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The research aims to find an effective way to reduce real-world CO, emissions of passenger vehicles, by

answering the question of what kind of vehicles in various countries generates the smallest carbon footprint.
Emissions were calculated for vehicles from three of the most popular segments: small, compact, and midsize,
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both with conventional body and SUVs. Each type of vehicle was analyzed with various types of powertrain:
petrol ICE (internal combustion engine), diesel ICE, LPG ICE, petrol hybrid, LPG hybrid and BEV (battery
electric vehicle) with four different carbon intensity of electric energy source. The final conclusion provides
guidelines for environmentally responsible decision-making in terms of passenger vehicle choice.
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1. Introduction
According to the current state of scientific knowledge

about the environment and climate, global warming caused
mainly by anthropogenic CO, emissions is a problem that
requires global action aimed at the fastest and most effec-
tive reduction of greenhouse gases (GHG) emissions [20].
The results of scientists’ research contributed to the signing
of the Paris Agreement. It is a legally binding agreement,
signed by 190 countries from around the world. Its goal is
to limit the phenomenon of global warming below 2 de-
grees Celsius and the effects of climate change as effective-
ly as possible.

As a result, one of the activities of the European Parlia-
ment and the EU Council was to establish a regulation (EC)
443/2009 [9], setting CO, emission standards for new pas-
senger cars. For 2020, the fleet-wide average emissions
target was set at 95 g CO,/km, which corresponds to fuel
consumption of around 4.2 dm*100 km of petrol, 3.7
dm?®/100 km of diesel or 6.2 dm*100 km of LPG (Liquefied
Petroleum Gas). The levels of average fuel consumption
seem very unlikely to be obtained, but due to a few addi-
tional rules, manufacturers do not really have to obtain such
low values of average fuel consumption. Some of the most
questionable rules are as follows:

— excluding 5% of the most emitting new cars in calcula-
tions (in 2020),

— granting bonuses for eco-innovations that do not
demonstrate a CO, reduction effect during the test pro-
cedures (up to 7 g/km credit),

— giving additional incentives for cars emitting less than
50 g/km (in 2020 these cars are counted as 2 vehicles, in
2021 as 1.67, in 2022 as 1.33),

— considering only direct emissions (TTW, tank to wheel),

— basing CO, emissions on unrealistic and outdated
NEDC driving cycle, while fuel consumption levels are
already measured with more realistic WLTP cycle,

— considering electric cars as vehicles with zero emission.
The exclusions described above are the result of a com-

promise between the EU authorities and the automotive

industry lobby, linking interests of car manufacturers with
alleged success in limiting the impact of passenger vehicles
in the EU on global warming. Assuming that the global
warming is a real and serious threat to the Earth and hu-
manity, the success of achieving 95 g CO,/km goal on pa-
per, because of its simplifications and exceptions, should
not be qualified as real progress in reducing the influence of
transport on climate changes. The result of research carried
out by Jato Dynamics [15] shows growing average CO,
emissions of a new passenger cars in Europe in the years
2016-2019, despite increase in electric vehicle market and
considering outdated NEDC driving cycle. In 2016, the
average CO, emission of new car in Europe was 117.7
g/km, and by 2019 it had increased to 121.6 g/km. In 2020,
thanks to increased sales of plug-in hybrids and pure elec-
tric vehicles, the number dropped to 106.7 g/km, so theoret-
ically average CO, emissions of new cars in the EU started
to decrease. As electric vehicles are treated as zero-
emission, while in real life they emit CO, indirectly, mainly
due to electric energy consumption, the success may not be
as beneficial for climate as it may appear. The problem of
emission from BEVs has already been described in the
paper [23], with recommendation to use well-to-wheels
methodology for calculating GHG emissions. It provides
much more realistic results of GHG emissions of BEVs, but
still does not account for emissions from vehicle production
and maintenance, which may be very important, especially
for BEVs used in countries with very low carbon intensity
of electric energy production.

The main goal of the scientific research is to find solu-
tions that could help limit real CO, emissions of passenger
vehicles in Europe and potentially also in other countries by
estimating a life-cycle CO, emissions of a variety of vehi-
cles used in a few countries with different carbon intensity
of energy production. The research aims to show the most
effective way to limit real CO, emissions by passenger
vehicles, and to answer the question what kind of vehicle
people should use if they intend to limit the carbon foot-
print.
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2. Methodology
From the perspective of climate change, tailpipe green-

house gases emissions are as important as emissions related

to all other activities, such as:

— extraction of materials for production of vehicle, fuel,
spare parts, tires, fluids,

— production of vehicle, fuel, spare parts, tires, fluids,

— generation of energy for charging BEVs (Battery Elec-
tric Vehicles) and PHEVs (Plug-in Hybrid Electric Ve-
hicles),

— vehicle maintenance,

— end of vehicle’s life.

As there are no methods to directly measure GHG emis-
sion associated with all the activities above, to assess the
life cycle emissions there is a need to use other methods,
such as Life Cycle Assessment (LCA). The method allows
to estimate the impact of the whole life cycle of a product
or service on various environmental aspects. Based on the
principles of the LCA method, the paper presents a simpli-
fied method of assessing lifetime emissions of passenger
vehicles, that could potentially replace current standards of
assessing GHG emissions of vehicles that include only
tailpipe CO, emissions. The new method allows for obtain-
ing more realistic values of GHG emissions than tailpipe
emission itself and could be implemented to better assess
the real influence of vehicles on global warming.

Total GHG emission of a vehicle during its life (Eyy)
can be estimated as a sum of 5 main contributors with the
greatest global warming potential:

— emission of vehicle production (E,p), excluding battery
cells in hybrid vehicles and BEVS,

— emission related to production of battery cells (Eyp),

— tailpipe emission (Ey),

— emission related to production of fuel and energy for
use of the vehicle (Ep),

— emission related to basic maintenance activities (E,):
replacement of engine oil, tires, and brakes.

The relation is represented by formula (1):

Etot = Eyp + Epp + E¢ + E¢p + Ey (1)

Based on a literature review [5, 12, 21, 22], it was con-
cluded that end-of-life emission is still very difficult to
estimate, especially as an industry-scale process of recy-
cling batteries from electric vehicles is still under develop-
ment. There are different methods for the end of life of each
part of a vehicle, such as reuse, upcycling, recycling,
downcycling, combustion, or landfill. Each method for each
part of vehicle would result in different carbon footprint, so
calculating the footprint without knowledge about process-
es that will be available in 10-20 years, at the end of life of
currently new vehicles, could result in significant errors.
Additionally, considering that in other studies the end-of-
life carbon footprint is very low relative to other parts of
vehicle life cycle, this component is excluded from the
calculations.

Based on the results of LCA research of 10 Audi vehi-
cles with different material composition [19, 26-29], car-
ried out in accordance with ISO 14040 standard and veri-
fied by TUV NORD CERT GmbH, the influence of the
content of the materials of which passenger cars are mainly

built was determined using the least squares method and set
to 3 kg CO,-eq per kg of steel, 12 kg CO,-eq per kg of light
metals (aluminum alloys, magnesium alloys) and 6 kg CO,-eq
per kg of the rest of the vehicles. For vehicles with low
content of light metals (60% of steel, 10% of light metals,
30% of other materials), the calculated average GHG
(greenhouse gas) emission of production stage is equal to
4.8 kg CO,-¢q per 1 kg of vehicle’s empty weight without
driver. For vehicles with high content of light metals (40%
of steel, 30% of light metals, 30% of other materials), the
calculated average GHG emission of production stage
equals 6.6 kg CO,-eq per 1 kg. For hybrid vehicles, PHEVS
and BEVs, the weight of the materials for calculation of
emission from production stage should exclude weight of
battery cells. Therefore, emission of vehicle production can
be estimated using the formula (2):

Evp = 3+ Mgeel + 12 - My + 6 - Myther (2)

where: E,;, — GHG emission of vehicle production exclud-
ing battery cells [kg CO,-eq], Mgwe — mass of steel and iron
in vehicle [kg], My — mass of aluminum and aluminum
alloys in vehicle [kg], Mgner — mass of other materials in
vehicle, apart from battery cells [kg].

Mass of each material may be calculated or estimated
using mass of the vehicle (without battery cells) and the
content percentage of each material type.

Although this method can be applied to estimate vehicle
production stage emissions for most currently manufactured
vehicles, it is not appropriate for vehicles with high content
of carbon fiber reinforced polymers (CRFP).

One of the biggest source of uncertainty in determining
greenhouse gases emission of vehicles is battery produc-
tion. The production of 1 kWh battery cells generates, de-
pending on the literature sources, from 38 to 490 kg of
CO»-eq. According to the review of 50 LCA publications
from the years 2005-2020 [3], the median value of battery
cells GWP is 120 kg CO,-eq per 1 kWh of battery capacity.
There is a possibility that real emissions of battery produc-
tion for certain vehicles may be significantly smaller, as
producers may reduce the emissions related to the produc-
tion processes, e.g. by investing in renewable energy
sources. The level of emissions may be as well much high-
er, when batteries are produced with high-carbon energy
sources. The lower level of uncertainty was set to 70 kg
CO,-eq per 1 kWh of battery capacity, level corresponding
to 25th percentile from the review [3], while the higher
level was set to 175 kg CO,-eq per 1 kWh of battery ca-
pacity, the 75th percentile from the same review. Emission
of battery cells production can be estimated using the for-
mula (3):

Epp = 120 - Be, )

where: Ep, — GHG emission of battery cells production
[kg CO,-eq], Be. — overall energy capacity of battery cells
[kwh].

Fuel and energy consumption of various types of vehi-
cles has been determined by analysis of a few different
sources: tests conducted by the ADAC association (ADAC
Ecotest) [2], fuel consumption results submitted by users of
spritmonitor.de website [24], honestjohn.co.uk website
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[13], official website of the United States Environmental
Protection Agency dedicated to fuel economy of vehicles
(fueleconomy.gov) [10] and author’s own research on fuel
economy of LPG-powered vehicle.

Life cycle tailpipe emission can be estimated using the
formula (4):

FC
E¢= - Clg, - TDD (4)

where: E; — total tailpipe GHG emission [kg CO,-eq],
FC - average fuel consumption of vehicle [dm*100 km],
Clg - carbon intensity of burning particular fuel [kg
CO,-eq/dm?], TDD - total distance driven by vehicle [km].

Carbon intensity of burning different fuels (Cly, — car-
bon intensity of fuel burning) was assumed on the basis of
Defra (Department for Environment, Food & Rural Af-
fairs)/DECC (Department of Energy & Climate Change)
guidelines [7]:
— gasoline (average biofuel blend): 2.2423 kg CO,-eq/dm’,
— diesel (average biofuel blend): 2.5835 kg CO,-eq/dm®,
— LPG: 1.5326 kg CO,-eq/dm?®.

Production of fuel and electricity also contributes to to-
tal GHG emissions and it is included in the proposed esti-
mation method in form of the formula (5):

EC

FC
E. = (_ Cle. + —EC¢ .
ep tp ¥ 100+CHegr

- Cle) . TDD (5)

where: Eg, — total GHG emission related to the production

of fuel and energy for use of the vehicle [kg CO»-eq],

FC - average fuel consumption of vehicle [dm*/100 km],

Clyg, — carbon intensity of the production of particular fuel

[kg CO,-eq/dm®], EC — average electric energy consump-

tion of vehicle [kWh/100 km], CHc — overall efficiency of

charging electric vehicle [-], Cl, — carbon intensity of elec-
tricity production [kg CO,-eq/kWh], TDD — total distance
driven by vehicle [km].

Emission related to production of fuel (Cl, — carbon in-
tensity of fuel production) was assumed on the basis of data
available in Defra/DECC guidelines [7] and the following
values were assumed for the calculations:

— gasoline (av. biofuel blend): 0.4750 kg CO,-eq/dm?,

— diesel (average biofuel blend): 0.5837 kg CO,-eq/dm®,

— LPG: 0.1918 kg CO,-eq/dm?®.

Emission related to production of electricity (Cl, — car-
bon intensity of electricity) for BEVs assumed for the cal-
culations:

— Poland: 0.724 kg CO,-eq/kWh [8], as a representation
of high-carbon intensity of electricity generation,

— USA: 0.417 kg CO,-eq/kWh [14], as a representation of
medium-carbon intensity of electricity generation,

— EU-27 average: 0.226 kg CO,-eq/kWh [8], as a represen-
tation of low-carbon intensity of electricity generation,

— Sweden: 0.013 kg CO,-eq/kWh [8], as a representation
of very low-carbon intensity of electricity generation.
Emission related to maintenance activities can be esti-

mated using the formula (6):

Ep = Oilggp - Oily, - Clgjp + Bryyg - Bry - Clypp, +
+ 4 - Tirey,, - Tire, - Clgrep (6)

where: E,, — emission related to maintenance of vehicle
[kg CO,-eq], Oilc,, — average amount of engine oil for oil
change [dm?], Oil, — number of oil changes over vehicle’s
life cycle [-], Cloip — carbon intensity of engine oil produc-
tion [kg CO,-eq/dm?], Br,, — weight of brake components
that need to be periodically replaced [kg], Br, — number of
replacements of brake components over vehicle’s life cycle
[-]. Clyp — average carbon intensity of brake components
production [kg CO,-eq/kg], Tire,, — weight of single tire
in size corresponding to vehicle specification [kg],
Tire, - number of tire sets changes over vehicle’s life
cycle [-], Clyep — carbon intensity of tires production [kg
CO,-eq/kg].

The weight of replaceable brake components is assumed
to be proportional to the weight of the vehicle, and can be
estimated using the formula (7), based on [4] and [11]:

EVWT
64

(7)

where: Br,; — weight of brake components that need to be

periodically replaced [kg], EVWT — empty vehicle weight

[kal.

