9, a larger SCA was generally observed compared to the
values of L/D = 9.5 and 8.3. A reduction in the L/D, i.e. an
increase in the diameter of the injector outlet, results in
a reduction in the SCA during the early stage of spraying.
This is due to the occurrence of less turbulence in the spray
and the formation of droplets in the cloud with greater mass
and volume, which require more time to atomize and decel-
erate by the prevailing increased gas density in the cham-
ber.

Conclusions
This paper presents the experimental research on the
geometry of the diesel spray injected into the cylinder of
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a marine engine. It should be noted that the measurement of
the fuel injection and spray process in marine diesel engines
requires a specialised laboratory bench fitted with equip-
ment capable of simulating the conditions in a marine en-
gine cylinder and measuring equipment with a wide meas-
urement range.

On the basis of the analysis of the experimental results
of the macrostructure of the diesel spray injected into the
constant volume chamber, the following conclusions were
drawn:

— STP and SCA of the marine diesel engine spray are
time-dependent.

— The increase in the diesel STP over time in the early
stage of spraying has the character of a power function,

while the SCA, as a function of time, takes the character
of a logarithmic function.

— The geometry of the spray pattern of diesel in the early
stage of spraying is influenced by the change in the ge-
ometry of the injector outlet expressed by the L/D ratio.

— Anincrease in the L/D ratio of the outlet orifice resulted
in an increase in the value of the cone angle of the spray
over time considered.
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Nomenclature

CVC constant volume chamber

D outlet orifice diameter

L outlet orifice length

Py backpressure in the chamber

P, injector opening pressures
SCA spray cone angle

STP spray tip penetration

UPS  Unit Pump System
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Experimental identification of the electrical discharge on a surface gap spark plug

ARTICLE INFO

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.

Key words: spark discharge, spark plug geometry, ignition system, optical research, electric arc development
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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.

104

COMBUSTION ENGINES, 2023;195(4)


http://orcid.org/0000-0001-5724-0927
http://orcid.org/0000-0003-3947-9795
http://www.combustion-engines.eu

Experimental identification of the electrical discharge on a surface gap spark plug

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

COMBUSTION ENGINES, 2023;195(4)

105



Experimental identification of the electrical discharge on a surface gap spark plug

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.

2 175

o 15.0

&g 125

S 100

> 75

8 50 lSecondary voltagel

S 25

g 0.0

@ 25 ‘

~12. i 10 ~
3122 — ‘Prlmary voltage % S
o | ‘ oy
o — ° &
g10j5 lPrlmary current L‘**Z 3
£10.0 0o 2
e @
£ o5 —~~ 2 E
o 9.0 4 &

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Time [s]

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.

—&— R spark plug

--&--Z spark plug

3.1
29

o 2.7
£

Q

3]
@ 1.9

0 2 4 6 8 10 12
Chamber pressure [bar]

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.

Acknowledgements
The research was supported by Poznan University of
Technology with grant number 0415/SBAD/0338.

Bibliography

[1]

(2]

3]

[4]

(5]

[6]

[7]

(8]

(9]

Abdel-Rehim AA. Impact of spark plug number of ground
electrodes on engine stability. Ain Shams Engineering Jour-
nal. 2013;4(2):307-316.
https://doi.org/10.1016/j.asej.2012.09.006

Badawy T, Bao X, Xu H. Impact of spark plug gap on flame
kernel propagation and engine performance. Appl Energ.
2017;191:311-327.
https://doi.org/10.1016/j.apenergy.2017.01.059

Brereton GJ, Rahi MA. Some effects of spark plug electrode
geometry and orientation on small-engine emissions. SAE
Technical Paper 982057. 1998.
https://doi.org/10.4271/982057

Bueschke W, Szwajca F, Wislocki K. Experimental study on
ignitability of lean CNG/air mixture in the multi-stage cas-
cade engine combustion system. SAE Technical Paper 2020-
01-2084. 2020. https://doi.org/10.4271/2020-01-2084
Camilli LS, Gonnella JE, Jacobs TJ. Improvement in spark-
ignition engine fuel consumption and cyclic variability with
pulsed energy spark plug. SAE Technical Paper 2012-01-
1115. 2012. https://doi.org/10.4271/2012-01-1151
Fiedkiewicz L, Pielecha I. Optical analysis of the gas flame
development in a RCM using a high-power ignition system.
Combustion Engines. 2018;173(2):47-54.
https://doi.org/10.19206/ce-2018-208

Gracz W, Marcinkowski D, Golimowski W, Szwajca F,
Strzelczyk M, Wasilewski J et al. Multifaceted comparison
efficiency and emission characteristics of multi-fuel power
generator fueled by different fuels and biofuels. Energies.
2021;14(12):3388. https://doi.org/10.3390/en14123388
Hayashi N, Sugiura A, Abe Y, Suzuki K. Development of
ignition technology for dilute combustion engines. SAE Int J
Engines. 2017;10(3):984-995.
https://doi.org/10.4271/2017-01-0676

Internal combustion engine market size & share report,
2030.

https://www.grandviewresearch.com/industry-
analysis/internal-combustion-engine-market/methodology#
(accessed May 10, 2023).

Filip Szwajca, MEng. — Faculty of Civil and
Transport Engineering, Poznan University of Tech-
nology, Poland.

e-mail: filip.szwajca@put.poznan.pl

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Jeyaseelan T, Ekambaram P, Subramanian J, Shamim T. A
comprehensive review on the current trends, challenges and
future prospects for sustainable mobility. Renew Sust Energ
Rev. 2022;157:112073.
https://doi.org/10.1016/j.rser.2022.112073

Moorhouse J, Williams A, Maddison TE. An investigation
of the minimum ignition energies of some C1 to C7 hydro-
carbons. Combust Flame. 1974;23(2):203-213.
https://doi.org/10.1016/0010-2180(74)90058-3

Pielecha I, Szalek A. Analysis of energy flow in the hybrid
power-split (PS) system of SUV vehicle in real driving con-
ditions (RDC). SAE Technical Paper 2022-01-1135. 2022.
https://doi.org/10.4271/2022-01-1135

Pielecha I, Szalek A, Tchorek G. Two generations of hydro-
gen powertrain — an analysis of the operational indicators in
real driving conditions (RDC). Energies. 2022;15(13):4734.
https://doi.org/10.3390/en15134734

Ramtilak A, Joseph A, Sivakumar G, Bhat SS. Digital twin
spark ignition for improved fuel economy and emissions on
four stroke engines. SAE Technical Paper 2005-26-008.
2005. https://doi.org/10.4271/2005-26-008

Sjeri¢ M, Tarita$ I, Kozarac D. Effect of spark plug geome-
try on the cyclic combustion variability and fuel consump-
tion of gasoline engines. J Energ Eng. 2017;143(6).
https://doi.org/10.1061/(asce)ey.1943-7897.0000492
Skobiej K, Pielecha J. Analysis of the exhaust emissions of
hybrid vehicles for the current and future RDE driving cy-
cle. Energies. 2022;15(22):8691.
https://doi.org/10.3390/en15228691

Tambasco C, Hall M, Matthews R. Spark discharge charac-
teristics for varying spark plug geometries and gas composi-
tions. SAE Technical Paper 2022-01-0437. 2022.
https://doi.org/10.4271/2022-01-0437

Vedharaj S. Advanced ignition system to extend the lean
limit operation of spark-ignited (SI) engines — a review. En-
ergy, Environment, and Sustainability. 2021:217-255.
https://doi.org/10.1007/978-981-16-1513-9_10

Prof. Krzysztof Wistocki, DSc., DEng. — Faculty of
Civil and Transport Engineering, Poznan University
of Technology, Poland.

e-mail: krzysztof. wislocki@put.poznan.pl

108

COMBUSTION ENGINES, 2023;195(4)



Article citation info:

Sala R, Weglarz K, Suchecki A. Analysis of lubricating oil degradation and its influence on brake specific fuel consumption of a light-
duty compression-ignition engine running a durability cycle on a test stand. Combustion Engines. 2023;195(4):109-115.

https://doi.org/10.19206/CE-169488

Rafal SALA
Kamil WEGLARZ
Andrzej SUCHECKI

Polish Scientific Society of Combustion Engines

Analysis of lubricating oil degradation and its influence on brake specific fuel
consumption of a light-duty compression-ignition engine running a durability cycle

ARTICLE INFO

Received: 5 June 2023
Revised: 7 July 2023
Accepted: 11 July 2023

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.
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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
118 COMBUSTION ENGINES, 2023;195(4)
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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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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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ARTICLE INFO

The development of internal combustion engines is focused at solving problems like: fulfilment with increasingly

stringent requirements regarding exhaust emissions and elimination of threats to the natural environment. The
subject of this thesis is to assess the impact of supplying a compression-ignition engine with hydrocarbon
mixtures and to examine the impact of water on external parameters of the engine, such as smoke opacity. The
main tests were carried out on a 4-cylinder VW 1.9 TDI internal combustion engine at a constant engine
crankshaft speed of 3000 rpm and a variable load of 0, 30, 60, 90, 120, 150 and 180 Nm. The tests were carried
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out using an innovative mixture of hydrated fusel oils, ethyl alcohol and ionic and/or non-ionic emulsifiers, from
which was made of microemulsions with a water content in diesel oil of 5, 10, 15, 20 and 25%. The tests carried
out showed a beneficial effect of the water content in the diesel oil on the reduction of the average value of
smoke opacity, which systematically decreases with the increase in the percentage of water in the diesel oil.
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1. Introduction

The development of internal combustion engines is pri-
marily aimed at meeting the increasingly stringent require-
ments for exhaust emissions.

Currently, one of the conditions determining the use of
internal combustion engines is the composition of exhaust
gases emitted into the atmosphere. This is expressed in the
emission of carbon dioxide CO,, which is reflected in the
level of fuel consumption, as well as the emission of toxic
exhaust components in the form of carbon monoxide CO,
nitrogen oxides NO,, unburned hydrocarbons HC and par-
ticulate matter PM [8].

More and more attention is now paid to cheaper ways to
reduce emissions by exploiting the potential of modifying
the fuel used by shaping its composition and properties. In
this way, the composition of the exhaust gas leaving the
cylinder can be influenced more directly, partially eliminat-
ing the need for exhaust gas purification, thereby relieving
the after-treatment equipment. One of the ways to reduce
the emission of harmful compounds from diesel engines is
the use of water emulsions to power them. Water in the fuel
affects lower temperature in the cylinder, which has a posi-
tive effect on NO, emissions. On the other hand, lowering
the temperature should in theory cause an increase in soot
in the exhaust gases.

Research on the use of water emulsions to power inter-
nal combustion engines has been conducted around the
world for many years, but the scientific basis developed so
far does not allow for wider technical applications. The
reason is usually unfavorable results, in particular: stability
of fuel-water emulsions, sensitivity to ambient temperature,
possibility of corrosion of precision elements of injection
equipment [8].

Currently, scientists in Asian countries are the most in-
tensively engaged in the subject of feeding diesel engines
with mixtures of fuels containing hydrocarbons and water.
Over 70% of India's energy is heavily dependent on import-

ed non-renewable fuels. This situation motivated various
researchers in India to look for an alternative energy source
that should be renewable and non-polluting.

In Europe, the topic was also studied. For example, in
Switzerland, experimental tests and numerical calculations
were carried out using standard emulsion fuel with a water
content of 3 to 12%. This allowed to conclude that the use
of the emulsion leads to a reduction in the emission of NO,
and CO and a reduction in the consumption of the primary
fuel. The maximum reduction of emissions by 12.32 and
35.16% for CO and NO,, respectively, and the reduction of
fuel consumption by 5.46% were recorded [7, 13, 15].

In Poland, the subject of research on the impact of sup-
plying internal combustion engines with emulsion fuels was
dealt with by Jankowski [8-11]. As a result of research
done by Jankowski showed that microemulsions retain the
usability of the emulsion while minimizing the negative
features of this type of fuel. The results of the research
concerning the reduction of the emission of toxic exhaust
components, in particular nitrogen oxides and particulate
matter. A clear reduction of the aforementioned exhaust gas
components occurs by increasing the percentage of water in
the fuel. It was concluded that microemulsion fuels may
contain a maximum of 30% water concentration. Above
this value, liquids cease to maintain their properties and
begin to stratify. Oil-water emulsions cause a simultaneous
decrease in the emission of NO, and a decrease in the
smoke opacity level in the exhaust gases [2, 5, 6, 14].