Additional assumptions for GHG emission assessment:
— CHe — overall efficiency of charging electric vehicles:

assumed value of 0.9,

— annual distance travelled: 15,000 km,

— vehicle lifespan: 20 years, TDD (total distance driven) =
300,000 km,

— battery of electric vehicles lasts for the whole lifespan
of the car,

— energy density of battery cells: 250 Wh/kg, used to
calculate empty vehicle weight without battery cells,

— Oil, (number of engine oil changes) = 20, change of
engine oil every year (all vehicles with internal combus-
tion engines),

— Br, (brakes changes over vehicle’s life cycle) = 2 for
petrol, diesel and LPG vehicles, 1 for hybrid petrol, hy-
brid LPG and LPG with eco-driving (thanks to reduced
brake wear achieved by limited use of braking system),
0 for BEVs (thanks to greatly reduced brake wear
achieved by highly effective regenerative braking),

— Tire, (tires changes) = 3 (75,000 km lifespan of tires, all
vehicles),

— Clgip (life cycle GHG emission of engine oil produc-
tion) = 5 kg CO,-eq/dm® [17],

— Clyp (average carbon intensity of brake components
production) = 4 kg CO,-eq/kg, based on [4] and [11],

—  Cliirep (carbon intensity of tires production) = 4 kg CO,-
eq/kg [25],

Assumptions concerning parameters of all analyzed
types of vehicles are presented in Table 1. The author has
made every effort to ensure that the assumptions about the
vehicles are as close as possible to the values that character-
ise typical vehicles from each group. The list of exemplary
vehicles from which the data were collected is as follows:

— small (B-segment) — e.g. Ford Fiesta, Honda Jazz,
Hyundai i20, Opel Corsa, Peugeot 208, Peugeot e-208,
Renault Clio, Renault ZOE, Toyota Yaris, and
Volkswagen Polo as small cars with conventional body,
Ford EcoSport, Honda HR-V, Hyundai Bayon, Hyundai
Kona, Hyundai Kona Electric, Opel Crossland, Opel

BI‘wt =
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Mokka, Opel Mokka-e, Peugeot 2008, Peugeot e-2008,
Renault Captur, Toyota Yaris Cross, Volkswagen
T-Cross, and Volkswagen T-Roc as small SUVSs,

— compact (C-segment) — e.g. Ford Focus, Honda Civic,
Hyundai i30, Opel Astra, Peugeot 308, Renault Megane,
Toyota Corolla, Volkswagen ID.3, and Volkswagen
Golf as compact cars with conventional body, Hyundai
Tucson, Kia Sportage, Nissan Qashgai, Opel Grandland,
Peugeot 3008, Renault Kadjar, Toyota C-HR, and
Volkswagen Tiguan as compact SUVSs,

— midsize (D-segment) — e.g. Ford Mondeo, Opel Insig-
nia, Peugeot 508, Tesla Model 3, Toyota Camry, and
Volkswagen Passat as midsize cars with conventional
body, Ford Mustang Mach-E, Honda CR-V, Hyundai
Santa-Fe, Kia Sorento, Nissan X-Trail, Peugeot 5008,
Renault Koleos, Tesla Model Y, Toyota RAV-4 as
midsize SUVs.

Values of empty weight and battery capacity are based
on data gathered from technical specifications of vehicles
from each vehicle type, as well as from tests conducted by
the ADAC association [1]. Data concerning fuel and energy
consumption are based on tests conducted by the ADAC
association (ADAC Ecotest) [1], official U.S. Environmen-
tal Protection Agency website concerning fuel economy of
vehicles [10] and data collected by users of websites Sprit-
monitor.de [24] and Honestjohn.co.uk [16]. Fuel consump-
tion of LPG vehicles is based on consumption of petrol
vehicles of the same type, with assumption of 30% increase
of volumetric fuel consumption. The value is higher than
frequently indicated 20% to compensate for additional
petrol consumption during vehicle start-up and warm-up.
Fuel consumption of LPG vehicles using eco-driving tech-
niques is based on author’s long-term research of LPG
consumption of compact vehicle and extrapolated for other
vehicle types. Data concerning tire weight are based on
technical specifications of tires in typical sizes for each
segment, gathered from the catalog of Continental Tires [6].
A higher tire weight was observed in BEVs compared to
equivalent vehicles with ICE, probably due to the higher
weight of the vehicles caused by lower energy density of
battery cells compared to traditional fuels.

3. Results
The results of life cycle GHG emissions were estimated
using formulas (1)—(7) and are presented in Fig. 1. The
emissions were calculated for vehicles of three of the most
popular segments: small (B-segment), compact (C-seg-
ment), and midsize (D-segment), divided into cars with
conventional body and SUVs. For each type of vehicle, 10
different subtypes were analyzed:
Petrol vehicle.
Diesel vehicle.
LPG vehicle.
LPG vehicle used with eco-driving techniques.
Hybrid (petrol—electric) vehicle.
Hybrid (LPG-electric) vehicle.
Battery electric vehicle powered by electric energy in
Poland.
8. Battery electric vehicle powered by an average electric
energy in the USA.

Nogk~wbhE

9. Battery electric vehicle powered by an average electric
energy in EU-27.
10. Battery electric vehicle powered by electric energy in

Sweden.

Emission of vehicle is divided into five sources:

1. Vehicle production GHG emission (without battery cells
production).

Tailpipe GHG emission.

Fuel/energy production GHG emission.

Maintenance GHG emission.

Battery cells production GHG emission, with lower and
higher uncertainty level according to the values present-
ed in the method section.

The most important results of the research are the values
of total life cycle GHG emissions, which determine the
impact of vehicle on global warming. In case of the same
total distance driven for each vehicle, total emission is
directly proportional to emission per kilometer, marked on
the right axis of Fig. 1.

To visualize how the estimated total emission is distrib-
uted over the lifetime of vehicles with different fuel types
and energy sources, Fig. 2 presents calculated cumulative
greenhouse gases life cycle emissions over 20 years of
compact car usage.

arwn

4. Discussion
By analyzing obtained calculation results, they can be

summarized as follows:

1. In each type of vehicle, petrol vehicles generate the
highest total GHG emission.

2. The average calculated reduction in emission, compared
to petrol vehicles was found as follows:

— 3.7% for diesel vehicles,

— 10% for BEVs used in Poland,

— 15% for LPG vehicles,

— 18% for petrol hybrid vehicles,

— 25% for LPG vehicles with eco-driving techniques,

— 30% for LPG hybrid vehicles,

— 37.5% for BEVs used in the USA, 54.5% for BEVs
used in EU-27,

— 74% for BEVs used in Sweden.

3. The average emission of SUV is 18.6% higher than
emission of car with conventional body, 14% in small
segment, 20% in compact segment, and 20.9% in
midsize segment.

4. The average emission of electric SUV is 17.3% higher
than emission of electric car with conventional body,
14.4% in small segment, 19.1% in compact segment,
and 18% in midsize segment.

5. The average difference between emission of electric
SUV and electric car in Poland is 32 g CO,-eq/km
(17.8% increase), while in Sweden the average differ-
ence is smaller: 8.3 g CO,-eq/km (15.8%).

6. Total emission of electric vehicle used in Poland is 230-
250% higher than in Sweden.

7. In countries with high-carbon intensity of electric ener-
gy production (such as Poland), total CO, emission of
conventional cars, regardless of their fuel type is likely
to be lower than emissions of BEV SUVs of the same
segment, with reduction at the level of approximately:

— 34% for hybrid LPG car,
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Table 1. Assumed parameters of various vehicle types

Empty weight Empty Steel & | Aluminum | Other Average Battery Engine Ti
. without battery | weight with iron alloys materials fuel/energy energy oil re
Vehicle | Fuel, energy cells battery cells | content | content content consumption capacity | capacity weight
type source -
kg kg % % o | GnA00KMOT ] wh | dm? | kg
Petrol 1100 1100 60 10 30 55 0 35 7
Diesel 1150 1150 60 10 30 45 0 4 7
LPG 1130 1130 60 10 30 7.2 0 35 7
LPG eco-driving 1130 1130 60 10 30 6.2 0 35 7
Small car Hybrid Petrol 1170 1176 60 10 30 44 15 35 7
Hybrid LPG 1200 1206 60 10 30 5.7 15 35 7
BEV Poland 1200 1400 56 14 30 14 50 0 8
BEV USA 1200 1400 56 14 30 14 50 0 8
BEV EU-27 Avg 1200 1400 56 14 30 14 50 0 8
BEV Sweden 1200 1400 56 14 30 14 50 0 8
Petrol 1200 1200 60 10 30 6.3 0 35 9.5
Diesel 1250 1250 60 10 30 5.2 0 4 9.5
LPG 1230 1230 60 10 30 8.2 0 35 9.5
LPG eco-driving 1230 1230 60 10 30 7.1 0 35 9.5
Small Hybrid Petrol 1270 1278 60 10 30 5 2 35 9.5
SUv Hybrid LPG 1300 1308 60 10 30 6.5 2 35 9.5
BEV Poland 1300 1540 56 14 30 16 60 0 10.5
BEV USA 1300 1540 56 14 30 16 60 0 10.5
BEV EU-27 Avg 1300 1540 56 14 30 16 60 0 10.5
BEV Sweden 1300 1540 56 14 30 16 60 0 10.5
Petrol 1250 1250 60 10 30 6.4 0 4 8.5
Diesel 1330 1330 60 10 30 5.2 0 45 8.5
LPG 1280 1280 60 10 30 8.3 0 4 8.5
LPG eco-driving 1280 1280 60 10 30 7.2 0 4 8.5
Compact | Hybrid Petrol 1350 1356 60 10 30 5 15 4 8.5
car Hybrid LPG 1380 1386 60 10 30 6.5 15 4 8.5
BEV Poland 1400 1640 56 14 30 16 60 0 10
BEV USA 1400 1640 56 14 30 16 60 0 10
BEV EU-27 Avg 1400 1640 56 14 30 16 60 0 10
BEV Sweden 1400 1640 56 14 30 16 60 0 10
Petrol 1400 1400 60 10 30 7.8 0 4 11
Diesel 1500 1500 60 10 30 6.3 0 45 11
LPG 1430 1430 60 10 30 10.1 0 4 11
LPG eco-driving 1430 1430 60 10 30 8.8 0 4 11
Compact | Hybrid Petrol 1500 1508 60 10 30 6.1 2 4 11
SUv Hybrid LPG 1530 1538 60 10 30 79 2 4 11
BEV Poland 1600 1900 56 14 30 19 75 0 12
BEV USA 1600 1900 56 14 30 19 75 0 12
BEV EU-27 Avg 1600 1900 56 14 30 19 75 0 12
BEV Sweden 1600 1900 56 14 30 19 75 0 12
Petrol 1500 1500 60 10 30 7.2 0 45 10
Diesel 1600 1600 60 10 30 5.9 0 5 10
LPG 1530 1530 60 10 30 94 0 45 10
LPG eco-driving 1530 1530 60 10 30 8.1 0 45 10
Midsize | Hybrid Petrol 1600 1608 60 10 30 5.7 2 45 10
car Hybrid LPG 1630 1638 60 10 30 74 2 45 10
BEV Poland 1600 1900 56 14 30 18 75 0 11
BEV USA 1600 1900 56 14 30 18 75 0 11
BEV EU-27 Avg 1600 1900 56 14 30 18 75 0 11
BEV Sweden 1600 1900 56 14 30 18 75 0 11
Petrol 1650 1650 60 10 30 9 0 45 12
Diesel 1750 1750 60 10 30 7.3 0 5 12
LPG 1680 1680 60 10 30 11.7 0 45 12
LPG eco-driving 1680 1680 60 10 30 10.1 0 4.5 12
Midsize | Hybrid Petrol 1750 1758 60 10 30 7.1 2 45 12
SuUv Hybrid LPG 1780 1788 60 10 30 9.2 2 45 12
BEV Poland 1800 2140 56 14 30 22 85 0 13
BEV USA 1800 2140 56 14 30 22 85 0 13
BEV EU-27 Avg 1800 2140 56 14 30 22 85 0 13
BEV Sweden 1800 2140 56 14 30 22 85 0 13
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Fig. 2. Calculated cumulative greenhouse gases life cycle emissions over 20 years of compact car usage

30% for LPG car with eco-driving techniques,

23% for hybrid petrol car,

20.5% for LPG car,

10% for diesel car,

6.5% for petrol car.

In countries with medium-carbon intensity of electric
energy production (such as the USA) total GHG emis-
sions of BEV SUVs are similar to emissions of cars of
the same segment with conventional body and LPG hy-
brid (on average 5% lower total emission than BEV
SUV in the USA) and economically driven LPG power-
train (on average 1% higher total emission than BEV

9.

SUV in the USA). Some more emissions are generated
by cars with petrol hybrid (on average 11.4% higher to-
tal emission than BEV SUV in the USA) and LPG
powertrain (on average 15% higher total emission than
BEV SUV in the USA). Emissions of diesel and petrol
cars are on average higher than BEV SUVs in the USA
by respectively 30% and 35%.