2. Microemulsion of water in fuel

2.1. Obtaining microemulsions of water and fuel

One of the main problems with emulsions is that they
are not stable and tend to stratify spontaneously over time.
This reduces the economic viability and practical use of
these fuels. There are many ways to improve the stability of
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fluids, including new mixing techniques, the addition of
nanoparticles, and the addition of other fluids.

The mechanical method of producing a microemulsion
consists in the mechanical fragmentation of a drop of water
to the size appropriate for a microemulsion (micrometres).
Obtaining such an effect is possible in devices of the cavita-
tion type or in devices with counter-rotating discs at high
speed. The production of microemulsions by physicochem-
ical methods usually consists in adding surfactant additives
to the produced emulsion, which reduce the surface tension
at the water-oil interface and form a layer on the water
microdroplets that prevents the microdroplets from merging
into larger drops. In both cases, the pre-formed oil-water
emulsion contains an additive package. Depending on the
type of additives and the microemulsion production tech-
nique, the additive package is introduced into water or oil
[1,3,4,16,17].

2.2. Water supplying to the engine

Since the 1930s, water supplied with the fuel has been
used to control the combustion process in the knocking
range. As a result of adding water to the air-fuel mixture,
the time of its combustion in the cylinders is reduced,
which naturally prevents the conditions for detonation. The
mass fraction of the fuel increases due to the microdroplets
of water and steam, while the non-evaporated water in-
creases the compression ratio. The reduction of fuel com-
bustion temperature during the injection of water into the
cylinder reduces the concentration of nitrogen oxides
formed.

For the most beneficial effect, water must be supplied to
the right place and at the right time to those spaces in the
combustion chamber where the highest temperatures pre-
vail. Injection of water into the intake system or direct
injection of water using a separate injector may be disad-
vantageous because they also supply water to areas where it
is inefficient [12].

Another way to put water in the combustion chamber is
to feed it along with the fuel. The emulsion fuel particles
sprayed as a result of the injection process contain a certain
amount of water droplets in the fuel cloud. During the com-
bustion process in the engine cylinder there are high tem-
peratures, in which the emulsion molecule is overheated
and its composition changes. As a result of the difference in
boiling points, the fuel part of the droplet remains initially
in a liquid state, while the other component — water — turns
into a vapor state. With further heating, such a particle is
atomized into finer droplets as a result of the so-called
micro explosions. This phenomenon has a very positive
effect on the process of mixing fuel with air. Combustion is
more complete because the large amount of water vapor in
the combustion chamber (in a situation of relative oxygen
deficiency) promotes cracking of the fuel and gasification
of the released coal, thereby reducing the number of soot
particles. The addition of water has the strongest effect on
reducing the emission of nitrogen oxides and this effect is
maintained with an increase in the percentage of water
content [9].

However, the water content in the diesel fuel must be
optimized due to the overall efficiency of the engine, the
degree of engine smoke and changes in the emission of

toxic exhaust components. The amount of water required
for a specific NO, reduction is twice as much when inject-
ing water into the engine's intake system than when inject-
ing water via a diesel injector into the combustion chamber.
This excess amount of water reduces the temperature level
in the combustion chamber to a range where soot oxidation
is inhibited, thereby increasing the level of hydrocarbon
emissions, which may result in increased PM emissions.
Therefore, the most advantageous method of supplying
water to the combustion chamber is direct injection of the
fuel-water emulsion directly into the combustion chamber
[11].

3. Tests for microemulsion of water in fuel

3.1. Preparation of the microemulsions

The first tests using water microemulsions was conduct-
ed under the supervision of prof. Antoni Jankowski. As a
result of the research, it was found that among all the emul-
sifier additives used, the best results were obtained with an
ecological, hydrated fuel additive, protected by Polish pa-
tent No. PL202335. For the aforementioned research on
microemulsions, this additive was modified: the fusel alco-
hols were removed and replaced with salts of waste fatty
acids. Based on the additive prepared in this way, after
mechanical mixing with fuel and water, microemulsions
with a water content of 5 to 25% were created, which were
then used in the research described in this article.

Fig. 1. Microemulsion preparation procedure

The procedure for producing the diesel oil-water micro-

emulsion is shown in Fig. 1:

1. introduced 20 dm?® of diesel from the tank (1) oil into
the tank (4) using a drain device operating by gravity;

2. the introduced diesel fuel was then heated in the mixer
(4) to the temperature of 50°C;

3. to tank (4) containing the heated and mixed with a low-
speed mechanical agitator, diesel oil was introduced
from tank (2) using a gravitational drain device through
a metering device: 250, 500, 750, 1000 and 1250 cm?®
(in the case of a microemulsion containing 5, 10, 15, 20,
25% water);

4. after introducing the appropriate amount of the additive
package to the mixer (4), demineralized water was add-
ed from the tank (3) using a dispenser in an amount ap-
propriate to the target water content in the microemul-
sion;

5. stirring at 50°C for 30 minutes;
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6. the resulting microemulsion was poured into a tank (5)
and cooled to ambient temperature.

3.2. Parameters of the produced microemulsions

Fuel samples with water content of 5, 10, 15, 20 and
25% obtained in the manner described above were tested
for compliance with the requirements of the standard PN-
EN 590. Table 1 below presents the results of the conducted
fuel tests.

Table 1. Comparison of results from laboratory tests of fuel

Standard

requirements
PN-EN 590 0% 5% | 10% | 15% | 20% | 25%

Tests results for water content

Tested parameter

Density in 15°C

. 0.820-0.845 | 0.830 | 0.875 | 0.896 | 0.901 | 0.910 | 0.900
[g/cm®]
Viscosity in 40°C 2.00-450 | 3.25 | 8.07 |10.04 | 11.54 | 12.77 | 12.46
[mm?/s]

Cold filter plugging max

temperature [°C] -22°C —22 | -10 -6 -5 -4 -6

Ash residue

[% (m/m)]

Water content

[% (m/m)]

Heat of combustion
[MJ/kg]

Calorific value
[MJ/kg]

max 0.010 | 0.009 | 0.019 | 0.020 | 0.023 | 0.029 | 0.039

max 0.020 |0.010| 8.71 |12.53|16.03 | 21.14 | 22.3

- 44,711 41.96 | 38.67 | 36.99 | 34.67 | 35.54

- 41.80|38.86 | 35.48 | 33.72 | 31.72 | 32.11

As can be seen, parameters such as density, viscosity at
40°C, cold filter plugging temperature and ash residue are
not within the ranges provided for by the aforementioned
standard.

The water content in the fuel, measured according to the
PN-EN 1SO 9029 standard, slightly differs from the calcu-
lated values obtained during the emulsion production pro-
Cess.

3.3. Measuring station and tests methodology
The basic tests were carried out on the Volkswagen 1.9
TDI engine. Engine technical data are presented in Table 2.

Table 2. Technical and operational parameters of the VW 1.9 TDI engine

Number of cylinders 4
Number of strokes 4
Cylinder diameter 95.5 mm
Piston stroke 79.5 mm
Stroke volume 1896 cm®
Compression ratio 18.0:1

Rated power/speed 85 kW/4000 rpm
285 Nm/1900 rpm
pump injectors

AIM

Maximum torque/speed

Engine powered by

Engine type

The tests were carried out on the engine dynamometer
stand at the Department of Vehicle Engineering at the
Wroclaw University of Technology. This stand was placed
in an isolated measuring box, where the motor and the
brake were mounted on a common foundation plate. Figure
2 shows the appearance of the discussed test stand.

During the tests, one constant engine crankshaft rota-
tional speed of 3000 rpm was used. The engine was loaded

with torques of 0, 30, 60, 90, 120, 150, 180 Nm. Exhaust
gas opacity was measured using an AVL type 415S G002
smoke meter. Detection limit of this device 20 pg/m® or
0.002 FSN. At each measurement point, the collection of
concentrations of individual exhaust gas components lasted
4 minutes. The measurements at each operating point of the
engine were repeated six times.

Fig. 2. Research station

Comparative tests were carried out with the engine
fueled with standard diesel oil and then with microemulsion
fuels with water content in diesel oil at the level of 5, 10,
15, 20 and 25%.

All tests were carried out with the factory settings of the
engine, and its fuel equipment was not interfered with.

4. Smoke opacity level for tested microemulsions

The results of the tests show that for each tested engine
load, the smoke opacity value for samples with water con-
tent systematically decreases with the increase in the per-
centage of water in the diesel oil. The addition of 5% of
water in the fuel resulted in a significant decrease in smoke
opacity. For loads in the range of 0 to 60 Nm, it was a de-
crease of about 41-51%, while for loads from 90 to 180
Nm — a decrease of about 63-72%.

Figure 3 presents graphs for all seven tested fuels,
showing changes in smoke opacity level in relation to the
applied rotational speeds of the test engine.

Fig. 3. The average smoke opacity values for an engine fueled with fuels
with different water content depending on the engine loading torque

The Gaussian distribution is the most commonly used
distribution in statistics. This is due to the fact that if a
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quantity is used by many random providers, then according
to their distribution, its distribution will be close to normal.
If we take a closer look at the values of the Gaussian distri-
bution, we will notice that the results obtained during the
tests were close to the average values presented in Fig. 3.
Especially for fuels with a water content of 10% and above,
it can be concluded that the test results obtained provide a
good basis for further tests on these microemulsions.

Figures 4 to 6 show the Gaussian distributions for the
results obtained from the tests were repeated six times with
the engine load at 30, 90 and 150 Nm. In each of the de-
scribed cases, the best results were obtained for fuel with
25% water content (green line in the graphs).

Fig. 4. Gaussian distributions for smoke opacity by the engine loaded with
a torque of 30 Nm

Fig. 5. Gaussian distributions for smoke opacity by the engine loaded with
a torque of 90 Nm

Fig. 6. Gaussian distributions for smoke opacity by the engine loaded with
a torque of 150 Nm

5. Conclusions
The subject of this article was to check the effect of

supplying a compression-ignition engine with hydrocarbon

mixtures and to examine the effect of water on exhaust gas
opacity.

Based on the research results, the following conclusions
can be drawn:

— the greatest reduction of smoke opacity was obtained for
the microemulsion with 25% water addition, at the en-
gine load with a torque of 150 Nm. This value was low-
er by 98.5% compared to the engine fueled with stand-
ard diesel fuel

— the smallest changes in smoke opacity were recorded for
tests with the engine unloaded

— tests with a set low value of the engine torque showed
the highest values between the minimum and maximum
for diesel fuel and emulsion with 5% water. It is shown
in Fig. 4, 5, and 6 in the form of more flatter curves than
for the other fuels in this test

— for the other emulsions tested, similar results were ob-
tained, so the graphs almost overlap

— a further increase of the torque loading the engine
showed similar results as in the previous tests.

Due to the reduction of smoke opacity obtained in the
tests, further tests with the described emulsions are consid-
ered. The expectations regarding the addition of water in
the fuel, set at the beginning of the tests, have been con-
firmed, which prompts further research in this area.