In countries with low-carbon intensity of electric energy
production (EU-27 average), total emissions of electric
vehicles are much lower than vehicles with internal
combustion engines of the same segment, on average by
46.4%. However, average emission per 1 km of electric
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vehicles: compact SUV (107.2 g CO,-eq/km), midsize

car (104.5 g CO,-eq/km) and midsize SUV (122.3 g

CO,-eq/km) exceeds 95 g CO,-eq/km level set by UE au-

thorities as a target tailpipe emission level for passenger

vehicles in 2020, while small SUVs (88.2 g CO»-eq/ km)
and compact cars (89.9 g CO,-eq/km) are also close to
the value. The small differences between emission of
midsize BEV SUV in EU-27 (122.3 g CO,-eg/km) and
smaller vehicles with internal combustion engines:
small hybrid LPG car (120.6 g CO,-eq/km, 1.4% less
than midsize BEV SUV), economically driven small LPG
car (127.5 g CO,-eq/km, 4.2% more than midsize BEV

SUV) and compact hybrid LPG car (137.7 g CO,-eq/km,

12.6% more than midsize BEV SUV) shows that even

with low-carbon intensity of electric energy production

not all BEVs offer significant potential to reduce CO,
emission compared to vehicles with internal combustion
engines with relatively low level of CO, emission.
10.Even in countries with very low-carbon intensity of
electric energy production such as Sweden, BEVs are
not completely zero emission vehicles, as there are still
emissions related to production of vehicle, battery and
maintenance. Total calculated GHG emissions for BEVs in

Sweden range from around 13 tonnes CO,-eq for small car

(43.9 g CO»-eqg/km) to around 21 tonnes CO,-eq (70.2 g

CO,-eq/km) for midsize SUV. However, the total emis-

sions of electric vehicles in Sweden are much lower

than vehicles with internal combustion engines of the

same segment, on average by 69%.

11. Results visualized in Fig. 2 show that increased GHG
emission of the production stage of BEVs can be com-
pensated in just 3-5 years compared to vehicle with
ICE, but only with very low carbon intensity of electric-
ity production. The higher the carbon intensity of elec-
tricity production, the longer it takes to compensate.

The results of the study demonstrate similarities with
other studies on assessing the impact of vehicles on global
warming. Study [18] also found that “... in Polish condi-
tions, introducing cars with electric engines into circulation
at the expense of withdrawing cars with internal combus-
tion engines is not unequivocally positive.” It also found
that not only GHG emission of BEVs may be at similar
level to those of vehicles with ICE, but also other pollu-
tants, such as NO, (nitrogen oxides), PM (particulate mat-
ter), and SO, (sulphur dioxide).

Another study [16] concluded that LPG may be a good
alternative to petrol in terms of emissions and showed a 15—
18% decrease in CO, emission, which is in line with find-
ings in the current paper.

Each method of assessing GHG emission has its own
limitation and is susceptible to input data. The presented
method was developed to compare GHG emissions of dif-
ferent vehicles in a simple, yet effective way, with data
available for customers of vehicles. Currently, customers
are informed only about TTW (tank to wheel, tailpipe) CO,

emission, which in case of battery electric vehicles does not
exist. As there is a strong need to limit CO, emissions, the
method can effectively help people choose the right vehicle
that under certain conditions of use would also be the least
harmful in terms of climate changes.

5. Conclusion
The final conclusions resulting from the conducted re-

search are summarized as follows:

— in countries with high and medium-carbon intensity of
electric energy production, driving a fuel-efficient hy-
brid or LPG vehicle may result in less total CO, emis-
sion than driving a battery electric vehicle (BEV), there-
fore BEVs are not always the best solution for limiting
CO, emissions of transport,

— in countries with low and very low-carbon intensity of
electric energy production, total CO, emission of BEVs
is lower than that of similar vehicles with internal com-
bustion engines,

— SUVs with both electric and internal combustion power-
trains generate around 18% more CO, emissions than
vehicles with conventional body of the same class and
powertrain. In order to achieve real reductions of CO,
emissions, popularity of SUVs should be reversed as
soon as possible,

— LPG installation can decrease total CO, emission of
petrol and hybrid vehicles by around 15%,

— eco-driving techniques can decrease total CO, emission
of LPG vehicles by around 12% compared to normal,
non-aggressive driving,

— national policies concerning passenger vehicles and
their impact on climate change, covering aspects such as
subsidies, excise duties, and taxes should take into ac-
count not tailpipe, but life cycle emissions of vehicles,

— low energy consumption of electric vehicle is essential in
limiting its indirect CO, emissions, therefore it should be
treated as a crucial parameter in the design process,

— high longevity is crucial in decreasing CO, emission per
kilometer driven of electric vehicles. Reduced longevity
would significantly increase emission of BEV per kilo-
meter, as the emissions related to production of vehicle
and battery would be divided by a shorter distance.
Battery electric vehicles are possibly the future of indi-

vidual passenger transport, but it is crucial to recognize not
only their advantages, but also their drawbacks. In order to
minimize the impact of passenger transport on the envi-
ronment, it is too early to simply replace all internal com-
bustion vehicles with BEVs. In order to make these cars
friendly to climate, they should use as little energy as it is
possible and have a long service life. Electric vehicles with
high energy consumption may hamper and prolong the
transition to renewable energy, without which BEVs are not
necessarily less harmful to the climate than fuel-efficient
vehicles with internal combustion engines.

Nomenclature

BEV battery electric vehicle
ICE internal combustion engine
LPG liquefied petroleum gas

CO,-eq carbon dioxide equivalent
GHG  greenhouse gas
SUV  sport utility vehicle
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1. Introduction

Over the years there has been a worldwide search and
move towards the application of alternative, and renewable
fuels with low environmental impact. Crude oil reserve
depletion, price uncertainty and negative effect of fossil
fuels on the environmental are responsible for this move.
Alternative fuels have superior performance and environ-
mental emission reduction abilities. Qils from plant sources
have demonstrated very good potentials to be used as alter-
native fuels; due to their renewability, and ability to lower
greenhouse emission while improving energy security [1].

Jatropha curcas is one of such promising energy crops,
with high seed oil content ranging from 30 to 50% by
weight [2]. Studies have shown that the usage of non-edible
oils in neat form is possible but not preferable [3]. The
crude jatropha oil contains 21% saturated fatty acids and
75% fuel diesel fuel blends produce remarkable results in
fuel economy, brake power and minimal combustion cham-
ber wear in compression ignition engines. Nonetheless, in
longer term usage, the high viscosity of non-edible oils and
the low volatility affects the atomization and spray pattern
of fuel, leading to incomplete combustion and severe car-
bon deposits, clogging of fuel filter, coking of injector tips,
and piston ring sticking, would be common place engine
durability challenges [4-13]. However, to surmount these
challenges, the transesterification or blending of jatropha
curcus oil would be required to reduce the oil’s viscosity
profile [14-16].

Azad et al. [17] found that the result of; calorific value
(CV), brake specific fuel consumption (BSFC) and brake
thermal efficiency (BTF) of mustard seed oil blended with
kerosene at 20% and 30% of the blends, were close to that
of the diesel fuel. The resulting blends also gave better
engine performance behavior when compared with other
fuel blends in the group, thus making it suitable for use in
compression ignition (CI) engines.

Ghormade et al. [18] in a study compared the perfor-
mance of two vegetable oil blends with kerosene (i.e. soy-
bean oil with kerosene, and rapeseed oil with kerosene)
with conventional diesel fuel. It was observed that; blends
of 20% vegetable oil with 80% kerosene by volume fairly
improves the thermal efficiency of the test engine under
high loading conditions. Huzayyin et al. [19] reported fairly
improved thermal efficiency in the case of heavy loading
for high pressure injection engine during the performance
test of blends of heavy fuel, and low grade oil kerosene
compared with diesel fuel at 60% fuel oil and 40% kero-
sene by volume.

Sanjid et al. [20] found that the palm and jatropha oil
blend (PBJB10) showed 20.49% reduction in carbon mon-
oxide (CO) emission compared with diesel fuel. This blend
demonstrated better results with unburnt hydrocarbon
(UHC) emissions and sound levels. In a related study,
Nalgundwar et al. [21] tested dual biodiesel palm and
jatropha oils with diesel fuel; the blend D70JB15PB15
exhibited a 14.5% CO reduction in emission. While, the
blend D90JB5PB5 shows 5.3% increase in NO, emission.
In addition, Agarwal et al. [22] found that CO, UHC and
carbon dioxide (CO,) emissions were less in the B20 engine
compared to the emission arising from the use of conven-
tional diesel fuel. However, in the same study, the oxides of
nitrogen (NO,) emission levels was observed to be higher
rate of emission due to the presence of fuel oxygen. The use
of unprocessed jatropha oil as fuel may be difficult due to
its high density and density. However, other than blending
with kerosene, the high viscosity could also be significantly
reduced with the addition of n-hexane, save that it could
generate a negating ecological condition due to the in-
creased concentration of nitrogen oxides, as it is with cano-
la oil [23]. Existing literature has also revealed that that fish
waste and jatropha oil can be used as alternate fuel for en-
gines without modifying any specifications of the engine,
and also, the emissions from the engine showed a better
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result except NO, which is higher [24]. Jatropha oil is gain-
ing a lot of attention on account of the fact the ecological
impact in CO, reduction and climate change mitigation as
a safe aviation fuel is also been considered. Due to the fact
that aviation sector has no near-term alternative to liquid
hydrocarbon fuels, the SAF produced from variable renew-
able feedstock-including jatropha, seems to be the best
option for modern aviation fleet [25].

Furthermore, in a study by Hemanandh et al. [26], the
performance and emission characteristics of hydro treated
jatropha oil and kerosene blends was reported. The results
showed a decrease in CO, UHC, CO, and NOy emissions
for HK10, HK20 and HK30 blends. An observable increase
in BTE, decrease in BSFC and increase in smoke emission
for HK10, HK20 and HK30 blends where also reported.
Madiwale et al. [27] showed improvement in brake power
(BP), BSFC, and BTE at various loading conditions. Sever-
al works have been published on the performance and emis-
sion behavior of vegetable oils blended with diesel and
kerosene, However, the objective of this paper is evaluate
the effect of jatropha oil blended with kerosene, and vary-
ing engine load on the performance and emission of an air
cooled-single cylinder, 4-stroke direct injection (DI) diesel
engine, and identify which blended sample(s) offers signifi-
cant potential as sustainable fuel for modern diesel engines.

2. Materials and Methods

The jatropha, kerosene and diesel oil were used for this
experiment. The diesel and kerosene fuel were purchased
from a government approved fuel station in Bauchi-Nigeria,
while the jatropha oil with fatty acid composition and
chemical structure presented in Table 1 below was pur-
chased from a local supplier. The proportion of fuel blends
used are presented in Table 2. Physical properties of
jatropha oil, kerosene and diesel oil and jatropha oil-
kerosene blends (refer to Tables 3 and 4) were determined
in accordance with standardized ASTM test procedures;
ASTM D97-93, ASTM D2015-85, ASTM D 93-94, ASTM
D D613, ASTM D 445 for density, higher heating value,
flash point, octane number and kinematic viscosity respec-
tively [28].

Table 1. Fatty acid composition (%) and chemical structure of jatropha
curcas oil [13]

Table 2. Samples of fuel mixtures used

Blend name Percentage of blends

Diesel 100% Diesel

JOKO 100% jatropha oil

JOK20 80% jatropha oil and 20% kerosene
JOK30 70% jatropha oil and 30% kerosene
JOK40 60% jatropha oil and 40% kerosene
JOK50 50% jatropha oil and 50% kerosene

Table 3. Physico-chemical and fuel properties of jatropha curcas, kerosene,
and diesel oil [13, 29]

Properties Jatropha oil Kerosene oil Diesel oil
Viscosity (cp) 40.4 1.067 2.7
@35°C

Specific density 0.917 0.79 0.835
@35°C

Cetane value 33.7-51 42 47.8
Flash point [°C] 274 37.8 65.5
Carbon residue [%] 0.64 - <0.05
Sulfur [%] 0.13 0.04-0.3 <10
Acid value 38.2 - -
Saponification value 198 - -
lodine value 112.5 - —
Calorific value 39,862 46,520 45,457

Table 4: Summary of the properties of jatropha oil with kerosene and

diesel blends
Fuel property JOKO | JOK20 | JOK30 | JOK40 | JOK50
Density at 30°C 917 884 878 869 856
[kg/m’]
Kinematic 50.93 3.85 3.67 351 3.19
viscosity at 40°C
[mm?/s]
Flash point [°C] 274 195 191 187 180
Pour point [°C] 2 <2 <2 <2 <2
Cloud point [°C] 14 10 7 6 4
Specific gravity 0.917 0.888 0.882 0.873 0.860
Calorific value 39,862 | 40.874 | 41.122 | 41.687 | 42.125
[MJ/kg]

2.1. Experimental setup and procedure

The neat jatropha oil was blended with kerosene at vari-
ous proportions such as JOK0, JOK20, JOK30, JOK40, and
JOKS50 on volumetric basis and was tested in a single cyl-
inder, air-cooled, 4 stroke and DI diesel engine mounted on
an engine test bed, coupled to a hydraulic dynamometer
was used (refer to Fig. 1 for schematic diagram and Table 5
for technical specification of the test rig). A SV-5Q auto-
mobile exhaust gas analyzer incorporated to the test rig’s
exhaust tail pipe was also used to measure the CO, CO,,
UHC and NO, emissions from the engine. For a constant
speed and variable load engine test rig with a hydraulic
dynamometer, the time taken by the engine to consume 8
ml of the fuel was recorded at a constant speed 1400 rpm
and at varying load of 500 g, 1000 g, 1500 g, 2000 g and
2500 g. The torque, exhaust temperature, oil temperature
for all fuel samples were recorded. Engine performance
measurements such as BSFC, air flow rate, BP, Brake spe-
cific energy consumption (BSEC), BTE, and air-fuel ratio
(AFR) were taken. Engine performance test for diesel was
also conducted as a basis for comparison. Technical speci-
fications of the engine test rig are shown in Fig 1. A multi

Name Composition [%] Structure

Palmitic acid 12.6 CHy oM
o

Stearic acid 3.9 @0“

Oleic acid 41.8 m?j’”

Linoleic acid 41.8 j]J:"/\:W‘]\

Linolenic acid 7.8 ﬁi\;\/\/vi’k

12

COMBUSTION ENGINES, 2023;192(1)



Analysis of Jatropha oil-kerosene fuel mixtures on the performance of a variable-load direct injection C | engine

gas analyzer was used to measure the concentration of gas-
eous emissions CO, CO,, UHC, and NO,, in order to de-
termine the emission characteristics of the various blends.
The performance and emission characteristics of fuel sam-
ples were analyzed and discussed.

Instrumentation Fuel
Unit- TD114 ‘

4= Air

Engine
TD110/111/113

Exhaust system

/ \
/ \
% \
17 \

4 G k‘

AEILILTS
I N "
N N

o
>
o
O «+—

Hydraulic »
Dynamometer —
TD115 R, Se

Fig. 1. An illustration of a complete TD110-TD115 TQ small engine test
rig [30]

Table 5. Technical specifications of engine [30]

SIN items Engine data
1. Model TD110-115

2. Method of starting manual starting

3. Engine type single cylinder, 4-stroke diesel
4. Bore stroke 79.5% 955 mm

5. Piston stroke/stroke 115 mm

6. Displacement 1896 cm®

7. Rated speed 1500 rpm

8. Maximum output 5.6 kW

9. Compression ratio 12:1t017.5:1

10. Maximum MEP 1400 kPa

11. Cooling method air cooled

12. Fuel and lube oil filter present

13. Injection pump Bosh VE VP 37

3. Results and discussions

3.1. Effect of load and fuel samples on engine

performance

Figure 2 shows the influence of diesel, jatropha oil,
jatropha oil and kerosene (JOK) blends on brake power as
a function of load. The pure jatropha oil (JOKO) exhibits
the same behaviour with diesel as there was no significant
change in engine BP at minimum and maximum loads.
Nonetheless, the BP of JOKO increased by 1.73% at 2000 g,
while the BP of JOK20 fuel sample increased by 71% and
28% at minimum and maximum loads respectively, and
reached a maximum at 2500 g. It was observed that the BP
for JOK30 blend increased by 33% at minimum load. At
maximum load the change in brake power is negligible.
While, it was also noted that the JOK 40 fuel sample exhib-
ited no significant changes in BP at minimum and maxi-
mum loads. The brake power for JOK50 increased by 29%
at minimum load. There were no significant changes in BP
at maximum load even though, a simulation study have
shown that engine load some what affects; the axial move-
ments of the rings in the grooves, elastic contact of the ring
and cylinder surface asperities, and causes power losses due

to the ring friction [31]. Furthermore, it could be seen that
all tested fuel samples registered their highest BP under the
condition of maximum load. These results show that JOK20
blend exhibited a comparably higher BP at minimum and
maximum load points when compared with diesel [27]. The
BP increased with increase in the engine load for all test
fuels because of the enhanced combustion and decrease in
frictional losses at higher loads [32].

1.0

0.9
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E 0.7 e=fi== |OKO
= 06 == JOK20
S o5 et JOK30
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S 4 == |OK40
° :
% 03 JOK50
o
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0.0

500 1000 1500 2000 2500
Load [g]

Fig. 2. Variation of BP for JOK blends with increase in load

Figure 3 shows the variation of SFC for JOK blends and
diesel under different loading condition. In general, the
BSFC was found to decrease with increase in the engine
load for all test fuels. This was because of improved com-
bustion in the cylinder at higher loads [32]. The trend of
JOKO fuel sample shows no significant change in SFC
when compared with conventional diesel fuel.

900
- 800
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s == |OKO
3 600 e JOK20
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o = 400 i | OK40
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g 300
g 200
&
100
0

500 1000 1500 2000 2500
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Fig. 3. Variation of SFC for JOK blends with increase in load

The SFC behavior for other blends under consideration
at minimum and maximum loads are discussed as follows;
JOK20 decreased from 71% to 28%, JOK30 decreased
from 33% to 0%, JOKA40 exhibits the similar behavior with
diesel at minimum and maximum loads. However, at 1000 g
engine load JOK20 sample exhibited the best SFC perfor-
mance. While, JOK50 decreased from 28% to 0% from
1000 g to 1500 g. The improvement in SFC of JOK20 fuel
sample ascribed to better combustion behavior of the fuel
blend largely influenced by the presence of oxygen in the
blend [32], and the addition of higher composition of kero-
sene lowers the viscosity of the blends (refer to table 4) and
improves fuel spray atomization and subsequently the fuel
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combustion. However, recent finding have also shown that
The use of nanoparticles (such as; Al,O; and TiO,) in fuels
could also be employed to improve engine efficiency and
reduce fuel consumption with no observed changes in the
exhaust gas temperature after addition of nanoparticles
[33].

The Fig. 4 presents the variation of AFR of diesel and
other blends as a function of load. The trend of the effect of
the variations caused by tested fuel samples at minimum
and maximum loads are observed as follows; JOKO sample
decreases by 6.8% and 5.8% respectively with its lowest
AFR occurring at 2000 g; JOK20 fuel sample decreases by
16.4%, and increased by 1.7%, exhibiting its highest AFR
at maximum load; JOK30 fuel sample decreases by 4.7%,
and increased by 4% revealing its highest AFR occurring at
the intermediate load points; JOK40 fuel sample increases
by 1.8% and 1.7% with its highest AFR recorded at the
minimum load; and JOK50 blended sample decreases by
7.9%, and increases by 18%, with its highest AFR is at
maximum load.

180

160
g 120 10120
% 100 =y ]OK30
£ 80 it JOKA0
£ 0 JOKS0
40

20

0

500 1000 1500 2000 2500
Load [g]

Fig. 4. Variation of AFR for JOK blends with increase in load

The illustration of BSEC variations for tested fuels and
blends as a function of load is presented in Fig. 5. The
trends in BSEC at minimum and maximum loads are dis-
cussed as follows: JOKO fuel sample decreased from 6.7%
to 2.7%; JOK20 blends decreases from 37% to 31.2%;
JOK30 fuel decreased from 28.7% to 13.1%; JOK40 sam-
ple decreased from 9.9% to 9.8%. JOK50 blended fuel
sample decreased from 24.4% to 21.4%. A general decrease
in BSEC with increase in load was observed for all tested
fuel samples under the varying loading condition.

40

w w
o wun
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Fig. 5. Variation of BSEC for JOK blends with increase in load

The main reason for this could be credited to the fact
that the percent increase in the amount of fuel required to
operate the engine is less than the percent increase in BP.
The blended samples appear to produced lower BSEC
compared to diesel fuel. This lowering of the BSEC could
be explained in terms of the availability of the oxygen in
the fuel blends. BSEC is the energy input required to devel-
op unit brake power, and is independent of the fuel used.
When two different fuels of different heating values are
blended together, the fuel consumption may not be reliable,
since the heating value and density of the two fuels are
different. In such cases, the BSEC will give more reliable
value [34].

The BTE gives an idea of the output generated by the
engine with respect to heat supplied in the form of fuel.
Figure 6 shows variation in thermal efficiency for the fuels
with increase in engine load. An increase in BTE was ob-
served for all tested fuel blends for all loading condition.
The variations in BTE at minimum and maximum loads for
all samples is as follows: JOKO sample increased from
15.3% to 36.5%; JOK20 blend increased from 17% to
47.5%; JOK30 fuel blend increased from 15.1% to 37.5%;
JOK40 fuel sample increased from 11.9% to 36.2%; and
JOKS50 fuel blends increased from 13.7% to 41.5%. For all
tested samples, JOK20 fuel samples exhibited the highest
thermal efficiency, this too can be attributed to the com-
mensurate increase in engine power with load increment.
The BP increased with increase in the engine load for all
test fuels — so does the BTE, because of enhanced combus-
tion and decrease in frictional losses at higher loads [35].
The frictional losses could be further enhanced by the lu-
bricity properties of the jatropha oil occasioned by its high
saponification values (refer to Table 3). In addition, the
SFC of an engine is inversely proportional to its BTE,
hence decrease in SFC resulted in increase of the BTE.
From the foregoing, it could be observed that the BTE of
JOK fuel samples were observable higher than diesel under
varying loading conditions.

0.5
0.45
E 04 il ] OKO
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201
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Fig. 6. Variation of BTE for JOK blends with increase in load

Figure 7 illustrates the results of the variation of EGT
with load for diesel and various fuel blends under study.
Under all loading condition, JOK and blends were found to
have lower EGT compared to diesel. JOK30, JOK40 and
JOK50 fuel samples demonstrated a comparatively lower
EGTs when compared with JOK 20 and JOKO fuel sam-
ples. The high EGT in this case is traceable to the presence
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of higher concentration of jatropha oil (JOKO0 and JOK20)
in the fuel sample, with its relatively lower heating value
than kerosene and diesel fuel (refer to Table 3), and this
would require higher amount of fuel in the engine to gener-
ate that extra power needed to take on the additional load-
ing. From the foregoing engine performance results (refer
to Fig. 6), a relationship could also be established between
EGT and BP, on account of the fact that, a rise in combus-
tion temperature brings about an increase in the pressure
acting on the piston, to improve mechanical power output
[36].
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Fig. 7. Variation of EGT for JOK blends with increase in load

3.2. Effect of load and fuel samples on engine tailpipe

emission

The variation of CO emission with load is shown in Fig.
8. CO is an intermediate combustion product that is formed
mainly due to incomplete combustion of fuel. If combustion
is complete, CO is converted to CO,. If the combustion is
incomplete due to shortage of air or low gas temperature,
CO will be formed. As the load increases there is a signifi-
cant decrease in CO emission in fuel blends with lower
concentration of jatropha oil [20].

0.8
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Fig. 8. Variation of CO for JOK blends with increase in load

Figure 9 showed the emission levels of CO, for various
blends and diesel. JOKO fuel sample shows lower CO,
emission at minimum and maximum loads. The following
fuel samples; JOK20, JOK30, JOK40 and JOK50 fuel sam-
ples exhibited higher CO, emission than diesel with load
increment.

HC in exhaust occur as a result of incomplete burning of
the carbon compounds in the fuel. The trend of UHC emis-
sion variation for different blends is illustrated in Fig. 10.

Apart from the pure JOK and blended samples exhibited
lower UHC values than conventional diesel fuel. The blend
with the lowest UHC emission is JOK50 with 84 ppm and
86 ppm at minimum and maximum loads. The lower HC
emissions of JOK and blends can be attributed to the pres-
ence of oxygen in JOK and blends and its contribution to
the give a near complete combustion process.
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Fig. 9. Variation of CO, for JOK blends with increase in load

It could be seen from Fig. 10 that, at lower engine loads
oxidation reactions were very slow due to lower tempera-
ture and lean mixture. UHC are formed in the core of the
spray and the regions just outside the flame zone [37]. They
are also formed at the point where the fuel spray touches
the wall and thereby gets quenched. UHC emissions in-
creased with load for all the fuels. At higher loads, the
mixture was too rich causing incomplete combustion and
higher UHC emission [38]. As the load increased, heat
released by the fuel also increased which improved com-
bustion and consequently UHC level start decreasing.
Above the rated load value UHC emission started increas-
ing due to poor combustion [39]. HC emissions drop at all
brake power by doping with kerosene. Increasing the kero-
sene content reduces the HC emissions significantly. This
was caused by the lower viscosity of blends by kerosene
blending.
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Fig. 10. Variation of UHC for JOK blends with increase in load

Figure 11 shows the variation of NO, with respect to
load and fuel sample variations. It could be seen that con-
ventional diesel fuel produces 31 ppm of NO, at 1500 g
engine load, while JOK30 blended sample produces similar
emission level with diesel at 2000 g load. JOK40 fuel sam-

COMBUSTION ENGINES, 2023;192(1)

15



Analysis of jatropha oil-kerosene fuel mixtures on the performance of a variable-load direct injection Cl engine

ple also generated similar emission level with diesel under
varying engine load condition. The highest emission of 74
ppm was observed for JOK50 samples under all load condi-
tions. There was no noticeable production of NO, emission
for JOKO and JOK20 blended samples could probably be
caused by the reduction of the peak engine temperature due
to less excess air, or a slight leak in the sampling system
affecting the sensitivity of the analyzer.

It could also be observed that the NO, emission level
exhibited occurred as the oil temperature increased. Hence,
it could be inferred that the increase in NO, emission is
very much dependent on the combustion chamber tempera-
ture. At the higher chamber temperature, the reaction
N2 + O, = 2NO takes place, and this promotes the for-
mation of NO,. Temperature drops rapidly during expan-
sion and exhaust strokes, but the reverse reaction or disso-
ciation of NO is not rapid enough to establish equilibrium
and therefore higher amount of NO, appears in the exhaust
at higher loads [39]. Further studies have suggested that
addition of antioxidant such as, N,N'-diphenyl-1,4-phenyle-
nediamine (DPPD) has been found to reduce NO, emis-
sions significantly with a slight penalty in terms of engine
power and brake specific been found to reduce NO, emis-
sions significantly with little negative effect on engine
power and brake specific fuel consumption (BSFC) as well
as CO and HC emissions [40].
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Fig. 11. Variation of NOy for JOK blends with increase in load

4. Conclusion

This work was an attempt to explore the usability of
jatropha oil-kerosene mixtures as combustion fuels for ClI
engines. From the finding the following conclusions can be
drawn:

i.  The JOK20 blended samples offered significant poten-
tial as sustainable fuel for modern diesel engines.

ii. JOK20 fuel blend exhibited the highest BP, BTE, and
EGT followed by JOK30, JOK40 and JOK50 blends
than diesel fuel.

iii. JOK20 blended fuel sample exhibited the lowest SFC,
and is hence more economical in terms of fuel con-
sumption.

iv. JOK20 sample has the lowest BSEC and AFR fol-
lowed by JOK30, JOK40 and JOK50 blends than die-
sel fuel.

v. There was slight reduction in CO emission level for
JOK20 compared to diesel fuel.

vi. significant reduction was noticed for JOK30, JOK40
and JOK50 blends as the load increases.

vii. In comparison to diesel fuel, JOK20, JOK30, JOK40

and JOKS50 fuel samples exhibited higher CO, emis-

sion level than diesel as engine load increases.