Nomenclature

CO  carbon monoxide
CO, carbon dioxide
HC  unburned hydrocarbons

NO, nitrogen oxides
PM  particulate matter
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ARTICLE INFO

Exhaust emissions testing of vehicles under real driving conditions (real driving emissions, RDE) using portable

exhaust emissions measurement systems (PEMS) was introduced a few years ago by the European Commission
as a mandatory test during type approval and later also for in-service conformity. This paper compares results
from mobile systems for measuring exhaust gas emissions (PEMS) with a stationary laboratory (BOSMAL’s
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Exhaust Emissions Testing Laboratory). The tests were carried out using a passenger car equipped with a spark
ignition engine, which was tested on a chassis dynamometer over the WLTC cycle. The results showed that the
differences between PEMS analysers and stationary analysers range from a few percent to a dozen or so
percent, depending on the component and the measurement method.
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1. Introduction

Environmental protection and improvement of air quali-
ty have become a major goal set by many governments
around the world and by the European Commission. In
many areas, the largest contributor (or one of the largest
contributors) to the deterioration of air quality and green-
house gas emissions is the road transport sector. In Europe,
the road transport contributed 39% of total anthropogenic
NO, emissions and 23% of carbon dioxide emissions in
2015, reducing to 37% of total anthropogenic NO, emis-
sions and 18% of carbon dioxide emissions in Europe in
2020 [1, 3, 17]. In order to reduce the emission of harmful
substances and greenhouse gases, exhaust emissions stand-
ards and fuel efficiency requirements for road vehicles are
being tightened around the world. Over the years
2018/2019, the driving cycle in force in the EU for labora-
tory testing of light duty vehicles was changed from the
NEDC to the WLTC, which reflected more natural/realistic
driving, and Euro 6d-temp emission limits were introduced
[18]. Despite the change in the driving cycle (as well as
some other aspects of the test procedure), there were con-
cerns that exhaust emissions under laboratory conditions
still did not correspond to exhaust emissions under real
driving conditions. For that reason, since September 2019
the regulations for measuring exhaust emissions in real-
world conditions (on public roads) for all newly type-
approved vehicles in accordance with EC Regulation (EU)
2017/1151 have been in force in Europe. Measurements of
the emission of harmful exhaust compounds under real-
world conditions (RDE) forced the manufacturers of ex-
haust gas analysers to develop portable exhaust emission
systems (PEMS), which were initially intended for testing
heavy-duty vehicles [22]. The Euro 6 standard defines the
permissible emission limits for passenger cars (M1) and
light commercial vehicles (N1), which include such com-

ponents as CO, THC, NO,, as well as particulate matter by
mass (PM) and by number (PN) [3, 9. 11, 13, 22].

Exhaust emission tests under real-world (RDE) driving
conditions are carried out on public roads in accordance
with the applicable requirements within Regulation (EC)
No 715/2007, with all applicable amendments. These regu-
lations specify what devices and mobile analysers must be
fitted to the vehicle during the RDE test. The PEMS system
consists of portable exhaust gas analysers, an exhaust gas
mass flow meter (EFM), a weather station, and a position-
ing monitoring system (GPS). These devices must be inte-
grated and the control system logging their data must oper-
ate at an acquisition frequency of at least 1 Hz [22]. The
regulations specify not only the devices that must be used
during the RDE test, but also the route conditions such as
minimum and maximum test duration, distance travelled,
speed ranges and ambient conditions such as minimum and
maximum altitude above sea level, as well as temperature
[2, 10, 13]. For cold start testing, the regulations also speci-
fy the maximum temperature difference of the vehicle
(coolant and engine oil) in relation to the ambient tempera-
ture at the start of the test. Each test route for vehicles of
category M1 must include three ranges: the urban part, the
extra-urban part, and the motorway part; the relative (per-
centage) shares of which are specified in the regulation.

Currently, Europe mandates Euro 6 emission limits,
whose values for M1 vehicles are given in Tables 1-2.

Table 1. Euro 6 emission limits for M1 cars with Sl engine (* GDI engine)

Parameter Unit Value
CO mg/km 1000
THC mg/km 100
NMHC ma/kg 68
NOy mg/km 60
PM* mg/km 45
PN* #/km 6-10"

128

COMBUSTION ENGINES, 2023;195(4)


http://orcid.org/0000-0001-6386-404X
http://orcid.org/0000-0002-1389-0503
http://www.combustion-engines.eu

Comparison of exhaust emission results obtained from Portable Emissions Measurement System...

Table 2. Euro 6 emission limits for M1 vehicles with Cl engine

Parameter Unit Value
CO mg/km 500
NOy mg/km 80
THC + NOy mg/km 170
PM mg/km 4.5
PN #/km 6-10™

These limits apply to laboratory testing in the WLTP
test. For RDE tests, emissions of two components are cur-
rently limited: NO, and PN. These limits are closely related
to (in fact, derived from) the respective Euro 6 limits. Due
to methodological differences in measurement rules, Euro
6/VI introduces so-called conformity factors for LD and
HD vehicles. These conformity factors reflect the additional
uncertainty of the PEMS measurement compared to labora-
tory measurements [21]. The current conformity factors
(CFs) are 1.43 for NO, and 1.5 for PN, respectively. From
September 2023 (Euro 6e) they will be 1.1 for NO, and
1.34 for PN [8].

In order to verify the correct installation and operation
of the PEMS system, it is necessary to perform a validation
test for LD vehicles in accordance with Annexes XXI and
I1IA of Regulation (EU) No. 2017/1151, as amended by
Regulation (EU) No. 2018/1832. The validation test is the
measurement of exhaust emissions from a vehicle during a
laboratory test on a chassis dynamometer with the PEMS
system installed on this vehicle. Emissions are measured by
both systems, then the measurement results are compared
with each other. The emission results from the PEMS sys-
tem are compared with the results from the stationary sys-
tem, while the measurement of exhaust gas emissions from
the PEMS system is carried out on the basis of modal
measurement of undiluted exhaust gas using fast analysers

and flow meters (EFM), and the measurement from the
stationary system on the basis of measurement from meas-
uring bags diluted exhaust gases [19]. Table 3 shows the
acceptable differences between the results of laboratory
tests and the results of PEMS in accordance with Regula-
tion EU 2020/49 of 21.01.2020 and new acceptable differ-
ences in accordance with Regulation EU 2023/443 of
08.02.2023 [8, 20].

Table 3. Limits for validation test limits between laboratory results

Limit abs. Limit abs. Limit Limit rel.
2020/49 2023/443 rel. 2023/443
2020/49
[£] [%]
Distance km 0.250
NOy mg/km 15 10 15 125
CO mg/km 150 100 15 15
CO; g/km 10 10 10 7.5
NMHC mg/km 20 20 20 20
CH, mg/km 15 15 15 15
THC mg/km 15 15 15 15
PN #km 1-10" 8-10% 50 42

2. Characteristics of the emissions laboratories

BOSMAL’s emissions testing laboratory is an ad-
vanced, climate-controlled facility for performing emis-
sions, fuel consumption and performance tests over a range
of driving cycles and a broad range of ambient conditions.
Exhaust emissions testing is carried out with the aid of
sampling bags (legislative tests), diluted and raw modal
analysis (development tests) for use with CI, Sl, and hybrid
vehicles. These facilities permit the execution of a wide
range of legislative and development emissions tests, in-
cluding:

Fig. 1. Schematic laboratory
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— CVS bag diluted emissions testing to international
standards [6, 7]

— CO, emissions and fuel consumption measurement
according to EU standards [20]

— gravimetric and numerical quantification of particulate
matter emission according to [12, 15]

— measurement of soot and particulate matter from raw
exhaust gases using additional devices.
A schematic of the Laboratory is shown in Fig. 1.

3. Emissions testing system

The emissions system in Laboratory consists of a sam-
pling system, together with a dilution tunnel (Fig. 2), a set
of exhaust analysers and a management/automation system

(Fig. 3).

Fig. 2. View of the emission laboratory

Fig. 3. View of test management/automation system in the laboratory

The emissions system’s bags for the sampling of diluted
exhaust gas ambient and ambient air are housed in a heated,
insulated unit maintained at 35°C to prevent condensation.
The software (automation system) controls the analysers
and their various activities during testing and analysis of
bag emissions, such as calibration, purging, etc. The system
automates the signals sent to the driver’s aid, and include
options for testing over all the test cycles previously men-
tioned, as well as any other cycle added to the system via
the implementation of new programs. Additionally, the
software monitors the laboratory’s environmental parame-
ters (temperature, pressure, humidity) as well as ambient
concentrations of THC, CH,, CO, and CO, within the la-
boratory to ensure that each test is safe, reliable, repeatable,
and thoroughly documented [3]. Table 4 gives the meas-
urement principles and analysers’ ranges for stationary
laboratory equipment.

Table 4. Parameters of the stationary emissions measurement system

Measuring ranges of gas analyzers of stationary systems

Measured compo- .

nent (measurement Bag fnea}surement/ continu- Measuring
ous dilution measurement

method) accuracy

Range Low High

CO low (NDIR) 0-50 ppm | 0-5000 ppm

CO: (NDIR) 0-1% 0-20% 2% at the measur-

NO, (CLD) 0-5ppm | 0-1000 ppm ° ing point

NO (CLD) 0-5 ppm 0-1000 ppm +1% of scale

THC (FID) 0-17 ppm | 0-3000 ppm

CHa (NMHC cutter) | 0-10 ppm | 0-400 ppm

PN (condensing) 0-50000 #/cm® £10%

4. Research aim and research object

The aim of the research was to measure and analyse the
exhaust emissions results of a passenger car (and to com-
pare the fuel consumption) with measurements carried out
over WLTC test on stationary laboratory with simultaneous
measurement from a PEMS system. The test object was
a PEMS system, data for which are shown in Table 5.

Table 5. Parameters of the mobile emissions measurement system

Measuring ranges of gas analyzers of mobile system

Measured com-
ponent (measure-
ment method)

Continuous measurement
of diluted exhaust gas

Measuring
accuracy

CO (NDIR) 0-5% +2% or < 30 ppm
CO: (NDIR) 0-20% +2% or < 0.06%
NO2 (NDUV) 0-2500 ppm +2% or <5 ppm
NO (NDUV) 0-5000 ppm +2% or < 10 ppm
THC (FID) 0-30 000 ppm C1 £2% 0r <5 ppm
PN (electrostatic) 0-2x10"7 #/cm® +10%

A brand new passenger car equipped with gasoline di-
rect injection and fulfilling the Euro 6 norm was used for
the measurements. Table 6 shows the data of the vehicle.

Table 6. Data of the test vehicle

Parameter Value

Fuel type Gasoline
Fuel delivery strategy GDI
Vehicle mass [kg] 1008
Swept volume [cm?] 1000
Power [kW] 51
Gearbox Manual (5-speed)
Mileage [km] 170
Emission standard Euro 6d

Fig. 4. The speed trace for the WLTC class 3b test cycle
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The speed profile of the WLTC test, consisting of four
phases: low, middle, high, and extra-high, is the legislative
test for EU type approval testing of vehicles with a total
weight not exceeding 3.5 t, introduced in September 2018
for all newly manufactured vehicles (Fig. 4; detailed data
on test characteristics are presented in Table 7).

Table 7. WLTC test data

Parameter Unit Value
Distance km 23.266
Duration s 1800
Number of pull-away events — 8
Pull-away events per km km™ 0.34
Length of initial idling (before first pull- s 11
away event)
Total idling time s 234
1dling time (proportion) % 13
Maximum speed km/h 131.3
Mean speed (all phases, including idling) km/h 46.50
Time at which the mean speed is first

S 217
exceeded
Maximum acceleration m/s’ 1.67
Maximum value of v-a m/s?, 20.57

Wikg

Proportion of time for which
speSd > 100 km/h % 10.11
Engine temperature before test start °C 2343

5. Results

Currently, in order to allow a new vehicle type to be
sold for use on public roads, it is necessary to thoroughly
check the exhaust emissions. For this purpose, exhaust gas
analysers — both stationary and mobile — are used. The
results presented below show the difference between the
results from the stationary and mobile analysers. Each of
the WLTC tests was performed by the same experienced
driver, to minimise driver-dependent variables (and their
influence on the results) as directly as possible. In addition,
the test vehicle performed each test in the same selectable
driving mode with the same chassis dynamometer settings.
In order to eliminate additional measurement irregularities,
prior to each test the vehicle was stored in a climatic cham-
ber under constant atmospheric conditions. After each test,
the vehicle was conditioned for at least 12 hours so that the
temperature of operating fluids stabilized in the range of
22-24°C. The results of the three exhaust emissions and
fuel consumption were averaged and then analysed and
presented in the graphs below. Tests were conducted with
the Start&Stop system turned off, and the results were pre-
sented without RCB and S&D corrections. In addition, the
graphs showing the final exhaust emissions show the cur-
rent Euro 6 exhaust gas limits as well as RDE limits and

validation test limits in accordance with Regulation EU
2020/49 from 21.01.2020.