Other than JOKO sample, all other fuel blends exhibit-

ed lower UHC emission than diesel fuel.

iXx. JOKA50 fuel sample released the highest NO, emission.
JOK30 and JOK40 had the same level of NO, for-
mation than diesel fuel, while there was no noticeable
trace of NO, formation in JOKO and JOK?20 fuel sam-
ples.

viii.
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Nomenclature

AFR  air fuel ratio
BMEP brake mean effective pressure
BP brake power

CO carbon monoxide
CO, carbon dioxide
DI direct injection

BSEC brake specific energy consumption EGT  Exhaust gas temperature
BSFC brake specific fuel consumption NO,  nitrogen oxides

BTE  brake thermal efficiency SFC  specific fuel consumption
Cl compression ignition UHC  unburnt hydrocarbon
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The BAT-CELL Bio-Ambient-Tests method is based on the assessment of the influence of the actual toxici-

ty of various types of gas mixtures on living cells, taking into account the additive synergism. Work has been
carried out on the application of the BAT-CELL method for testing engine exhaust gases. The application of
computational fluid mechanics using Ansys Fluent made it possible to analyse the flow of engine exhaust gases
through the aspiration system used, including analysis of shear stress values and their uniformity distribution

Received: 14 January 2022
Revised: 19 February 2022
Accepted: 28 March 2022
Auvailable online: 15 April 2022

on the bottom wall of the sampler containing cell culture on the bottom wall of the sampler. The appropriate
flow rate of exhaust gases through the aspiration system and the shape of aspiration tubing for the sampler
were selected in order to enable uniform contact of gas particles with the cell surface and not to damage them
mechanically. The simulation results were verified in real-life tests and confirmed the theoretical assumptions.
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1. Introduction

In accordance with the principle of sustainable devel-
opment, propagated in Europe since the beginning of the
19th century, the economic development must lead to an
improvement in the quality of the natural environment by,
among other things, limiting the harmful effects of produc-
tion and consumption on the state of the environment and
protecting natural resources. At a time when motorisation is
one of the most important trends in the development of
society, attention should be paid to the aspect of exposure
of a human body to the negative effects of such progress of
civilisation. The progress of motorisation in the world has
forced the introduction of certain legal restrictions on the
control of exhaust emissions. Euro emission standards have
been in force in Europe since 1992. The control is carried
out by means of various measurement methods, thanks to
which the concentration of emitted compounds subject to
standards is determined, including hydrocarbons (HC),
nitrogen oxides (NO,), carbon monoxide (CO) and particu-
late matter (PM/PN). However, all the methods used do not
give direct and clear results on their actual toxicity. Actual
toxicity should be understood as a harmful effect of a sub-
stance on living organisms — tissues, organs or biological
processes. It seems appropriate to use a method that will
make it possible to determine the actual impact of toxic
substances on a living organism in a relatively quick, un-
ambiguous and objective manner. Moreover, the currently
binding exhaust emission standards do not take into account
many harmful compounds, directly unlimited (Fig. 1),
which determine toxicity of exhaust gases. In the group of
hydrocarbons we can distinguish compounds from polycy-
clic aromatic hydrocarbons (PAH) and volatile organic
compounds (VOC), such as benzo(a)pyrene or benzene,
which exhibit, inter alia, carcinogenic and mutagenic ef-
fects even at very low concentrations, which has been re-
peatedly scientifically proven [3, 18, 21-23].

| Components subject to emission limits I

| co H NOy PM/PNI

Very harmful groups of compounds not
directly covered by Euro standards

Fig. 1. Location of VOCs and PAHs among the limited components of
exhaust gases [19]

This paper proposes a method for measuring the real
toxicity of engine exhaust gases, which may be a supple-
ment or alternative to the currently used methods. The
method takes into account synergistic interactions of com-
pounds without the need to identify them qualitatively and
quantitatively. Moreover, in a relatively simple way, both in
terms of conducting the experiment and interpretation of
results, it allows for obtaining an answer to the question
whether a given gas mixture may cause toxic effects in our
body.

2. Review of exhaust emission test methods

Research on exhaust emission measurement methods in
the context of changing Euro emission standards is an ex-
tremely important and topical issue. Commonly used ex-
haust emission measurement methods can be divided into
those using exhaust gas analysers [33] (including portable
emissions measurement system PEMS), analytical methods
(e.g. chromatography, spectroscopy) and less popular calcu-
lation methods [28]. These methods can be used for testing
exhaust emissions in stationary conditions on a chassis
dynamometer or in road traffic conditions.

Definitely, the most common method of measurement in
the conditions of real vehicle traffic is the method using
a special mobile scientific and research apparatus of the
PEMS type, appropriately installed in a vehicle [5, 8, 9, 11,
15, 20, 24, 26, 30]. It makes it possible to measure the con-
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centration of individual pollutants and the energy consump-
tion of traffic, while measuring the mass flow rate of ex-
haust gases from a power unit. The apparatus may be used
for testing vehicles of various types and homologation
categories. Moreover, it provides instantaneous values of
the measured parameters, which allows for quick conclu-
sions from the conducted tests.

A common method of measuring pollutant emissions in
stationary conditions on a chassis dynamometer are exhaust
gas analysers [27, 31]. These are measuring instruments
intended for measuring the content of exhaust gas compo-
nents such as carbon monoxide, carbon dioxide, nitrogen
oxides, hydrocarbons, oxygen. The most popular of them
are non-dispersive infrared (NDIR) analysers, using spec-
trometric methods, which consist in measuring with
a photometer the total absorption of radiation in a quite
narrow band of wavelengths, characteristic of the com-
pound in question. Other analysers used are flame ionisa-
tion detection (FID) for the determination of hydrocarbons
and methane and chemiluminescent (CLD) for the determi-
nation of nitrogen oxides. Other methods used to measure
exhaust emissions are analytical methods, mainly chroma-
tographic (including flame ionisation or chemiluminescence
detection) and spectroscopic [1, 6, 10, 13, 16, 25, 32].
Among them we can distinguish the less known ones, e.g.
the electronic method for the detection of nitric oxide emis-
sions, which is based on absorption spectroscopy using
a diode laser [7, 29], or the method using a specialised
spectroscopic remote sensing device developed by the Uni-
versity of Denver [4].

Testing of gaseous mixtures by means of in vitro tests is
a new method, not commonly used. So far, the only Polish
author of papers published in Switzerland, based on tests on
living cells exposed to gaseous mixtures, including exhaust
gases, is Czerwinski [2]. In this type of research, the key
issue is not the selection of an appropriate test, but the se-
lection of appropriate parameters of cell exposure to harm-
ful substances and the knowledge of the dose of the tested
gases causing the toxic effect.

3. BAT-CELL method

Innovative, patented BAT-CELL Bio-Ambient-Tests
method (Patent. Poland, No 220670. Method for the meas-
urement of the effects of gaseous mixtures on living cells:
Int. Cl. C12M 1/34, C12M 1/36, C12M 1/38, GO1N 33/00.
Application no. 400646 of 04.09.2012. published 30.11.
2015) consists in evaluating the effects of the actual toxicity
of different types of gas mixtures on living cells, taking into
account additive synergism. It allows direct contact be-
tween the test gas and the cell surface, thanks to the elimi-
nation of a physicochemical barrier in the form of culture
fluid, which distinguishes it among other direct methods of
this type.

The cell culture, devoid of the culture fluid, is placed in
a sterile closed chamber (sampler). In particular, the fibro-
blast-like cell line obtained from mouse subcutaneous adi-
pose tissue L929 is dedicated to this type of study. Subse-
quently, the gas is introduced into the sampler through an
inlet tube through an antibacterial filter and by means of an
aspiration system (Fig. 2).

& inlet

& 7
3

L
outlet

o—
=

/™=

v
Fig. 2. Diagram of a system for assessing the toxicity of gas mixtures
using the BAT-CELL Bio-Ambient-Tests method (1 — sterile sampler, 2 —
cell line devoid of culture fluid, 3 — conditioning chamber equipped with

pressure (6) and temperature (7) sensors, 4 — aspirating system, 5 — anti-
bacterial filters) [12]

After exposure of the cell culture to the gas, it is flooded
with culture fluid and the toxic effect of the gas on the
culture is examined by standard toxicological tests accord-
ing to standard procedures. The exposure time is chosen
individually depending on the type of gas mixture. Flow
parameters shall be chosen to the shape of the sampler in
such a way that uniform contact of the gas molecules with
the cell surface is ensured and the cells are not mechanical-
ly damaged. Numerical methods of fluid mechanics are
used for this purpose.

The conditioning chamber (Fig. 3) is equipped with
pressure and temperature sensors to ensure that the vital
functions of the cell culture are maintained. The elimination
of the culture fluid is possible by maintaining physical
parameters appropriate to the requirements of the cell line,
a line-safe residence time for the cells outside the incubator
atmosphere and no nutrient supply. The culture fluid addi-
tionally has an antibiotic function for the cells, therefore the
sampler with the cell line is additionally protected at the
inlet with an antibacterial filter [12].

dﬁﬁu& 3
i

Fig. 3. BAT-CELL chamber

4. CFD numerical analysis

Thanks to the application of computational fluid me-
chanics with the Ansys Fluent software, it was possible to
select an appropriate flow rate and shape of the aspiration
tubing for the cell culture sampler.

The simulations were carried out for two values of the
flue gas flow rate and the shape of the aspiration pipes for
the sampler containing the cell culture.

Simulations were carried out for two flow rates — 150
and 250 cm®/min. Four solutions of the shape of aspiration
tubing were proposed, differing in the angle of inclination
of the tubing in relation to the bottom wall of the sampler,
and thus in their length, as well as in the angle of truncation
of the outlet duct (Fig. 4). The length of the aspiration tub-
ing (the section inside the sampler) varied from 18 to 35
mm, depending on the model.
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Model 1
parallel to container mouth

aspiration tubing downward, Model 2 - aspiration tubing parallel to the

ground

o=

=
-
J

_— . Model 4 — aspiration tubing parallel to the
Model 3 — aspiration tubing towards the top i ; & P(
ground, as short as possible, inlet cut at an

of the container 2
) angle of 60°

Fig. 4. Different solutions of the shape of aspiration tubing

For the purpose of the simulation, the sampler construc-
tion was simplified. The 3D spatial model was discretised.
A tetrahedral mesh with an element size of 0.001 m was
applied. In order to compact the mesh locally, a wall layer
was applied to the lower wall of the sampler.

For a flow rate of 250 cm®min, a flow velocity of
0.5895 m/s was calculated, while for a flow rate of 150
cm*/min the value was 0.3537 m/s. For both cases, the
Reynolds number was calculated (an example of calculation
for the higher flow rate is given — formula 1). The obtained
values Re; = 73 and Re, = 121 testified to laminar flow. In
laminar motion, the fluid elements move along straight or
gently curved paths, depending on the shape of the rigid
walls that give shape to all the current lines. In laminar
flow, therefore, there is an exchange of mass, and with it an
exchange of momentum on a microscopic scale, which is
the cause of the occurrence of tangential stresses. In lami-
nar flow, characterised by the dominance of viscous forces
over inertial forces, any random disturbances arising are
damped, so that the flow is static (stable). Such motion can
occur as long as the Reynolds number does not exceed the
critical value Rey, < 2300 [14]. The Reynolds number val-
ues were calculated for the medium, which was air. The
obtained parameters were set under flow simulation condi-
tions.

1.225 %€ . 0.5895 2. 0,003 m
e m S

0.()00017894::1—’%S =121 (l)
where: p — the density of the medium, V — flow velocity, dy
— hydraulic diameter, p — dynamic viscosity.

The Navier-Stokes equations (equation 2) [14] were
used to describe the flow of a Newtonian viscous fluid in
the studied system. These equations describe the principle
of conservation of momentum for a moving fluid. Accord-
ing to them, changes in the fluid element depend only on
mass forces, external pressure and internal viscous forces in
the fluid. In addition to normal stresses, tangential stresses
occurring on the walls of the viscous fluid element can also
be considered.

%-I—V'VV:F—%Vp-}-VVZV )

where: (v - V)v— convection: the transfer of local momen-
tum with the movement of a fluid, F — creation of momen-

tum due to mass forces (gravity), in — change of momen-

tum due to pressure forces, vV2v — friction forces: dissipa-
tion of momentum due to friction processes.

The results show maps and graphs of shear stress distri-
bution on the bottom wall of the sampler depending on the
set flow rate value and shape of aspiration tubing (Fig. 5—
8). Due to the wide range of stress values in this case, the
range of scale values on individual maps and graphs was
not standardised, as the exact stress distribution and maxi-
mum values of tangential stresses for individual models
would not be visible. Therefore, the results are presented
unaltered. The diagram of the dependence of shear stress
values on the position of a given point in the plane of the
bottom wall of the sampler shows the values at a given
node of the element mesh.

Maximum values of tangential stresses for particular
models of aspiration tubing are presented in the Fig. 9.
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Fig. 5. Maps and diagrams of shear stress distribution on the bottom wall
of the test specimen for model 1

The lowest stress values were observed for model 3, in
which the designed tubing were directed upwards. On the
basis of the analysis performed, it was concluded that the
direction of aspiration tubing has an influence on the values
of shear stresses. Reducing the flow rate to 150 cm®min
will reduce the shear stress values several times. Directing
the inlet aspiration tubing towards the top of the sampler or
cutting its tip at an angle leads to a more uniform distribu-
tion of shear stresses on the bottom wall of the container.
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Fig. 6. Maps and diagrams of shear stress distribution on the bottom wall ~ Fig. 8. Maps and diagrams of shear stress distribution on the lower wall of
of the specimen for model 2 the sampler for model 4
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Fig. 7. Maps and diagrams of shear stress distribution on the lower wall of  Fig. 9. Comparison of shear stress distributions on the lower wall of the
the sampler for model 3 sampler for individual models
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In order to compare the models, a table containing dis-
tribution maps of shear stress values with a unified meas-
urement scale is also presented (Table 1). Its range is de-
termined by the highest and lowest values of shear stresses
selected on the basis of the previous analysis.

Table 1. Maximum shear stresses for various aspiration pipe shapes

Model | Maximum shear stress on the bottom wall of the container [Pa]

for the flow rate 150 cm®min | for the flow rate 250 cm®min
1 2.06-10°3 591-10°
2 3.17-10* 9.25-10™
3 1.44 -10™* 7.24-10%
4 172-10* 8.48-10"*

Due to the lowest maximum values of shear stress and
the most uniform distribution of values on the surface of the
bottom wall of the sampler, model 3 and a gas flow rate of
150 cm*/min were selected for the real tests.

5. Real model

The sampler used is a standard container used for ad-
herent cell culture, made of polystyrene (Fig. 10). The inner
surface of the bottom wall of the sampler enables proper
adhesion of cells to the substrate, thus their movement
inside the sampler is not possible. It should be noted that
the samplers used in the BAT-CELL method are subject to
constructional modifications by the manufacturer over time.
Therefore, it is important to simulate the flow of tested
gases through the sampler before commencing the main
tests.

Fig. 10. Sterile closed cell culture container

For cell exposure, the method requires changing the
sampler stopper to a different one, which contains aspira-
tion tubing — inlet and outlet. The tubes are made of rigid
Teflon, which is resistant to elevated temperature (max.
260°C), in which liquid sterilisation of exchangeable stop-
pers equipped with tubing. The diameter of the tubing has
been selected according to the size of the upper surface of
the stopper, so that two holes can be drilled in it. The outer
diameter of the tubing was 4 mm and the inner diameter
was 3 mm. The tubings were fixed in the holes of the stop-
per using a suitable VOC-free adhesive. When designing
the shape of the tubing, care had to be taken to ensure that
they did not mechanically damage the lower wall with the
adherent cell culture when the stopper was screwed on.
Because of the downward slope of the sampler inlet, it was
necessary to design appropriately long aspiration tubing.
An important issue was the selection of the angle of the
aspiration tubing in relation to the bottom wall of the sam-
pler and their shape.

The actual model of the sampler with the visible aspira-
tion tubing facing upwards inside the sampler is shown in

Fig. 11. Antibacterial filters are screwed to the external ends
of the aspiration tubing via a specially selected connector.

The selection of an appropriate flow rate is aimed only
at the exchange of air, the velocity of which will not cause
mechanical damage to the cells, but will lead to a continu-
ous supply of fresh fumes. Therefore, it is not important to
select an exact value of the flow rate, but one that does not
exceed the critical value that ruptures the cells.

Fig. 11. a) The actual model of the sampler with aspiration tubing termi-
nated with filters, b) prototype series of identical interchangeable caps

The value of the flow rate of exhaust gases flowing
through the sampler inlet/outlet system equal to 250 cm*/min
in the first test experiment was selected on the basis of previ-
ous experiments [12, 17]. The second tested flow rate value
of 150 cm*min was selected based on the first trial test,
during which cell rupture from the adherent substrate was
observed (Fig. 12a, b). The lack of uniformity of cell distri-
bution after exposure indicated that the set flow rate was too
high. Previous analyses [12, 17] did not show the problem of
cell rupture for a flow rate value of 250 cm®min. The reason
was most likely due to discrepancies in the methods of adhe-
sion of a given cell line to the sampler substrate.

Fig. 12. a) cells detached from the substrate, b) cells multiplying properly

The test gases flowing through the aspiration system ex-
ert specific internal forces on the bottom of the adherent
cell culture probe. These forces are divided into tangential
and normal stresses. The effect of cell detachment from the
substrate is related to the occurrence of shear stresses.
Therefore, the distribution of shear stresses on the lower
wall of the sampler was analysed. The aim was to obtain as
uniform a distribution as possible, which would give infor-
mation that the cell culture would not be disturbed at any
point and that no mechanical damage would occur and the
tests would have to be repeated.

The research, which confirmed the correctness of BAT-
CELL method validation, concerned the survival rate of
cells subjected to exposure to engine exhaust fumes emitted
from petrol vehicles meeting Euro 3 and Euro 6 emission
standards. One of the methods used to determine cell sur-
vival rate is the method using a haemocytometer — a glass
plate with engraved lines forming a grid, with the help of
which it is possible to count degenerated cells. Example
results are presented in the diagram below (Fig. 13) [19].
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Fig. 13. Mean cell survival calculated with using a hemocytometer [19]

For the tested vehicles complying with the Euro 3
standard, the cell survival was found to be approximately
4% higher in comparison with the vehicles complying with
the Euro 6 standard, which means higher toxicity of exhaust
gases for the tested vehicles of newer generation [19].

6. Summary and conclusions

Validation of the BAT-CELL Bio-Ambient-Tests meth-
od performed by numerical analysis of the exhaust gas flow
through the aspiration system was verified in real tests, and
simulation results confirmed theoretical assumptions.

Appropriate selection of flow rate values, aimed at air
exchange leading to continuous supply of fresh exhaust
gases, as well as the shape of aspiration tubing allowed to
eliminate the effect of cell detachment from the adherent

sampler substrate, allowing for their proper multiplication
and elimination of mechanical damage to the cells.

In addition to the sampler design, parameters such as
exposure time of the cell culture to the engine exhaust gas
and the exhaust gas collection method were validated.

While continuing the research, actions should be taken
to improve the BAT-CELL Bio-Ambient-Tests method.
Above all, the cell culture samplers for the method should
be standardised, the sampling method for the gas mixtures
tested should be standardised and a procedure should be
developed for the in vitro method used to assess cell cyto-
toxicity. Undoubtedly, it is also necessary to verify the
method on a sufficient number of vehicles to confirm the
reliability of performing real toxicity tests of engine ex-
haust gases on living cells in order to use the method com-
mercially as an alternative to those currently used. Never-
theless, it should be stressed that the test showed that it is
worth considering the validity of introducing successively
more restrictive exhaust emission standards, which take
into account only selected compounds or groups of com-
pounds, but not necessarily those which determine the tox-
icity of the exhaust gas mixture. Moreover, it is important
to take into account the interactions of particular com-
pounds with each other, which may, for example, intensify
the toxic effect.
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Nomenclature

CLD  chemiluminescence detector
CO carbon monoxide

FID flame ionization detector

HC hydrocarbons

NDIR nondispersive infrared sensor

NO, oxides of nitrogen

PAH  polycyclic aromatic hydrocarbons
PM particulate matter

PN number of particulate matter
VOC volatile organic compounds
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Deposition effect of carbon deposits on charge flow in EGR valve
equipped CI engine

ARTICLE INFO The exhaust gas recirculation (EGR) valve regulates the exhaust gas flow between the engine exhaust mani-
fold and the inlet one. This allows the inlet air to warm up, improving fuel evaporation and reducing the
combustion temperature of the charge. Such a valve reduces the number of harmful substances in the exhaust
gases. The valve tends to stick when too much sediment builds on the walls of the exhaust system, especially
during driving in urban conditions or when leaks in the vacuum or exhaust pipes occur. A faulty valve causes the
engine to run unevenly at idle speed and under light loads. The defective EGR valve weakens the inlet manifold
capacity, increases combustion, causes clogging of the particulate filter and damage to the lambda probe.
Blocked EGR valve may lead to engine immobilization as a result of its computerized control system operations.
A model of an EGR valve for a selected diesel engine was developed to determine velocity distribution of the
load flowing in it for different values of the degree of valve opening and the volume of deposits on the valve
walls. The volume of accumulated carbon deposits on the walls of the EGR valve was measured using a real
engine. Based on the recorded mileage of the vehicle, the assumed average speed of the car and the driving style
of the driver and the intensity of deposition of carbon particles on the walls was estimated.
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from light-duty engines through medium and heavy-duty
engine to low-speed, two-stroke marine engines [6].

1. Introduction

The necessity of NO, emission reduction for different
combustion engines caused the development and the com-
mon use of various catalytic converters and exhaust gas
recirculation systems (EGR). The latter allows for recircu-
lation of a portion of exhaust gases from the exhaust mani-
fold and the inlet manifold via a condenser. During the
flow, the exhaust gases are gradually cooled down and the
deposition of particulate matter, hydrocarbons, and other
entrained species takes place [1]. The deposited particles
have forms differing in size and chemical composition
depending on the place of deposition: on inner walls of EGR_¢
EGR system components such as manifolds, pipes, valves, vaive S
and coolers. The mentioned size and chemical composition
of carbon deposits in the case of spark-ignition (SI) engines
supplied with gasoline [2] significantly differ from these in

Valve
drive

Carbon
deposits

case of compressed-ignition (CI) engines supplied by diesel
fuel [3], emulsion fuel [4] or biodiesel [5].

The chosen EGR valve, applied in the compressed igni-
tion (CI) combustion engine is shown in Fig. 1. The inlet
gas flows from the EGR cooler and outlet gas are directed
to the intake manifold of the CI engine. The EGR rate is
controlled by balancing the opposing effects of the electric
valve drive and the return spring. The inner walls of the
EGR valve are covered with carbon deposits (CDs), affect-
ing the loading of the engine exhaust catalysts during their
operation. The presented study is aimed to determine the
effect of carbon deposits on the inner surfaces on the charge
flow inside the EGR valve applied to the CI engine chosen.

1.1. Role of EGR technology
Exhaust gas recirculation (EGR) is an emission control
technology decreasing NO, emission in various Cl engines:

inlet

Fig. 1. EGR-valve covered with Carbon Deposits (CDs)

EGR technology is also utilized for enhancing the per-
formance of selective catalytic reduction (SCR) catalysts [7].

Three main NO, reduction technology pathways are ap-
plied in the modern CI engines [6]:

— EGR (without NO, after treatment),
— EGR combined with SCR after treatment,
— SCR only, without EGR.

EGR systems can be used in HCCI [8] and PCCI en-
gines [9] and in CI engines applied in hybrid vehicles
[10-13].

The EGR rate is usually calculated from equation (1) [14]:

EGR amount

EGR rate (%) =

x100% (1)

Intake air+EGR amount
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1.2. Types of EGR systems

There are different classifications for EGR systems. In
a hot EGR system, the gas is recycled directly. The EGR-
cooler system utilizes a gas-coolant heat exchanger for the
operation.

The EGR systems in turbocharged Cl engines, depend-
ing on the recirculation location, have either high or low
pressure loop [15].

The examples of EGR systems utilized in Cl engines are
presented in Fig. 2, namely: Short-Route-system (SR) (Fig.
2a), Long-Route-system (LR) (Fig. 2b), Hybrid system
(Fig. 2c), Venturi system (Fig. 2d), Fast rotating valve
system (Fig. 2e) and Pump EGR-system (Fig. 2f) [16]. The
EGR valve presented in Fig. 1 has been applied in the
Long-Route-system (LR).
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Fig. 2. Example EGR-Systems for CI engines [16]. a) Short-Route-system
(SR), 1 — EGR-cooler, 2 — EGR-valve, 3 — Charge Air Cooler (CAC), 4 -
Diesel Particulate Filter (DPF); b) Long-Route-system (LR), 1 — Exhaust
throttle, 2 — EGR-cooler, 3 — CAC, 4 — DPF, 5 — EGR-valve; c) Hybrid
system, 1 — EGR-cooler, 2 — Exhaust throttle, 3 — CAC, 4 — DPF, 5 —
EGR-Valve; d) Venturi system, 1 — EGR-cooler, 2 — EGR-valve, 3 - CAC,
4 — DPF, 5 — Venturi; e) Fast rotating valve system, 1 — EGR-cooler, 2 —
EGR-valve, 3 — CAC, 4 — DPF, 5 — Fast rotating valve; f) Pump EGR-
system, 1 — Pump, 2 — EGR-cooler, 3 - CAC, 4 — DPF, 5 — EGR-valve

Reinfarth [16] discussed the advantages and the draw-
backs of the mentioned systems.

The Short-Route System (SR) is simple and responds
fast to EGR demands. It needs throttling and is sensitive to
soot deposition in the whole intake system. It also needs the
turbocharger able to deliver sufficient charging pressure, as
only part of the exhaust gas passes the turbine while anoth-
er part is used as EGR.

In Long-Route-system (LR), the compressor and the
charge air cooler are in contact with the exhaust gases. The
optimization of the cooling effect of the EGR-cooler pre-
vents any condensation that would be able to damage the
compressor wheel. The latter is exposed to exhaust gases
accelerating its corrosion.

To avoid clogging in this system the EGR-loop is
placed downstream from the particulate filter. To generate
the pressure drop needed to drive the flow of EGR throt-
tling the exhaust or the intake air is applied, however, the
former manner is preferred due to lower fuel consumption.

The LR-system utilizes long piping filled with EGR
causing a delayed reaction to changing EGR demands.
Additionally, the exhaust gas with soot particles after the
diesel particulate filter (DPF) causes fouling of the inter-
cooler.

Such a system increases mass flow passing through both
the turbine and the compressor. Under low loads, this limits
the engines fuel consumption as compared to the SR-
system. Such a consumption is also decreased due to the
higher cooling capacity of the LR-system. As the EGR is
cooled by the cooler and by the intercooler, the intake tem-
peratures for the LR-system are lower and thus the heat
losses in the engine are minimized.