Figure 5 shows the average results of hydrocarbon
emissions from the WLTC test carried out in the stationary
laboratory. The results are within the Euro 6 limits and
meet the validation condition. The absolute difference be-
tween the results from the stationary system and the mobile
system is at a level of a few milligrams per km. Additional-
ly, the maximum value of THC emissions is shown in pur-
ple; the minimum THC emission value is shown in yellow.

Fig. 5. THC emissions over the WLTC cycle measured by laboratory
system (Bag and Modal Dil) and by PEMS

Figure 6 shows the percentage difference in the THC re-
sults from the mobile system in relation to the measure-
ments from the stationary system, both with measuring bags
(Bag) and with continuous measurement of diluted exhaust
gas (Modal Dil). These differences amount to 14% in com-
parison with the results from the measuring bags and more
than 15% compared to the results from Modal Dil.

Fig. 6. Percentage differences between PEMS and results THC from Bag

Table 8. Validation test results

Inertia: | 1162 kg WLTC emissions

Loading km mg/km #/km g/km dm?/100km Remarks

COTMCIENts | bictance THC co NO PN co FC

FO/F1/F2 X 2

18/- 23.28 29 210 14 4.18E+11 118.9 5.11 Laboratory (BAG results)

028/0.0316 23.28 30 211 14 119.6 5.14 Laboratory (DIL results)
T 23.12 25 218 19 3.17E+11 122.9 5.26 PEMS

Difference

Lab to PEMS 0.16 4 8 5 1.01E+11 4 0.15

Maximum

permissible 0.25 15 150 15 1.00E+11 11.9

tolerance
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Figure 7 shows the CO, emissions results from the sta-
tionary system and the results from the mobile system. The
validation conditions are met and the emission difference is
4 grams per km compared to the results from the measuring
bags of the stationary system. The maximum CO, emission
value is shown in purple; the minimum CO, emission value
is shown in yellow.

Fig. 7. CO, emissions over the WLTC cycle measured by the laboratory
system (Bag and Modal Dil) and by the PEMS

Fig. 8. Percentage differences for CO, results between the PEMS and Bag

Fig. 9. CO emissions over the WLTC cycle measured by the laboratory
system (Bag and Modal Dil) and by the PEMS

Figure 8 shows the percentage difference in the results
of carbon dioxide from the Mobile system in relation to the
measurements from the stationary system, both with meas-
uring bags (Bag) and with continuous measurement of
diluted exhaust gases (Modal Dil). These differences are

about 3-4% compared to the results from the measuring
bags and the results of Modal Dil.

The figure below shows the results of carbon monoxide
emissions. The maximum CO emission value is shown in
purple; the minimum CO emission value is shown in yel-
low; the average emission from emission tests is marked in
blue. The vehicle met the emission limits of the Euro 6
standard and the results from the mobile system met the
validation condition, and the difference in CO emissions is
at a level of 8 mg per km.

The figure below shows the percentage difference in the
results of monoxide carbon from the Mobile system in
relation to the measurements from the stationary system,
both with measuring bags (Bag) and with continuous meas-
urement of diluted exhaust gas (Modal Dil). These differ-
ences amount to 4.5% for comparison with the results from
measuring bags and less than 3.5% compared to the results
of Modal Dil.

Fig. 10. Percentage differences for CO results between the PEMS and Bag

Figure 11 shows the results of nitrogen oxide emissions.
The validation conditions have been met and the Euro 6
limits have not been exceeded. The difference between the
results from the measuring bags and the results from the
mobile system is at a level of 5 mg per km. The NOy limit
for the RDE result (with CF) is shown in blue in the graph,
which for SI Euro 6d vehicles is 60x1.43 mg/km. The max-
imum value of NO, emissions is shown in purple and the
minimum NO, emission value is shown in yellow.

Fig. 11. NOy emissions over the WLTC cycle measured by the laboratory
system (Bag and Modal Dil) and by the PEMS
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Figure 12 shows the percentage difference in the results
of nitrogen oxides from the Mobile system in relation to the
measurements from the stationary system, both with meas-
uring bags (Bag) and with continuous measurement of
diluted exhaust gases (Modal Dil). The difference between
the mobile system and the results from the stationary sys-
tem in both methods (Bag and Modal Dil) amounts to 32%.

Fig. 12. Percentage differences for NOy results between the PEMS and
Bag

Figure 13 shows the particle number emission results.
The validation limits of the particle number measurement
are shown in red. Additionally, the maximum value of PN
emissions is shown in purple; the minimum PN emission
value is shown in yellow.

Fig. 13. PN emissions over the WLTC cycle measured by the laboratory
system and by the mobile system (PEMS)

The percentage difference in the number of particles
from the mobile system in relation to the measurements
from the stationary system is 25%. While this relative dif-
ference is larger than for some other species measured (es-
pecially CQ,), it should be noted that differences of this
magnitude may be observed for systems of the same type
[4, 14].

Figure 14 shows the results of fuel consumption. The
difference between the results from the measuring bags and
the results from the mobile system is 0.14 dm*/100 km.

Fig. 14. FC results over the WLTC cycle by the laboratory system (Bag
and Modal Dil) and by the PEMS

6. Conclusions

Based on the testing conducted, it was found that the
absolute difference of a few milligrams per km for the
measurement of hydrocarbons between the mobile system
and the stationary system (for both measurement methods)
is 14% for the measurement via bag and 15% for the con-
tinuous measurement of diluted exhaust gas. The difference
at the level of 4 g per km for the measurement of carbon
dioxide gives a relative value not exceeding 4% for the
measurement from the bags, while for continuous meas-
urement of diluted exhaust gas it is about 3%. In the case of
carbon monoxide, the difference in relative measurements
is at a level of 3-4%, which in fact gives a difference of
about 8 mg per km. The results for NO, show the largest
relative difference, which is 33%, which in fact translates
into a relative difference of 4.5 mg per km. The absolute
difference in the concentration of particles for the mobile
system is 1.01E+11 #/cm®, which translates to a relative
difference of approx. 25% compared to the PN measure-
ment from the stationary emission system.

The research reported in this article allows it to be con-
cluded that the absolute differences in the results of exhaust
emissions between the mobile system and the measure-
ments from the stationary system are small — and often
amount to a few milligrams (or grams in the case of CO,)
per unit distance. The difference in the distance measured
from the stationary and mobile system is 160 m, which may
be due to the measurement of the distance traveled using
the dyno for the stationary system and by speed signals
from the OBD using the mobile system, but the value is
within the limit of 250 m. However, the relative differences
amount to several dozen percent. It can be seen that the
greatest relative differences for the measurement of NO,
and the measurement of PN. These differences may result
from different measurement methods for both nitrogen
oxides (stationary: CLD/mobile: NDUV) and measurement
of the number of particles (stationary: condensing/mobile:
electrostatic). Taking into account the values measured by
the mobile system (excluding measurement errors), it can
be concluded that both systems are reliable and the absolute
differences in the emission results do not differ significant-
ly from the results from the stationary laboratory equipment
(although the relative differences may be large for low
absolute values).
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Nomenclature

CF conformity factor LD light duty

CH, methane NEDC New European Driving Cycle

Cl compression ignition NO,  nitrogen oxides

CoO carbon monoxide PEMS Portable Emissions Measurement Systems

CoO, carbon dioxide PM particle mass

CVS  constant volume sampler PN particle number

EFM  exhaust gas mass flow meter RDE  Real Driving Emissions

FC fuel consumption Sl spark ignition

GDI gasoline direct injection THC  total hydrocarbons

GPS  global positioning system WLTC Worldwide harmonized Light-duty vehicles Test

HD heavy duty Cycles
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To examine the current market situation of combustion and battery electric engines in vehicles and to

determine the type of strategy for the development of the automotive market, a SWOT analysis was carried
out. Internal strengths and weaknesses as well as external opportunities and threats on the market of internal
combustion and electric vehicles were assessed. The most important areas of their operation have been
designated. A weighting system and a rating scale were selected. The results of the analysis showed that
combustion vehicles belong to a conservative market area which promotes the designs that have been
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thriving for years and maximizes their advantages. Battery electric vehicles belong to an aggressive market
area, with the strategy based on a quick response to consumer needs, allowing for the maximization of profits
while maintaining innovation. The future of the transport sector will be determined by the focus on the
promotion of ecological transport elements.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

In February 2023, the governments of many European
Union countries announced plans to ban the sale of new
vehicles with internal combustion engines from 2030 and
plans to sell hybrid electric vehicles (HEV and PHEV) with
ICE only until 2035. It was planned that after 2035 only
battery electric vehicles (BEVS), equipped with fuel cells
and powered by hydrogen, would be allowed for sale. In
March, seven EU countries, including Poland, opposed
forced electrification. As a consequence, the EU authorities
decided to allow the production and sale of ICE vehicles
after 2035, provided that the vehicles are powered by envi-
ronmentally neutral e-fuels or biofuels. However, this does
not solve the problem, because the production of ecological
fuels is highly energy-intensive and thus uneconomical
[25].

99.7% of global transport is powered by ICE and 95%
of global transport energy comes from petroleum fuels [8].
Since 2018, there has been a noticeable increase in consid-
erations about the future of internal combustion and electric
vehicles in the scientific community. Some argue that ICEs
are largely responsible for environmental pollution and
consider moving to fully electric mobility (zero emission
vehicles — ZEV) a matter of time [4, 19]. On the other hand,
some defend the sustainability of ICEs in the market, claim-
ing that their development is the fastest way to reduce the
carbon footprint of cars [9, 21]. However, the vast majority
of researchers emphasize that a policy focusing solely on
BEV vehicles will not be successful because it is not possi-
ble from the current technology, material resources and
environmental performance point of view. Transport sus-
tainability can only be ensured by improving ICEV effi-
ciency and emissions, as these will drive transport signifi-
cantly in the medium time perspective [9, 13]. Battery mo-
tors can realistically only power light commercial vehicles,
cars and vans, which account for around 45% of global
transport energy use [8]. The size and weight of the batter-
ies needed for heavy transport, heavy sea freight and avia-

tion would be too large to make full electrification practi-
cal, desirable or even possible [8]. A lot of hope is put in
a circular economy where battery materials will be recy-
cled. However, recovering critical metals from lithium-ion
batteries is extremely difficult and energy-intensive due to
their complexity and weight, and therefore these batteries
are very unlikely to be recyclable even in the near future
[6]. Only partial electrification, as in the case of self-
charging hybrid electric vehicles (HEVs) with much small-
er batteries and the energy coming from ICEVs but used
more efficiently, offers readily available technology that
allows for significant reductions in fuel consumption and
thus CO2 emissions of petrol engines by about 25%, with-
out the need to create new infrastructure [3]. In fact, HEVs
offer a more practical prospect of lowering greenhouse gas
emissions than BEVs [1, 18]. In order to avoid ecological
and economic catastrophes, batteries must not become the
only source of energy in transport. All available technolo-
gies, including ICEVs, BEVs, fuel cell vehicles (FCVs)
[20], self-charging hybrids, and alternative fuels, should be
utilized and continuously advanced to improve the sustain-
ability of transport [18]. For a fair assessment of electrifica-
tion, a full life cycle analysis of vehicles is needed [16], as
the production of electric energy, not vehicle manufactur-
ing, is the main cause of air pollution [5].

However, the development of combustion and electric
engines is influenced not only by the knowledge and expe-
rience of researchers. It depends on a group of external
factors, including legal, social, economic, environmental
and logistic conditions. In order to study the current market
situation of internal combustion engines and electric motors
in motor vehicles, a SWOT analysis (an acronym for
Strengths, Weaknesses, Opportunities, Threats) was con-
ducted. The most important areas of operation of combus-
tion and electric vehicles were determined, and a weighting
system and a rating scale were developed. The current
knowledge was used to determine the type of market strate-
gy for both groups of vehicles.
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2. Principles of the analysis

In the SWOT analysis, internal strengths and weakness-
es as well as external opportunities and threats in a given
market are assessed. Internal analysis is used to identify
resources, capabilities, core competencies and competitive
advantages. External analysis, on the other hand, identifies
market opportunities and threats by analyzing the competi-
tor’s resources, the industry and the general environment.
When conducting the analysis, the collected information
should be divided into four groups (elements of the analy-
sis) [22].