The Hybrid EGR system allows the application of the
EGR-path best fitting the actual driving situation and to
reach the best engine efficiency in certain load points.

The Venturi system allows for local increase in the
pressure drop that drives the EGR flow. In this system, the
pumping effect can be regulated. A higher pumping effect
with more EGR flow increases the pressure in the intake
piping.

In the EGR system with Fast Rotating Valve, the pres-
sure drop driving the EGR is increased via throttle of the
intake air. However, this limits the intake pressure and
enhances the pumping resistance. Simultaneously the deliv-
ered amount of air decreases, weakening the tolerable EGR
rate. This problem is resolved via the application of a sys-
tem with a fast-rotating throttle, limiting the intake pressure
temporarily for better EGR performance, while keeping low
values of the average pressure. The intake air pressure is
limited just in time for the exhaust pulses to press some
EGR into the intake.

The EGR system with the pump can supply the desired
amount of EGR in any driving situation without any throt-
tling. It needs an additional energy to drive a pump result-
ing in higher fuel consumption. Electric drive allows its
speed regulation independently from the engine speed. The
design of each EGR system is complex and requires [17]:

— limiting the pressure drop of the cooler, particularly in
low-pressure-loop EGR systems,

— the compactness requiring high thermal efficiency,

— limiting the coolant flow rate to prevent its boiling,

— a careful thermal fatigue cycle analysis due to difficult
and variable operating conditions,

— prevention of unexpected structural failures resulting
from pressure pulses in the exhaust gases promoting
fluctuating forces,

— limiting the negative effect of the deposition of residue
on heat transfer walls, on the gas side and on the ther-
mal efficiency

1.3. Effects of EGR

The use of EGR results in various effects on engine
operation and phenomena generated therein. EGR valve
is placed in the airpath chain of a combustion engine and
routes usually more than 10% of the exhaust gas (or
mixture), from the exhaust manifold, back into the inlet
one [18].

Such a valve doses the appropriate amount of exhaust
gas into the inlet manifold, relative to the engine load and
speed. The location of the EGR valve causes diverse for-
mation of NO, and fumes smokiness from the individual
cylinders of the engine, due to an uneven propagation of
exhaust gas into the channels of the inlet manifold [19].
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Mulenga et al. [20] reported that cooled EGR decreased
in-cylinder NO, formation. Abarham et al. [21] noticed that
EGR coolers are usually cooled with engine coolant.

Agarwal et al. [22] explained that EGR controls the NO,
in Cl engines via the lowering the O, concentration and
flame temperature of the charge in the combustion cham-
ber. Higher soot generated by EGR leads to higher carbon
deposits, lubricating oil degradation and enhanced engine
wear.

Pulkrabek [23] reported that EGR allowed better fuel
economy and more efficient drivability. Okubo and Ku-
bahara [24] noticed that EGR weakening NO, emissions,
fuel consumption and pumping loss is suitable for diesel
engines with large exhaust gas flow rates. Hussain et al.
[25] reported that EGR increased the UHC emission by 40
to 50%. Such an effect is avoided by reutilization of UHC.
Parks et al. [9] found that the fuel efficiency and emission
of PCCI engine depend on the EGR rate, fuel rail pressure,
and fuel injection timing. As EGR enhanced, NO, emission
decreased, but CO and HC emission increased. The emis-
sion and efficiency changed significantly as EGR rates
increased above 40%. As the EGR rates grew, the fuel
efficiency began to drop, and the engine operation became
less stable. Simultaneously, CO and HC emission rose due
to the instability as incomplete combustion occurred

2. Charge flow in the EGR system
In the literature [26-28], the charge flow in an EGR sys-

tem is usually considered as an integral part of the charge

flow throughout the engine. Only a few papers consider the
problem of disturbances in such a charge flow resulting
from the presence of fouling of carbon and soot deposits.

Abd-Elhady et al. [29] reported that EGR coolers were
affected by severe fouling resulting in the drop of their
thermal efficiency by up to 30% within a very short period.
The deposited layer was a blend of particulate matter and
sticky heavy HCs difficult to remove from the heat ex-
changer surfaces.

Some authors [30, 31] noticed that the use of the EGR
cooler results in higher production of PM.

According to [32-34] EGR operation affects the com-
bustion, and hence NO, formation and reduction via three
mechanisms decreasing the flame temperature:

— dilution: the potentially enhanced mixing time and
longer burn duration caused by the EGR’s dilution ef-
fect. Additionally, the EGR weakens the partial pressure
of O,, due to lower temperature and low availability of
0, less NO, is produced,

— thermal: the enhanced heat capacity of an EGR-laced
mixture,

— chemical: enhanced dissociation of CO, and H,0,

— Exhaust gas from engines is cooled to decrease the
emission via the EGR cooler.

Kowada et al. [35] reported that the use of a catalyzed
wall-flow DPF allows limiting PM emission in both mass
and small particles. Abarham et al. [36] reported that the
soot and hydrocarbon deposition in the EGR cooler may be
acidic and corrosive.

Some authors [37, 38] reported that EGR fouling exhib-
ited an asymptotic evolution characterised by the rapid
growth of the deposited layer in the first stages and a pro-

gressively slower growth until stable conditions are
reached.

Authors of refs. [39, 40] noticed that the duration of the
entire fouling process generally covers a matter of hours
causing the EGR system operation almost its entire lifetime
under fouled conditions.

As reported in [41, 42] the deposition of fouling materi-
al on heat transfer walls enhanced the thermal resistance
due to the low conductivity of the residue.

Hoard et al. [43] reported that the thickness of the de-
posited layer, soot and hydrocarbons primarily limited the
free-flow section, changing the velocity field, boundary
layer separation and reattachment locations, compared to
clean conditions, and changes in the turbulence field.

Hesselgreaves [44] stated that such changes enhanced
the gas pressure drop through the cooler.

Williams et al. [45] explained that the carbon-containing
deposits such as the particulate matter, hydrocarbons, and
other entrained species having deposited from the flow of
exhaust gas cooling down, form in the EGR systems. Re-
duction of such deposits needed optimized dimensioning of
EGR coolers and valves, the use of EGR cooler bypass in
the most sensitive cold conditions and the use of oxidation
catalysts upstream of the EGR system. CDs forming in the
HP-EGR systems caused emission and fuel consumption
deterioration, poor performance and drivability, as well as
engine failure. It was also report-ed that in the HP-EGR
system of a Cl engine operating at conditions conducive to
EGR deposit formation over 24 hours, such a formation
with Fischer-Tropsch Gas-to-Liquid (GTL) Gasoil fuel was
less by 72% than that with B7 representative of EN590
diesel fuel.

Tanaka et al. [46] reported that the formation of lacquer
with soot on the EGR valve or cooler occurred at 100°C or
less, but not at 120°C. After the engine start, water was
detected during the initial period for all temperatures stud-
ied. After the evaporation of water, aromatic HCs occurred
at lower temperatures, while C=0 groups occurred at higher
temperatures.

3. Modelling of fouling and deposition of carbon
and soot deposits

3.1. Models of fouling and deposition of carbon and soot
deposits

There are some models created to solve the problem of
fouling as well as the deposition of carbon and soot, which
are strictly related.

Teng and Regner [47] elaborated a model for soot parti-
cle deposition. The soot deposit comprised three character-
istic layers:

— aquasi-crystal base layer formed by nanoparticles,

— an intermediate layer of denser packing of soot particles
with mesopores,

— a highly porous top layer formed by mechanical inter-
locking of soot particles.

The EGR performance was affected by the top layer of
the deposit. The low contact energy made particles in the
top and intermediate layers removable by the shearing force
under high EGR flows. The contact energy for the particles
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in the base layer was much higher compared to that in the
surface and intermediate layers.

The behaviour of the EGR cooler fouling at the transient
engine operation differed from that at the steady-state con-
ditions.

Abarham et al. [36] developed a 1-D model to deter-
mine EGR cooler fouling amount and distribution across
a concentric tube heat exchanger with a constant wall tem-
perature in the CI engine. It well predicts the effectiveness,
mass deposition, and pressure drop.

Jafarmadar et al. [48] used the model of the soot for-
mation rate treated as the difference between the soot for-
mation and oxidation, given by the equation (2).

Dmsoot _ dmform _ dmoyig _

dt dt dt

E, 6 M
Af-mg, - p0.5 * exXp (_ ﬁ) - pods "My - Reot (2)

where: Af — constant, R — gas constant, T — temperature, p —
pressure, E, — energy of activation, mg, — mass of fuel
vapour, mg — mass of soot, M. — molecular weight of car-
bon, ps — soot density, dg — soot particle size, Ry, — Soot
oxidation rate.

Some models of the fouling process in the EGR cooler
system utilize a 1D approximation of the geometry and
usually comprise no erosion or re-entrainment mechanisms
[36, 49].

Other models utilize a Lagrangian framework for parti-
cle transport on a simplified channel of the heat exchanger
[50].

Sometimes a complete steady 3D model applied to
a single tube us used [51].

The model elaborated by Abarham et al. [49] predicts
well a fouling depth. Most of the methods and models are
based on bulk conditions or non-local parameters and ap-
plies only to simple geometries (1D, axisymmetric, single-
channel, etc) where the homogeneity of the flow allows
easy definition of those parameters.

3.2. Paz et al. fouling model

From the point of view of modelling of fouling in the
EGR valve, the model developed by Paz et al. [52, 53] and
presented in Fig. 3 seems to be very useful.

The model is based on the deposition-removal balance,
and properly predicts the local fouling thickness under the
constant thermal and flow conditions.

It adapts the fouling model [54] based on soot particle
deposition neglecting the condensation and considered local
effects.

T, Xy
ay, dy, Gy d, = - LAt
x, T, A i byprioey | e

Fig. 3. The Paz et al. [52] fouling model (own source of the scheme)

In the model the sticking probability Sy is equal to one,
and the bond strength factor & is adjusted experimentally.
The model comprises dimensionless deposition and remov-
al velocities. The deposition velocity is the sum of mass
diffusion uy; and thermophoresis uf,, which is the highest
deposition force when thermal gradients occur [55] with
typical soot particle sizes between 10 to 10°° m [56].

The re-entrainment of deposited particles is quantified
via the average velocity or shear stress at the wall [40, 57—
59].

The removal dimensionless velocity is proportional to
the layer thickness and the wall shear stress [60-62].

After determining the velocities for each cell, the net
fouling thickness x; is determined at the end of the time
step. Such a thickness is then accumulated in the cells adja-
cent to the walls until the height of a cell is exceeded, and
then the fluid cell is changed to a solid one with its corre-
sponding physical properties. Such a process is reversible,
allowing a fouled cell to become a fluid cell again if the
flow conditions change and the newly computed x; is
smaller than the cell size. The deposit properties include an
effective density of 36.5 kg/m® and thermal conductivity of
0.07 W/m-'K [52].

The fouling factor evolution curves are fitted to the as-
ymptotic profile and the deposit mass is weighted under 30
to 60 kg/h exhaust gases flow at 400°C [53]. Such a meth-
odology allows for time reconstruction of fouling.

3.3. Adaptation of the Paz et al. fouling model to the
case of the EGR valve fouling

To adapt the Paz et al. fouling model to the case of the
EGR valve fouling it was necessary to do some transfor-
mations and make some assumptions.

The assumed dimensionless dependency of the average
fouling thickness h/h.¢ versus mass flow in EGR valve
M/M, ¢ Was similar to the one for the average fouling
thickness versus tube mass flow [63] (Fig. 4).

The assumed dimensionless dependency of the CD mass

in the EGR valve m®®/mE versus time t/t, is similar to

the one for the CD mass in EGR cooler versus time [63]
(Fig. 5).

In these dimensionless dependencies the following
symbols occurred: M, — the EGR inflow mass flow,
trer = L/Vayer — time of car mileage, L = 172,000 km — car
mileage, V,,..= 60 kph — average car driving speed,
h,ef = VCP/A — average fouling thickness in EGR valve,
VP _ calculated CD volume, A — the calculated area of
inner walls of the modelled EGR valve, m&5 — measured
CD mass in the EGR valve after reaching the assumed car
mileage.

For the actual EGR gas mass flow M the average foul-
ing thickness h was determined and then actual CD mass
mC =p-A-h was estimated, where p — EGR carbon
deposits density, and then time for CD inside EGR valve
was determined. The fitting of the Paz et al. fouling model
[52] to the obtained function h = f(t) allows estimating the
unknow input model parameters.

The situation becomes easier if the values of some pa-
rameters can be determined during separate experimental
studies or estimated based on the literature data.
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Fig. 4. The average fouling thickness h/h,¢¢ vs. mass flow in EGR valve
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Fig. 5. The CD mass in the EGR valve m®? /m&5 vs. time t/t ¢

4. Methods and materials

4.1. Engine characteristics and operational conditions
During the study, the EGR valve from a CI engine of
Opel zafira 1.7 CDTi was used. The characteristics M(n)
and P(n) of such an engine were obtained from the dyno
test and are presented in Fig. 6. It was assumed that the
engine operated at rotational speed equal to 4000 rpm.