Strengths — the first internal element of the SWOT anal-
ysis describing the strengths of a given type of market.
Advantage in given aspects covers the areas in which the
market functions satisfactorily. The analysis should be
conducted considering the microenvironment and macroen-
vironment. A properly implemented SWOT analysis con-
siders the factors which shape a given market and features
that correlate with different aspects of the development.

Weaknesses — the second internal element of the SWOT
analysis describing the weaknesses of the operation. The
study of weaknesses consists of identifying areas that are
economically, technically and socially unsatisfactory. As in
the case of strengths, the weaknesses should be analyzed
considering the micro- and macro-environment. All activi-
ties, regardless of their size and profitability, have weak-
nesses.

Opportunities — the first external element of the SWOT
analysis, which includes all favourable situations in the
environment from which a given market can benefit. Diver-
sification, the use of new technologies, market trends and
development opportunities are identified as typical oppor-
tunities for this analysis.

Threats — the last element of the SWOT analysis cover-
ing all external threats to which a given segment is exposed.

Regardless of the size of the market, all areas are exposed
to threats. Threat examples can include lowering of prices
on international markets or deteriorating relations with key
customers. The stages of the SWOT analysis are presented
in Fig. 1.

Determining strengths, weaknesses, opportunities and
threats for ICEV

N\

Determining strengths, weaknesses, opportunities and
threats for BEV

N\

Designating the most important areas of ICEV and
BEV operation

N\

Determining the weighting system

N\

Determining the rating scale

N\

Carrying out an assessment of the market situation

Fig. 1. Stages of SWOT analysis implementation

3. SWOT analysis

The first stage of the SWOT analysis was to identify the
factors that may affect the development of the ICEV and
BEV market (Table 1 and 2). They were divided respective-
ly into strengths and weaknesses of a given market, present-
ing opportunities or threats to the development of a given
market.

Table 1. SWOT analysis — ICEV

10. Easy availability of fuel.

11. Short period of filling the fuel tank.

12. Long engine life.

13. Possibility to create hybrid vehicles.

14. Lower initial purchase cost compared to BEV.
15. Known and proven ways of recycling.

16. Component availability.

STRENGTHS WEAKNESSES

1. Relatively low production cost. 1. The use phase causes environmental degradation by emitting harm-
2.  Many years of experience in the production of ICE. ful pollutants.

3. Availability of many types of ICE. 2. The need to install additional equipment to reduce pollution.

4. Developing industry. 3. The design of the ICE requires many fluids inside the engine for
5. The most common type of engines in the world. efficient operation.

6. Developed infrastructure. 4. The ICE design needs servicing.

7. Long-term improved design of the vehicle for ICE. 5. Maximum engine efficiency is 37%.

8. Common knowledge of engine construction. 6. Possibility of obtaining energy mainly from hydrocarbons — crude
9. Being rooted in culture, e.g. racing, rallies. oil.

7. Asignificant number of moving parts in the ICE.

8. High costs of fuels used.

9. Generating high noise levels.

10. Large size and weight of the ICE.

11. It is one of the factors causing smog in urban areas.

Better driving characteristics.

Alternative ICE, e.g. hydrogen engines.

. Versatility of ICE in light, heavy and specialist vehicles.
0. Consumer habits.

Po®m~NO oA

OPPORTUNITIES THREATS
1. Technological progress. 1. Limited oil deposits.
2. Modernization of existing ICE units. 2. Political conditions aiming at zero greenhouse gas emissions.
3. Unwillingness of vehicle users to change the existing paradigms | 3. The development of alternative forms of propulsion.
(abandonment of the engines used so far). 4. Users may stop using these devices for environmental reasons
Improving biofuel technology. 5. Rising oil prices.
The possibility of using synthetic oils. 6. Growing restrictions in access to city centres.
Probability of rejection of EV engines in favour of ICE. 7. Increase in production costs related to compliance with environmen-

tal standards.
8. Assumptions of sustainable mobility.
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The analysis for combustion engines shows the ad-
vantage of strengths over weaknesses and opportunities
over threats. The practical advantages of using internal
combustion engines in vehicles are primarily the short time
needed for refueling and the developed infrastructure. Dur-
ing longer journeys, the driver does not need to set the
exact route. Petrol stations are widely available. Combus-
tion engines are the most popular type of vehicle propelling
devices. Currently, there are over 1.1 billion vehicles
equipped with internal combustion engines [15]. This con-
tributes to creating an environment ready for transfor-
mation. An important aspect in the scope of ICE is the
product life cycle. Combustion cars have much more mod-
ern and extensive forms of recycling. Many parts are re-
used. In addition, the number of disposal points available is
high. From the user's point of view, the operating time is an
important element. Combustion engines have a long service
life. Its average period is from 300 to 350 thousand kilome-
ters.

The disadvantages of ICEVs are the high emission of
pollutants during operation. The level of generating harmful
substances causes non-compliance with the plans developed
by the European Union in the field of zero-emission econ-
omy. This factor is decisive and has a strong impact on
other areas of ICEV development. Due to the need to adapt
to legal requirements, activities aimed at developing low-
emission technologies are a necessary element. Neverthe-
less, currently used filters can negatively affect the drive
unit, thus shortening its life. Adapting to EU standards
requires improving individual components. All the indicat-
ed factors correlate with the high cost of purchasing ICEV.
Combustion engines have a low maximum efficiency of
37%. As a result, more than half of the energy is wasted
and not used for work purposes. Another aspect is the pro-

cess of obtaining energy exclusively from fossil fuels. This
feature prevents the production of its "pure" counterpart.
Rising oil prices are transferred to end users who, in order
to use vehicles, have to pay higher and higher prices for
petrol and diesel fuel.

The developing automotive industry is considered the
main opportunity for ICEV. The possibilities of its devel-
opment correlate with the high probability of minimizing
pollutant emissions for the discussed category of devices.
Reducing the level of generated harmful substances will
allow the use of internal combustion vehicles without
a significant impact on the environment. Another important
feature is the attitude of consumers towards switching to
alternative forms of propulsion. User reluctance may be
a decisive factor in the dominance of the ICEV market.
Profit maximization is a basic element of the functioning of
production enterprises. The demand in the analyzed seg-
ment can be monetized by entities with a leading position.
Another factor identified in the area of opportunities is the
possibility of developing alternative internal combustion
engines. The use of internal combustion engines is also
avery important aspect. Specialty machines and tractor
units would require a radical change. The distance covered
by the BEV currently prevents the installation of such solu-
tions in trucks.

Among the potential threats to the development of
ICEV may be primarily restrictions related to the availabil-
ity of crude oil. Non-renewable resources are characterized
by limited availability. At the current rate of oil use, it can
be expected that the deposits will be exhausted in about 50
years [17]. This will result in the resignation from the solu-
tions used so far. In addition, the European Union plans that
by the end of 2050 the member states will achieve zero
emissions [23].

Table 2. SWOT analysis — BEV

verts it into work.

12. It does not emit noise while driving.

13. Low cost of using and servicing the vehicle.

14. Power available throughout the rev range.

15. BEVs raise public awareness on environmental protection.

16. In urban conditions, it allows the recovery of a significant part of
energy through recuperation.

STRENGTHS WEAKNESSES

1. High engine efficiency up to 85%. 1. High purchase cost.

2. During operation, the engine does not emit harmful pollutants. 2. Use of rare earth elements such as lithium or cobalt.

3. Lack of engine fluids, e.g. engine oils. 3. Long charging time.

4. Less frequent failures of the drive unit. 4. Poorly developed charging station infrastructure.

5. Less failure-sensitive gearbox. 5. The need to plan long routes due to "black spots" on the map.
6. Amenities in cities, such as parking lots, bus lanes. 6. Lack of proper recycling and reuse technology.

7. Co-financing for the purchase. 7. Weaker driveability.

8. Possibility of charging the BEV by using a household socket. 8. The production stage emits significant amounts of harmful substanc-
9. Rapid technological development. es.

10. Ability to obtain energy from many sources. 9. Usage gradually reduces the maximum capacity of the battery.
11. Energy is produced externally and the vehicle only stores and con- | 10. Sensitivity to cold.

11. The battery condition should be kept between 20 - 80% of the battery.
12. High production cost.

OPPORTUNITIES

THREATS

1. Dynamic development of the BEV market.

2. Increasing demand for electric cars.

3. Political orientation regarding the concept of sustainable mobility.

4. Implementation of new technologies.

5. Social pro-ecological awareness.

6. Minimization of purchase costs.

7. Manufacturers' declarations on the transition/development of EV
technology.

8. The growing trend for electric vehicles.

9. Depleting oil resources.

1. Limited resources of rare earth elements.

2. Alternative forms of drive.

3. Difficulties in driving heavy and specialized vehicles (tractors or
giant trucks).

4. ICE development.

5. Poorly developing infrastructure, in particular in low and medium
developed countries.

6. Environmental performance depends on the energy supply structure
of a given country.
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The introduction of a ban on the use of internal combus-
tion engines is one of the possible steps of the implemented
policy. The ecological awareness of the society is also im-
proving. From year to year, more and more people declare
their willingness to change the form of propulsion to a more
ecological one. Problems with accessibility to city centers
are currently being observed. The cities of Hamburg and
Stuttgart prohibit diesel vehicles [2].

The analysis carried out for electric vehicles allows to
identify the dominance of the advantages of BEV vehicles
over their disadvantages. Opportunities and threats, howev-
er, are on a similar level. The lack of pollutant emissions
during vehicle operation is the most important strength of
this category of vehicles in the context of environmental
performance. This element is conditioned by the design of
the car. Zero-emission vehicles are environmentally friend-
ly when they operate. Another argument is the high effi-
ciency of the electric engine compared to its combustion
equivalent. In BEV vehicles, the engine efficiency can be as
high as 85%. This translates into the level of efficiency of
using the stored energy. The development of electromobili-
ty is supported by the activities of some countries regarding
the co-financing of the purchase of electric vehicles. This
contributes to minimizing the real costs of purchasing an
electric vehicle. In Poland, the value of the subsidy may be
up to EUR 4000. For comparison, in Western countries, i.e.
Italy and France, the subsidy amount is EUR 6000 [12]. An
important aspect is also the introduction of tax reliefs on the
acquisition of BEVs. For example, some units are com-
pletely exempt from excise duty, and for the purchase of
a BEV, the company can introduce almost twice as much
into the business costs as compared to the purchase of
a combustion vehicle. Another important factor is the versa-
tility of the utilized energy. BEVs can draw energy entirely
from renewable sources. The last important aspect is the
low cost of using and servicing the vehicle. BEVs are char-
acterized by lower repair prices than standard ICE vehicles.
In addition, the price of electricity is lower than that of the
liquid fuels. Assuming that the BEV will be charged at
home with energy produced by installed solar panels, the
energy needed to power the device may be cost-free.

Battery charging time is a significant weakness of the
electric vehicles. The limited length of the power supply
period is a discouraging factor for a potential group of buy-
ers. In addition, when traveling long distances, the BEV
user must take into account the charging period of the used
car in the route planning process. The low level of expan-
sion of the charging infrastructure limits the technical capa-
bilities of electric cars. Many of the currently available
points offer the users free charging. Expanding the charging
infrastructure may be significantly more difficult in Eastern
countries. In these regions, the availability of the number of
charging points is significantly lower than in Western coun-
tries, for example Germany. Another negative feature of
electric vehicles is the need to use rare earth resources. This
raises questions about the actual environmental perfor-
mance of BEVs. During the production of the battery, nec-
essary for the operation of the vehicle, a significant amount
of pollutants is emitted, causing degradation of the natural
environment. The areas of recycling and disposal are also

a barrier due to the lack of technologies enabling the recov-
ery of elements. We should also remember about lithium
greases used in BEV and HEV, for which alternative solu-
tions should also be sought.

The dynamic development of the BEV market is the
most important factor regarding possible opportunities. In
recent years, the market has seen an increase of interest in
BEV and a focus on expanding the existing infrastructure.
These factors are an important component that contributes
to achieving the goals of the Green Deal. The next chance
is the legal regulations that favour the development of the
electric car market. The phenomenon of globalization con-
tributes to the increase of ecological awareness of the socie-
ty. In this aspect, BEVs have an advantage over the compe-
tition being zero-emission vehicles. Over the years, one can
also observe a change in the directions of activities of the
leaders of the automotive industry. They focus on develop-
ing solutions based solely on electric motors. In addition,
due to further EU concepts, there is a high probability of
a forced departure from internal combustion engines. De-
pleting oil reserves are the main reason for the electrifica-
tion of the automotive industry.

Depleting lithium and cobalt resources are the most im-
portant threats to the BEV market. The process of obtaining
rare earth elements is characterized by complexity. Addi-
tionally, the amount of extraction of lithium and cobalt
deposits is relatively low compared to other elements.
Technical limitations of electric vehicles are among the
factors threatening the development of BEVs. The need for
high power, as in the case of trucks, can limit the use of
electric engines. Increasing power is associated with the
need to store more energy. Infrastructure is also a problem-
atic area. The limited number and difficult accessibility of
charging stations discourage potential consumers. In addi-
tion, in countries where energy is mainly obtained from
fossil fuels, the environmental performance of vehicles with
an electric engine decreases significantly.

The next stage of the analysis included the selection of
the most important factors from among the strengths and
weaknesses as well as opportunities and threats for ICEV
and BEV. All factors were selected based on the most im-
portant areas related to infrastructure, technical aspects and
environmental conditions. Then, the values of the weights
(in the form of decimal fractions) were determined along
with the determination of the level of importance of
strengths and weaknesses as well as opportunities and
threats in the development of the combustion and battery
electric vehicle market (Table 3). The sum of the weights of
the five selected factors for each element of the SWOT
analysis must equal 1. In addition, a five-point rating scale
was determined (Table 4), thanks to which it was possible
to determine the impact of a given factor on the develop-
ment of a given market [14]. A higher rating for strengths
and opportunities is related to the positive impact of a given
factor on the development of the combustion or electric
engine vehicle market. A low rating for weaknesses and
threats indicates a negative impact on the market. Tables 5—
8 list the analyzed factors and calculated a weighted score
for each of them.
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Table 3. The SWOT analysis weight system Table 4. The SWOT analysis rating scale

. The level of importance of the factor in the . The strength of the factor's impact on
Weight . Rating .
development of a given market the development of a given market
0.1 Low 1 Very low
0.2 Medium 2 Low
0.3 High 3 Medium
4 High
5 Very high
Table 5. Weighted rating of strengths and weaknesses — ICEV
Strengths Weight | Rating Welghted Weaknesses Weight | Rating Welghted
rating rating
Well-developed infrastructure 0.3 4 12 The_ o_peratlon of the vehicle causes the 0.3 5 15
emission of harmful pollutants
Long engine life 01 4 04 The need to mstall additional equipment to 03 4 12
reduce pollution
;I;Jhe(i prevalence and availability of 0.2 5 1 Maximum engine efficiency is 37% 0.1 1 0.1
The most common type of engine in 03 3 09 Possibility of obtaining energy mainly from 01 9 02
the world hydrocarbons
Known and proven ways to recycle .
internal combustion vehicles 0.1 4 0.4 High costs of fuels used 0.2 2 0.4
Sum 1 — 3.9 Sum 1 — 3.4
Table 6. Weighted rating of opportunities and threats — ICEV
- . - Weighted - . Weighted
Opportunities Weight | Rating rating Threats Weight | Rating rating
Unwillingness of vehicle users to
change the existing paradigms . .
(abandonment of the engines used 0.3 3 0.9 Limited oil resources 0.2 4 0.8
so far)
: Political conditions aiming at zero green-
Technological progress 0.3 4 1.2 house gas emissions 0.3 5 15
Alternative combustion engines, 01 3 03 Users may stop using electric vehicles for 01 3 03
e.g. hydrogen environmental reasons
Versatility of combustion engine Increasing restrictions on access to ci
applications in light, heavy and 0.1 2 0.2 9 v 0.1 3 0.3
e - centers
specialist vehicles
Modernization of existing ICEVs 0.2 3 0.6 Increase in prqductlo_n costs related to 0.3 3 0.9
compliance with environmental standards
Sum 1 - 3.2 Sum 1 - 3.8
Table 7. Weighted rating of strengths and weaknesses — BEV
Strengths Weight | Rating Welghted Weaknesses Weight | Rating Welg_hted
rating rating
No emission c_>f harmful pollutants 03 5 15 'I_'he_ use of rare earth elements, for exampl 02 3 06
during operation lithium or cobalt
Financial allowance for purchase 0.3 4 1.2 Long charging time 0.3 5 1.2
Ability to obtain energy from 01 3 03 Poorly developed charging station infra- 03 4 08
many sources structure
Low cost of using and servicing 02 1 02 Lack of proper recycling and reuse tech- 01 P 0.2
the vehicle nology
. . . The production stage emits significant
0,
High engine efficiency up to 85% 0.1 2 0.2 amounts of harmful substances 0.1 2 0.4
Sum 1 — 34 Sum 1 — 3.2
Table 8. Weighted rating of opportunities and threats — BEV
o . . Weighted . - Weighted
Opportunities Weight | Rating rating Threats Weight | Rating rating
zgrr]lfg?'c development of the BEV 0.2 4 0.8 Limited resources of rare earth elements 0.4 3 0.6
Political conditions focused on 03 5 15 PIf‘fICUH'IeS in driving heavy and special- 02 2 04
ecology ized vehicles (tractors and trucks)
Social pro-ecological awareness 0.2 3 0.6 ICE development 0.1 2 0.2
Manufacturers' declarations on Poorly developed infrastructure, in
transition/development of BEV 0.2 4 0.8 particular in low and medium developed 0.2 3 0.6
technology countries
Decreasing oil deposits 0.1 3 0.3 Environmental performan;e depends on 0.3 5 15
the energy structure of a given country
Sum 1 - 4 Sum 1 - 33
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4. SWOT analysis results

The analysis of the main factors influencing the market
situation provided four different results for each of the
discussed markets (Fig. 2 and 3). On this basis, a strategy
upon the development of the ICEV and BEV markets is
based was selected. The SWOT analysis distinguishes four
development strategies: aggressive, conservative, competi-
tive and defensive. If, after analyzing the results, strengths
and opportunities prevail, we can be tempted to choose an
aggressive strategy. It should focus on the advantages of the
market and use them through strong expansion. If it turns
out that strengths are the most important, but at the same
time there are a lot of threats in the environment, we should
choose a conservative strategy. In this case, the market will
try to overcome threats using its strongest internal features.
On the other hand, when we see the dominant share of
weakness on the market, and at the same time there are
clear opportunities outside, a competitive strategy may turn
out to be the best. This means that a given market should
focus on eliminating internal weaknesses in such a way as
to make better use of the opportunities of the environment
in the future. The last strategy - defensive - will be the best
choice if we have the dominant share of weakness, and at
the same time there are a lot of threats in the environment
in which the market operates. When choosing it, the market
focuses mainly on activities that will ensure the possibility
of survival.

Fig. 2. ICEV market rating

The activity of entities using the construction of vehi-
cles equipped with internal combustion engines is related to
the established position in the automotive industry and the
advantage of this type of equipment (high efficiency, low
production costs). In the case of BEV, the current market
depends mainly on the potential opportunities to be seized.
The market assessment of ICEV is diversified depending on
the considered factor. The advantages that characterize the
market today show a high value of 3.9 points. What is im-
portant, however, is the threat level, which is as high as 4
points. Such a high value may indicate problems for ICEV
in the future. The prospects for change are relatively low at
3.2 points. The average value of defects is 3.4 points. The
ICEV market currently holds the leading position. Howev-
er, the progressive threats it may face contribute to signifi-
cant changes in the production and operation of ICEV.

Fig. 3. BEV market rating

In the case of electric cars, the market is shaped by
seized opportunities. The value of potential opportunities is
as high as 4 points. The global trend for pro-ecological
activities favours zero-emission vehicles. The concept of
BEV creation was developed in response to the high level
of environmental pollution caused by internal combustion
engines. The number of risks and disadvantages are rela-
tively low. They are respectively 3.2 and 3.3 points. Dan-
gers and defects mainly focus on problems related to the
infrastructure and the loading process. Improving technolo-
gy means that in the perspective of several years these val-
ues may decrease. The advantages of an electric vehicle on
a point scale are 3.4 points. The current market and stages
of BEV evolution allow predictions related to the dynami-
zation of the growth of their advantages.

Fig. 4. Market positioning of ICEVs and BEVs
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The choice of strategy is conditioned by the relation-
ships between advantages and disadvantages as well as
opportunities and threats. Figure 4 shows the types of strat-
egies currently followed by the ICEV and BEV markets.

The market of internal combustion engine vehicles is
conservative. The activities of this market are focused on
generating profit from a long-term, thriving structure. The
market does not show radical changes, it is stable. This
effect is visible in the form of relatively stable stock quota-
tions of concerns such as General Motors or Mercedes Benz
Group AG. Capital preservation is more important here
than growth or market returns. Market threats are eliminat-
ed by maximizing the use of internal strengths.

The aggressive market area that characterizes the elec-
tric vehicle market means that it is dominated by its oppor-
tunities. In addition, internal strengths are supported. It is
a strategy of strong expansion and development. The mar-
keting strategy is based on a quick response to consumer
needs, which allows for maximizing profits while maintain-
ing innovation. An aggressive strategy includes activities
such as: capturing opportunities, striving to strengthen the
market position and concentration of resources on competi-
tive products. Examples of aggressive behavior of the elec-
tric vehicle market can be observed by intensifying media
interest, e.g. launching the first electric car into space [10],

creating stylistically unique structures (Tesla cybertruck)
[7] or creating BEVs as ecological vehicles [11].

5. Conclusions

The conducted SWOT analysis allowed to identify the
strengths and weaknesses of internal combustion and elec-
tric engines. The designated market areas show the current
situation of ICEVs and BEVs. Electric vehicles are charac-
terized by a rapid growth of development based on pro-
ecological aspects. Conventional drives, on the other hand,
use existing and prospering structures to maximize their
advantages.

It is certain that in the next decade the automotive in-
dustry will develop more than in the previous century.
Adapting to the current era of electromobility requires the
introduction of zero-emission cars on the roads. However,
caution should be exercised when identifying a single solu-
tion (BEV) as the best way to achieve the principles of
sustainable development [24]. Energy policy certainly
needs to be based on much greater realism, fairness and
appreciation of broader global development, economic and
environmental needs. It is essential to continue the research
and development of all technologies that provide the world
with energy, including the combustion of fossil fuels, in
particular in internal combustion engines.

Nomenclature

BEV Dbattery electric vehicle
HEV hybrid electric vehicle
ICE internal combustion engine

ICEV internal combustion engine vehicle
PHEV plug-in hybrid electric vehicle
SWOT strengths, weaknesses, opportunities, threats
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The paper is focused on presenting a methodology for measuring power and torque based on diagnostic equip-

ment available in most diagnostic workshops, such as OBD interfaces or the CAN Bus on-board data transmis-
sion network, under real-world road conditions. The publication presents an algorithm for calculating the
powertrain’s forque and power based on measurements of changes in vehicle speed or acceleration recording
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during a two-phase road test. The results presented, based on the method described, apply to both the internal
combustion and electric vehicle. Common powertrain operating parameters, such as maximum power, maximum
torque and the powertrain’s flexibility parameters described in the literature, are proposed for the final evalua-
tion of the vehicle’s traction system.

Key words: power and torque measurement, drive system, powertrain, road conditions, electric drive

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Recently, there has been a definite increase in the mar-
ket share of hybrid and electric drives [2]. However, regard-
less of the vehicle’s powertrain, the issues of its diagnostics
and verification of whether its current operating parameters
correspond to the original designers’ assumptions remain.
The powertrain’s operating parameters are linked to the
vehicle’s dynamic properties [11, 15] and often determine
the choice of a particular vehicle. Modern powertrains gen-
erate higher torques than units produced a decade earlier,
and the drive system’s operation is controlled by sophisti-
cated control systems. If their operation is disrupted, for
example by faulty sensor readings, the disruption causes
a reduction in the powertrain’s torque and power, but often
also results in an uncontrolled increase in environmental
emissions [12, 16]. The powertrain’s related malfunction is
then recorded as a fault in the OBD network [13]. Once the
fault has been removed, not only should a repeated diagno-
sis be carried out to verify the repairs under workshop con-
ditions, but, more importantly, a test drive should be carried
out in real-world road conditions by qualified workshop
personnel.—In such conditions, it is possible to check the
available sensors’ readings using a diagnostic device to
make sure they correspond to the set values. However, all
diagnostic tests are carried out without any load on the
powertrain, corresponding to real-world driving conditions.
Only a check of the powertrain’s parameters and operating
parameters under load gives true information about its
technical condition. The reason for this is the lack of appro-
priate workshop equipment, such as a chassis dynamome-
ter. Such a dynamometer also requires the preparation of
proper technical infrastructure and the employment of staff
suitably trained to operate it. Hence, dynamometers are
often reserved for workshops specialising in the optimisa-
tion and verification of the operating parameters of sports
vehicle powertrains.

Nevertheless, most mechanical workshops verify the re-
pairs by performing a test drive under real-world road con-
ditions, during which an acceleration test is carried out to

subjectively assess the correct functioning of the drive
system and other components. The acceleration test is
a process of vehicle acceleration from a standstill to a pre-
set target speed using specific transmission gear ratios. It is
also possible to carry out a so-called flexibility test [19].
The flexibility test can be perceived as the process of vehi-
cle acceleration while driving in one selected gear. In both
cases, the proper implementation of such a defined acceler-
ation process most often requires the powertrain’s power
supply control equipment to be set to full power. In the case
of manual transmission and acceleration through gears, the
ratio must be changed at a strictly defined speed that chara-
cterises the powertrain’s operation. In this case, the out-
come of the acceleration process is assessed subjectively
and depends on the experience of the workshop personnel
performing the test. Its assessment is mainly based on the
feeling of the vehicle's acceleration dynamics, i.e. the in-
crease in speed over time. The assessment is less frequently
done by measuring the acceleration time to reach the target
speed or the time needed to travel a certain distance [4].
Time is a measurable index, but it does not directly deter-
mine the drive system’s operating parameters and has no
direct reference to its external characteristics. A fundamen-
tal question can then be formulated: Is it possible to assess
the correctness of a powertrain’s repairs under road test
conditions with the common diagnostic equipment used in
workshops? At the same time, can the powertrain’s basic
operating parameters in the form of power, torque and flex-
ibility be determined? In this respect, the authors of this
elaboration carried out comparative measurements of the
operating parameters in a passenger vehicle’s internal com-
bustion and electric drive system during a road test using
a workshop diagnostic device.

2. Operating parameters and the powertrain’s
flexibility
Carrying out the acceleration test at full intensity in
a road test, especially within a single gear, is an example of
loading a vehicle’s drive system, not only by the basic
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forces of rolling drag and aerodynamic drag, but also by the
load associated with mass inertia in progressive motion and
the inertia of rotating components [17]. The inertia force
counteracts the vehicle's acceleration process and its value
is directly proportional to the product of the vehicle's mass
and the resulting acceleration. The vehicle’s mass is con-
stant and the greater the acceleration, the higher the inertia
force. The inertia force is the apparent force that maintains
the power balance in the drive system (1).

Ni = Nop ()

where:
N,=F,-v 2
Nop = (Fe+ F, +F)) v (3)

where: N, — traction power, KW; N,,,— motion drag, kW; F,
— driving force, kN; v — vehicle speed, m/s; F, — rolling
drag, kN; F, — air resistance, kN; F; — inertia force, kN.

Such a test involves using all available power in the
drive system to accelerate the vehicle at maximum intensi-
ty. In such a test, the vehicle mass is accelerated in a pro-
gressive motion and rotating masses are accelerated, while
the increase in the vehicle’s speed is a measure of the pow-
er applied to the vehicle's driven wheels. Full acceleration
intensity allows the powertrain to operate on an external
speed characteristic curve which can be used to determine
interesting powertrain operating parameters, such as power
and torque as a function of drive shaft speed. Detailed anal-
ysis allows for assessing the vehicle’s traction properties
and determining the drive system’s flexibility field. The
powertrain’s flexibility is the ability to change its load as
represented by the torque waveform between the values of
the drive shaft speed at maximum torque (Nymax) and max-
imum power (Nnmax). This property is expressed by the
torque and speed flexibility index and is widely described
in the literature [14, 17] as the powertrain’s shaft speed
flexibility:

n
i @
and torque flexibility

Mmax
oy = Mmax 5
M MNmax ( )

where: ny__—speed at maximum power, rpm; ny, - speed
at maximum torque, rpm; M., — maximum torque, Nm;
Mpmax — torque at the powertrain’s maximum power, Nm.

On other hand, total flexibility was written down as:

€c=€h €M (6)

The flexibility coefficients of many modern powertrains
depend on the external torque and power curves in the
speed characteristics and the possible interoperation be-
tween the powertrains used (Fig. 1).

The rapid development of powertrains, and in particular
their hybridisation, is changing their flexibility and even
enabling vehicle manufacturers to shape it through appro-
priate control of the individual power units interoperating in
a given drive system. The combination of an internal com-
bustion engine and an electric engine that interoperate in
a single drive system is also an answer to the challenge
faced by the automotive industry in the modern world. On
the one hand, it reduces emissions of pollutants into the
environment and, on the other hand, allows the power in the
drive system to be shaped accordingly. Determining the
powertrain’s flexibility and, therefore, the power’s and
torque’s flexibility in the drive system by means of a road
test is possible for any configured passenger vehicle drive
system. The determination of these parameters requires
carrying out a test involving vehicle acceleration from
a pre-set initial speed to the target speed with a fixed drive
system transmission ratio. Hence, such a test can be per-
formed under real-world road conditions during a test drive.
However, the element essential to ensure the test’s correct-
ness is to read the data at a frequency that allows the dy-
namics of the vehicle's speed changes to be identified. The
time required to reach the target speed (not necessarily the
maximum speed) enables the tested powertrain’s operation
to be assessed. It is therefore, possible to monitor in detail
the acceleration’s waveform and its instantaneous declines
in value. The results of speed changes recorded only during
the acceleration process are insufficient to determine the
powertrain’s operating parameters due to the losses occur-
ring in the drive system. This depends on the transmission’s
type, the mass inertia in the drive system, the losses from
the vehicle’s turning wheels and the impact of atmospheric
conditions on the vehicle. The test is therefore comple-
mented with an idle run from the end speed to the flexibility
test’s starting speed.

Fig. 1. External characteristics of various powertrains in passenger cars
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As demonstrated by the authors of [6, 10], a two-phase
road test allows for the compensation of the vehicle's mo-
tion drag, mass inertia (and masses in rotary motion) in the
powertrain and the impact of environmental conditions on
the powertrain’s determined operating parameters and flex-
ibility. At the same time, it is recommended that the flexi-
bility test in the road test be carried out on a road section
with a constant slope. Measurement sections based on a flat
horizontal road surface enable obtaining repeatable and
reliable results.

3. Measurements of operating parameters

in the road test

A number of measuring devices are used in the meas-
urement methods intended for determining the powertrain’s
operating parameters and flexibility in the proposed two-
phase acceleration and idle run test. These devices allow
changes in the vehicle’s speed, and consequently changes in
its acceleration to be measured by direct and indirect meth-
ods. The direct methods include measuring the vehicle’s
longitudinal acceleration using an accelerometer attached
directly to its body. In this context, it is not only the record-
ing of the changes in acceleration over time that is im-
portant, but also the accelerometer’s mounting position and
method, the sampling frequency, the road surface’s condi-
tion, the centre of gravity or the vehicle’s suspension sys-
tem. The effects of the above-mentioned factors on the
recorded acceleration require the development of a suitable
calculation algorithm related to the change in the measuring
axes’ orientation relative to the road in the X-Z plane due to
the change in the vehicle suspension’s deflection during
acceleration and idle run.

The application of indirect methods to measure acceler-
ation requires using specialised measuring equipment. Very
good results for measuring the vehicle’s speed and then
calculating the acceleration can be obtained by using the
Peiseler 5th wheel, Correvit optical head, radar or GPS
devices, by measuring the vehicle's wheel speed or using
information from the OBD network [3, 18]. All these meth-
ods show varying accuracy in terms of speed measurement,
which often depends on the device’s sophistication and
price.

4. Research methodology

4.1. Test objects

The flexibility test was carried out with the use of two
test vehicles, i.e. passenger vehicles, the basic technical
data of which are presented in Table 1. The Audi vehicle
was equipped with an internal combustion engine (ICE),
while the Renault Zoe was powered by an electric engine
(full BEV — Battery Electric Vehicle).

The flexibility test in the road test was carried out on
a closed road section of 4 km, with a constant road slope
close to zero and a good road surface. The ambient temper-
ature was 15-19°C, atmospheric pressure amounted to 1014
hPa, while wind speed was 1.67 m/s, and its direction was
perpendicular to the test road.

Table 1. Basic parameters of test objects

Parameter Unit AUDI Renault
A4 B6 ZOE
1. | Maximum power kw 96 68
2. | Speed at max power pm 4000 8000
3. | Maximum torque Nm 310 210
4. | Speed at max torque rpm 1900 0
5. | Vehicle mass during test kg 1705 1725
6. | Wheel size - 235/40 195/55
R18 R16
7. | Main transmission ratio — 3.444 -
8. | 3/4 gear ratio - 1.360/ -
0.903
9. | Total gear ratio - 4.683/ 9.300
3.110
10. | Torque flexibility — 1.240 2.58
11. | Crankshaft speed flexibility — 2.110 o0
12. | Total flexibility — 2.616 o0

4.2. Measurement equipment

The study utilised a two-phase test to determine the op-
erating parameters of two different passenger vehicle drive
systems using workshop diagnostic equipment. A diagnos-
tic device intended for reading data from the OBD network
and an interface for reading parameters from the CAN BUS
on-board data transmission network were used in the tests.
The proposed two-phase test was used for both measuring
devices and was carried out at a constant drive system ratio.

The research was carried out during road tests, involv-
ing recording the powertrain’s operating parameters with
a diagnostic device which enabled saving the data in a data
file. Once connected to the on-board diagnostic network via
the OBD socket and logged into the measured value block,
selected parameters of the tested powertrain, such as time,
engine crankshaft speed and vehicle speed during the test,
can be recorded. A complication of this measurement
method is the need to develop a measurement algorithm to
determine the powertrain’s operating parameters from the
obtained measurement data [8], obtained, for example, with
the use of the inertia method [1, 9] or the load method [5,
7]. An interface for reading the parameters from the CAN
BUS on-board data transmission network can also be used
to measure the powertrain’s operating parameters. The
interface also allows for recording many other parameters.

4.3. Two-phase test method for determining the power-

train’s operating parameters

The two-phase road test method is based on carrying
a run-in and idle run during a single measurement (Fig. 2).
An important rule is to carry out the acceleration at full
intensity with a constant ratio in the transmission that does
prevents the driving force limit to be exceeded (prevents
wheel slip) under the prevailing road conditions, taking into
account the driven wheels’ traction. Irrespective of the
measuring device used, exceeding the driving force limit
has an adverse effect on the accuracy of the measurement
of the powertrain's operating parameters or even makes this
measurement impossible.

146

COMBUSTION ENGINES, 2023;195(4)



Analysis of passenger car powertrain system measurements in road conditions

Acceleration
phase

Idle run phase

MAX

V, m/s

MIN

Time,s
Fig. 2. Speed profile in the flexibility test

During acceleration, it is necessary to measure such pa-
rameters as time, vehicle speed or acceleration. These pa-
rameters are needed to determine the basic operating pa-
rameters, such as the power expended to change the vehi-
cle’s kinetic energy at the given acceleration (1). Since the
vehicle's kinetic energy is obtained during the acceleration
measurement in the first acceleration phase, it is reduced in
the subsequent idle run phase by the energy associated with
the basic motion drag, and the mass inertia drag in progres-
sive and rotational motion. The second phase should be
carried out under the same road and ambient conditions,
preferably immediately after the acceleration phase (Fig. 2).

AEk(V) =

_ m(VR(n)Z_VR(n—l)Z) +m(Vw(n—1)2—Vw(n)2)

> 5 ()

where: AEyy) — kinematic energy change in the speed
range, m — vehicle mass, Vg — vehicle linear speed during
acceleration, V\y — vehicle linear speed during idle run, n —
matrix index.

The final results of the powertrain’s operating parameters
are obtained in the proposed calculation algorithm (Fig. 3).

Fig. 3. Calculation algorithm for determining the powertrain’s operating
parameters and flexibility

The calculations of the powertrain’s operating parame-
ters and flexibility rely heavily on the measurement of the
vehicle’s kinematic parameters and the continuous meas-
urement of its linear speed v, time, as well as other drive
system operating parameters, such as accelerator pedal
opening angle, shaft speed, intake air pressure, airflow
pressure or fuel pressure. Recording of these parameters
can be performed from the vehicle's OBD network [13] or
from the on-board data transmission network. Due to the
data transmission rate, it is a good idea to limit the amount

of data recorded to the minimum necessary for the OBD
system. The instantaneous values of the flexibility test’s
measurement parameters are simultaneously recorded as
matrix elements labelled for the acceleration phase with the
subscript R, and for the idle run phase with the subscript W

(Fig. 4).

Fig. 4. Algorithm for matrix data storage during the two-phase test

At the same time, the recording’s increment determinant
for both matrices is the change in the vehicle's linear speed
v (Fig. 5). It should be noted that the kinetic energy state
and other recorded operating parameters at which the in-
stantaneous kinetic energy states Exz and Eyy Were deter-
mined are stored in the matrix for velocity v under the same
index.

Finally, at the end of the test, the change in the vehicle’s
kinetic energy is obtained with a corresponding change in
vehicle speed. This allows for recording the dependency
enabling the determination of the powertrain’s operating
parameters and flexibility in the given time interval. Equa-
tion (8) allows to determine the power.

AE
N=| kRl

|AEgw|
|AtR] (8)

[Atw]

where: AE,gw — change in energy for the given linear speed
range, Atgw — Change in time for the given linear speed
range.

The power determined by the two-phase method takes
into account changes in the vehicle’s kinematics separately
for the acceleration and idle run phases. The main ad-
vantage of this method is that carrying out a test of the
correct operation of the drive system does not require the
possession of specialized test stands, but only the available
diagnostic equipment. Additionally, the proposed method
takes into account the basic resistances occurring during the
movement of the vehicle, which should give results much
closer to the real ones in comparison to the simplified
methods on which some diagnostic testers are based. How-
ever, the interpretation of the results obtained during the
road test requires a deeper analysis. and comparisons to the
drive system performance indicators provided by the manu-
facturer. Further mathematical operations, according to
equation (9), enable the determination of the torque:

N

M = )

2'mn

The maximum power and torque values incremented for
the nth matrix element in the form of the powertrain’s shaft
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speed allow for the determination of the powertrain’s flexi-
bility and its external speed characteristics curve waveform.

5. Analysis of results — the powertrain’s operating
parameters and flexibility

5.1. Internal combustion powertrain

As standard, the powertrain or other vehicle components
diagnostics can be carried out via the diagnostic interface
using the OBD diagnostic connector with the VCDS diag-
noscope. At the same time, it is possible to save the values
measured in the on-board diagnostic network in a file while
driving on the road. In this case, the data so recorded for the
test car was used in the flexibility test, and the test run was
carried out for gears 3 and 4. Figure 5 shows the test for
gear 3.

Fig. 5. Flexibility test demonstrating the speed change over time for the
VCDS at gear 3

Once the calculations have been made according to the
algorithm shown in Fig. 4, the waveform of the power-
train's operating parameters for full acceleration intensity
can be determined. It is important to linearize and condense
the measurement points in the flexibility test analysis pro-
cess for both the acceleration and idle run phases, as the
VCDS interface records the data at a frequency of approx.
3 +1 Hz. Figures 6 and 7 show the waveform of the power-
train’s operating parameters for gears 3 and 4.

Fig. 6. Speed characteristics of power and torque in the flexibility test for
gear 3

Fig. 7. Speed characteristics of power and torque in the flexibility test for
gear 4

The flexibility test was repeated multiple times and the
average values are presented in Table 2.

Table 2. Maximum parameters obtained using the VCDS interface for the

Audi A4
Measured gear Nmax» n, M max» n, Mnimax,
kw rpm Nm rpm Nm
3 91.16 | 4326 | 249.72 | 3486 228.22
4 99.94 | 4074 | 281.67 | 3591 265.66

An analysis of the discrepancies between the data re-
ported by the manufacturer (Fig. 8) and that obtained in the
road test using the VCDS diagnostic interface is shown in
Tables 3 and 4.

Fig. 8. Manufacturer speed characteristics of power and torque

Table 3. Absolute differences in the parameters compared to the nominal
(factory) values for the Audi A4

Measured ANmax, An, AMma, An, AMpNmax
gear kW rpm Nm rpm Nm
3 -4.84 326 -60,28 1586 —21.78
4 3.94 74 —28.33 1691 15.66

Table 4. Relative differences in the parameters compared to the nominal
(factory) values for the Audi A4

Measured ANmax, An, AMomax, An, % AMnmax,
gear % % % %
3 -5.04 8.15 -19.45 83.47 -8.71
4 7.34 1.85 -9.14 89.00 6.26
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An analysis of these differences shows the occurrence
of significant differences, mainly for rotational speeds,
whose values are higher than 80% and for engine torque the
differences are between 9.14 to 19.45% to nominal values
(Table 4). This affects subsequent parameters, such as flex-
ibility. The maximum values of power show a slight devia-
tion of a few percent from the nominal values provided by
the manufacturer, and their nature (both positive and nega-
tive deviations) may suggest, on one hand, that the road
method isn’t perfect by pointing to its measurement accura-
cy related to the frequency of recording the operating pa-
rameters from the OBDII diagnostic network, lower accu-
racy of used sensors and, on the other hand, that real-world
values are very close to the nominal values. In addition, it
should be noted that many manufacturers allow slight devi-
ations of several percent of individual parameters, such as
power, torque or rotational speeds values at which individ-
ual operating indicators are achieved in cars of the same
series and model, which is confirmed by tests carried out on
certified research test stands.

During the measurement carried out at the set ratio, high
repeatability of the results was achieved. The relative dif-
ference in power measurement for each test did not exceed
1% of the average value obtained in all tests. Therefore, the
calculations for each of the tests provided almost identical
results. However, the results for individual gears shown
differences in both engine power and torque. These values
vary considerably: the maximum values for power at gear 3
are 5.04% lower and at gear four the values are 7.34%
higher than the nominal values provided by the manufac-
turer. The different waveforms of the powertrain's operating
parameters also resulted in a change in total flexibility,
which was 48.1% lower for gear 3 and 54.0% lower for
gear four than the values derived from the factory data. The
discrepancies obtained are mainly due to differences be-
tween the respective reference speeds (as stated by the
manufacturer) and those actually obtained due to the dy-
namics of the acceleration process. The individual flexibil-
ity parameters are summarised in Table 5.

Table 5. Flexibility parameters obtained using the VCDS interface for the

Audi A4
Measured gear em €n e Difference
ine,, %
gear 3 1.094 1.241 1.358 —48.1
gear 4 1.060 1.134 1.203 -54.0

These differences are the result of the selected gear dur-
ing the flexibility test, which was carried out at the same,
i.e. maximum, intensity in both cases.

5.2. Electric powertrain

The two-phase test was used to determine the power-
train’s operating parameters and flexibility for another
vehicle, i.e. the Renault ZOE. The flexibility tests were
carried out for the drive system’s Eco and Normal control
modes. The Eco mode limits the available power in the
drive system while limiting the temperature inside the car to
21°C. The Normal mode is characterised by the drive sys-
tem’s full power availability.

During the measurement carried out on the electric ve-
hicle, high repeatability of the results was achieved and the

relative error in power measurement for each test did not
exceed 1% of the average value obtained in all tests (Table
6). These measurements were made with CAN BUS on-
board data transmission network via the SYS TEC inter-
face, where the highest recording frequency was close to
100 Hz.

Fig. 9 Speed characteristics of power and torque in the flexibility test for
the electric vehicle’s Eco and Normal modes

Table 6. Maximum parameters obtained for the Renault Zoe

Designation Nimas, n, Mmax, n, Mnmax,
kw rpm Nm rpm Nm

Eco 40.00 4950 144.52 150 77.20

Normal 88.00 7650 | 231.66 225 126.72

Table 7. Absolute differences in the parameters compared to the nominal
values for the Renault ZOE

Designation ANmax, An, AMmax, An,
kW pm Nm rpm

Eco 0.00 -50 0.2 150
Normal 20.00 -350 21.66 225

Table 8. Relative differences in the parameters compared to the nominal
values for the Renault ZOE

Designation ANmax, An, AMax,
% % %
Eco 0 -1.00 0.26
Normal 29.41 —4.45 10.31

A summary of the flexibility parameters for the electric
vehicle is presented in Table 9.

Table 9. Flexibility parameters for the Renault Zoe

Designation em en e
Eco 1.872 34.000 63.648
Normal 1.828 34.000 62.152

As demonstrated in Table 6, the maximum torque and
power values in the electric drive system vary considerably
depending on the drive mode used. In the Eco mode, the
maximum drive power has been limited to 40 kW, which is
about 45% of the nominal power. A reduction of the maxi-
mum torque to 62% of the nominal value was also noted.
At the same time, it should be noted that the electric power-
train can be briefly loaded above its nominal value without
adversely affecting its durability. The Normal mode al-
lowed for obtaining almost 30% more power compared to
the nominal value during acceleration at maximum intensity
and the higher power was available in the first acceleration
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phase. Also, the maximum torque was more than 10%
higher than its nominal value. The tested drive system does
not have a gearbox, so both Eco and Normal modes meas-
urements were carried out at the same overall gear ratio.
The flexibility parameters for the two drive modes are very
similar and the difference between the total flexibility index
is approximately 2%. A comparison of the total flexibility
parameters e, shows that the electric passenger vehicle has
higher (up to about 40 times) flexibility than the internal
combustion vehicle.

6. Summary

The subject matter presented in the paper concerned the
determination of power and torque and was aimed to verify
their maximum values in a road test. The results obtained
are largely consistent with the technical parameters speci-
fied in the factory data of the passenger vehicles tested. The
small discrepancies of a few per cent for the internal com-
bustion engine, being both positive and negative in nature,
may indicate that the tested powertrain’s real-world maxi-
mum operating parameters are very close to the nominal
values stated by the manufacturer. Such values may suggest
a good overall technical condition of the entire drive sys-
tem, in particular the absence of significant mechanical
faults. The determined power maximal values show that
they are close to factory data without value fluctuations or
significant differences. However, a significant shift in the
maximum value was noticed, especially in terms of engine
torque, towards much higher rotational speeds and lower
maximal value (up to 20%) in relation to the data provided

by the manufacturer. When analyzing the total elasticity
index in this case, there are clear differences between the
factory data and those obtained during the test, amounting
to about 50% of the discrepancy between the factory and
test values. This may indicate improper control, e.g. of the
amount of air flowing to the engine related to the operation
of the supercharging system. In the case of the electric drive
system, the possibility of temporarily overloading the
powertrain beyond the nominal values of power (by about
30%) and torque (by about 10%) also points to its good
technical condition. Repeated measurements show signifi-
cant repeatability under the same road conditions and on the
same device. At the same time, the high frequency of the
recorded data allows for determining very even and smooth
power and torque characteristics. This allows for the con-
clusion that the proposed methodology, which utilises
workshop diagnostic equipment and a two-phase road test,
has satisfactory accuracy for obtaining basic torque and
power parameters for different types of powertrains. The
waveforms obtained can be used to assess the technical
condition and in extended diagnostics of the vehicle's drive
system. At the same time, the flexibility parameters deter-
mined on their basis deviate from the original data due to
the reading of specific maximum values from the character-
istics, which are influenced by many factors such as record-
ing speed or process dynamics.
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