1000 15( 00 25( 3000 35 400(

n [rpm]

Fig. 6. Characteristics of a Cl engine of Opel Zafira 1.7 CDTi (own
source)

4.2. CFD model of the EGR valve

To allow the CFD analysis of charge flow in the EGR
valve the model of the latter was elaborated. The model of
the fluid domain comprising inner volumes of EGR valve
(3+4+5-6), part of intake manifold 1 and connecting canal
2 is presented in Fig. 7. As an approximation, for diesel

exhaust gas calculations the properties of air were used.
The error associated with neglecting the combustion prod-
ucts was below 2%. Air was treated as an ideal gas [64].
The lift of the EGR valve was 3.7 mm (about 30% of
full valve opening) corresponding to the EGR rate in the
range 30-40%, similarly to the system described in [65].

e

Fig. 7. Model of fluid domain: 1 — intake manifold, 2 — connecting canal, 3
and 4 — the inner volume of EGR valve being the sum of sub volumes, 5 —
orifice, 6 — excluding the volume of valve: a — inlet of exhaust flow from
EGR cooler, b —an inlet of air, ¢ — outlet of a mixture of air and EGR gas

4.3. Estimation of carbon deposit volume

To consider an occurrence of CDs in the model of the
fluid domain (Fig. 7), on the inner surfaces of the connect-
ing canal 2, EGR subvolumes 3 and 4, and on the outer
surfaces of the excluded volume of valve 6 the thin layers
were added. The thickness of a chosen layer was equal to
the average height of the CD structures on the relating wall
obtained from optical scanning microscope. The introduced
layers (Fig. 8) limited the volume of the flow domain in the
model shown in Fig. 5.

Different places of
carbon
deposits

Fig. 8. The corrected model of the fluid domain from Fig. 7 after introduc-
ing modelled layers of carbon deposits

4.4. Assumptions and boundary conditions
For the modelled fluid domain, the following assump-

tions and boundary conditions were introduced:

— a no-slip boundary condition was applied on the walls
and a standard wall function option was used for near-
wall treatment
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— the normal flow velocity of EGR inflow gas (from the
EGR cooler) was 18.59 m/s for the case without CDs
and 20.13 m/s for the case with CDs. It corresponded to
the mass flow rate of 0.038 kg/s, being 30-40% of the
mass flow rate in the intake manifold when the EGR
rate is 30%, similarly to [66]. The temperature of an in-
flowing gas was 473 K,

— the normal flow velocity of air from the turbocharger
was 44 m/s corresponding to the mass flow rate of 0.09
kg/s and its temperature was 330 K, similarly to the 1.6
L CI engine with variable geometry turbine VGT and
Common rail systems [67],

— the outlet flow of the mixture of EGR gas and air was
under a pressure outlet boundary condition and tempera-
ture of 373 K,

— the temperature of the walls was 373 K and no heat
transfer through the walls occurred,

— the fluid flow and heat transfer processes were turbulent
and in steady state,

— the mesh comprising tetrahedral finite elements was
generated in the fluid domain (Fig. 9), the inflation op-
tion was chosen on walls with at least five layers and an
average size of an element was 3 mm.

Fig. 9. Mesh of finite elements for the fluid domain of EGR model ana-
lyzed

4.5. Carbon deposit thickness

The carbon deposit thickness was estimated by measur-
ing the inner geometry of a new and operated EGR valves
with use of optical scanning microscope. An optical scan-
ner, structured light by GOM with an ATOS core head was
used for scanning. GOM scan and Geomagic Design X
software were used to process the scans. The dimensions
were inspected using the GOM Inspect module.

4.6. Carbon deposit mass, volume, and density

Two masses of EGR valves without an electric driver
were measured for two cases: of the new valve and the one
covered inside with CDs.

The CD volume V¢Pwas calculated as a difference of
inner volumes of a new EGR valve and EGR covered by

The CD density p was calculated as a ratio of the CD
mass and its estimated volume. It was compared with the
one of graphite equal to 2.25 g cm™.

5. Results

5.1. Carbon deposit thickness

The obtained carbon deposit thickness measurement re-
sults are presented in Fig. 10. The EGR valve measured on
side of the valve stem is depicted in Fig. 10a), whereas in
Fig. 10b) is presented the side of the valve head. The aver-
age values of thickness visible in Fig. 10a) were even twice
higher than these visible in Fig.10b.

Fig. 10. Thickness of carbon deposits in an EGR valve chamber measured
using optical scanning microscopy, a) on side of the valve stem, b) on side
of the valve head

5.2. Carbon deposit mass, volume, and density

The masses of EGR valve without an electric drive for
two cases: for the new valve and the one covered inside
with CDs, the CD mass, CD volume and CD density, the
ratio of CD density and that of graphite are presented in
Table 1.

The obtained density of carbon deposits inside the EGR
valve could be slightly greater than the density of graphite.
It was because CDs could contain also other substances
than carbon, for example, S, Cl, Ca, and Zn originated from
the combustion of lubricating oil [68].

It could be also lower than the density of graphite due to
the very uneven and porous structure. Thus, the obtained
density of CDs can be treated as the equivalent one.

Table 1. The masses of EGR valve without an electric drive for two cases:
the new valve and the one covered inside with CDs, the CD mass, CD
volume and CD density, the ratio of CD density and that of graphite

CD | Mass of a new EGR valve [o] 522.699 £0.001
ayers. c ) Mass of an EGR valve covered [o] 523.669 £0.001
The CD mass m¢ was calculated as a difference be- inside by CD
tween the measured mass of an EGR valve without an elec- CD mass mg (9] 0.97 £0.002
- . . . . 3
tric driver and covered inside with CDs and the one of gg ZO'UT”G VC[D [Cm_3]] 203~‘2‘g igz(s
a new EGR valve, also without an electric driver. ensity ___ : plgcm 525 =0,
CD density/density of graphite [-] 1.033 £0.25
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5.3. The flow velocity of charge in the modelled EGR
valve

The values of the flow velocity of charge, calculated us-
ing the modelled EGR valve are presented in Fig. 11 for the
case of the new EGR valve and in Fig. 12 for the case of the
EGR valve covered inside by the CD layers. On the left
side of each figure is presented the 3D view of the velocity
distribution and on the right side the velocity distribution in
the XY plane (the orientation of these axes is visible in Fig.
9) containing the main axis of the EGR valve. The values
presented in Fig. 12 are higher even by 30% than those in
Fig. 11.

contour-1
\klaeity Magnitude -

230402
1.88e+02
1.76e+2
1.64e402 [
1.32e402
1102402
8.82e+01
G.61e+1
4.4l
2.20e+01

0.00e+00
[mds ] B 01}

Fig. 11. The flow velocity of the fluid in the new EGR valve
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Fig. 12. The flow velocity of the fluid in the EGR valve covered inside by
the CD layers

5.4. The total temperature of charge in the modelled
EGR valve

The values of the total temperature of charge calculated
using the modelled EGR valve are presented in Fig. 13 for
the case of the new EGR valve and in Fig. 14 for the case of
the EGR valve covered inside by the CD layers. On the left
side of each figure is presented the 3D view of the tempera-
ture distribution and on the right side the temperature dis-
tribution in the XY plane (the orientation of these axes is
visible in Fig. 9) containing the main axis of the EGR
valve. The values presented in Fig. 14 are higher even by
30% than those in Fig. 13.

contaur-1
Total Temperature
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Fig. 13. The total temperature of charge in the new EGR valve
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Fig. 14. The total temperature of charge in the EGR valve covered
inside by the CD layers

6. Conclusions
Based on the obtained results the following conclusions

can be drawn:

— the analysis of the effect of deposition of CDs on the
charge flow in the EGR valve in the CI engine was per-
formed,

— only a few models intended for simulation of the fouling
process in the EGR system can predict the fouling
depth,

— the method allowing determination of the function for
average fouling depth inside the EGR valve versus time
and the mass flow inside the EGR valve h = f(t, M) has
been proposed. Fitting fouling model of Paz et al. to
such a function h = f(t,M) allows estimation of the
model parameters,

— the occurrence of CDs in the EGR valve strongly affects
the distribution of the flow velocity of charge therein.
The values of the flow velocity when CDs occur can be
up to 30% higher than in the case of EGR without CDs,

— the total temperature values of the charge flowing in the
EGR valve with CDs can be higher by 100 K as com-
pared to the case without them. In the latter case, the to-
tal temperature distribution varies more in value and po-
sition than in the case with CDs.

Nomenclature

Cl compression ignition
CD  carbon deposits
CFD computational fluid dynamics

EGR exhaust gas recirculation
SCR selective catalytic reduction
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ARTICLE INFO

Transport is an energy-intensive sector of the economy and it is important where energy comes from and

how it is used — now and in the future. The presented research results seem to encourage further work, despite
the fact that the work had the character of basic research. The results were achieved in idealized conditions by
the fact that the internal combustion engine was tested in static conditions on the test bench and the fuels
contained components with strictly defined parameters. These conditions are different from everyday life.
However, the obtained results seem to be valuable as they lead to conclusions regarding biofuels, and these
conclusions are not directly formulated and published in the literature on the subject. The general conclusion
from the research carried out is that the introduction of the so-called biofuels can contribute not to the reduction
of CO, emissions, but to its faster balancing in the environment. This balancing can be achieved but at the cost
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of increased fuel consumption. This increase in fuel consumption would probably not occur if the "bio"
components in the fuel were synthetic hydrocarbons obtained from biomass. However, proving it requires wider
studies, including LCA. Data for this LCA, especially about a fuel consumption, may be coming from long term

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

1. Introduction

The global problem is the concentration of CO, in the
atmosphere which lead to the greenhouse effect. The general
problem is that the concentration of CO, in the ambient air is
too high and is constantly increasing. This trend must be
reversed. A number of quick measures should be taken to
reduce the amount of CO,, which in many cases is associated
with the simultaneous reduction of emissions of CO, and
other compounds — mainly harmful to health. Therefore,
reducing CO, emissions has many benefits. Road transport is
one of a a major contributor to CO, emissions. As a conse-
quence, the car industry is forced to reduce it [1, 27].

And this means (as is commonly believed) that the
problem of CO, emissions from transport could be solved
immediately if the energy used today and in the future
comes from renewable sources[1, 28].

But the world's problem is not CO, emissions, but the
increasing concentration of CO, in the atmosphere, lead-
ing to the acceleration of the greenhouse effect. It seems
that understanding this problem is not obvious. Confirma-
tion of this observation results from the analysis of vari-
ous forecasts for the development of transport and energy
sources for its supply. For example in Fig. 1 shows histor-
ical and forecast energy consumption for the United States
by 2050 [1].

But the world's these projections (Fig. 1) show that by
2050 the demand for petroleum fuels will change by ap-
prox. 10%, but after the initial decline (until 2035) there
will be another increase in demand, which will result in a
total decrease of this demand from 2020 to 2050 only by
approx. 7.5%. According to this forecast, the minimum
demand for petroleum fuels will occur around 2036 and this
demand will be similar to what it was in 2008.

The forecasts (for USA) also show that the maximum
share of biofuels (approx. 4%) is achieved now, and will

practically not change by 2050 (but today the bio-
components concentration in fuels, in EU for example,
there is up to 10%).

Energy consumption by sector (Reference case)
quadrillion British thermal units

Energy consumption by fuel (Reference case)
quadiillion British thermal units

las 2018 i 2018
history | projections history | projections petroleum

and other

40 40
liquids

35 35 /_/\\/\/ natural gas

20 industrial 0

25 transportation 25 other

20 20 renewable
energy

15 15

nuclear

10 residential  1° hydro
W‘
5 5

0 ¢ T T T T T J
1990 2000 2010 2020 2030 2040 2050

0« T —— T T ——1
1990 2000 2010 2020 2030 2040 2050

Fig. 1. Historical and projection models of energy and fuel consumption
by economy sector in the USA [1]

The forecast of the total consumption of crude oil and
other fluids and biofuels shows that the share of biofuels in
the fuel blend first will increases (until around 2035) and
then decreases. It seems that the increase in the share of bio
components is rather unexpected. There is an "old school"
opinion (example [2]), that "The share of renewable
transport fuels is minimal and most of those supplied to
date (biodiesel) do more harm than good". Other point of
view is that up to 2030, advanced biofuels will not make
a sizeable contribution and will be constrained in the medi-
um term by land availability for achieving of "renewable
power" to produce this kinds of fuels.

One could agree with this and similar opinions, were it
not for the fact that the raw material for the production of bio
components is not only biomass from industrial plants. The
real raw material for the production of bio components on
a large scale is municipal solid waste (MSW), of which there
is an excess of which around the world will increase [3].
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Fig. 2. Municipal waste now and in forecasts (data from [3])

Municipal solid waste (MSW) can be transformed to
many fuel components (or fuel). Nowadays a popular tech-
nology is achieving from MSW a butanol [4-5]. This tech-
nology is relatively simple therefore the find more and
more interest. Municipal solid waste can also be converted
into synthetic gas (syngas) [6-8], and then into synthetic
hydrocarbons that can be used as fuel or fuel components.

Regarding today's practice, there are three basic ways to
reduce CO, as follows [9].

e The use of alcohols (first of all the ethanol) and their
mixtures with petrol (in Europe, for example, the B10 pet-
rol has a 10% ethanol by volume in petrol) [10].

e The use of fatty acids esters (methyl or ethyl esters)
of vegetable oils and their mixtures with diesel fuel (nowa-
days B7 in EU has 7% FAME by volume in commercial
diesel fuel) [11-14].

e The use of synthetic hydrocarbons produced from
synthesis gas coming from biomass and their mixtures with
standard hydrocarbons [15-17].

The article presents another method of obtaining fuel
from bio components. For this purpose, a mixture of light
and heavy alcohols was used as an additive to fuels for a
spark ignition (SI) engine. On the use of alcohols, as fuel
components, exist a many papers e.g. [18, 19] but in this
work we wanted to conduct research with multi-component
fuels, but such that each component had precisely defined
composition and properties. Therefore, we used isooctane
as the base. Research with the use of isooctane, as a fuel
base, has been described in various publications, and the
characteristic is, for example.

In [20] studies were conducted to evaluate the effect of
mixing iso-octane with ethanol on ignition delay times
(IDT). The results showed that the IDT of ethanol/isooctane
mixtures decreased with the ethanol ratio and pressure, and
decreased with increasing temperature. It has been shown
that a large number of active OH groups generated by the
added ethanol shorten the IDT of the fuel blend.

In [21] three test fuels were used in the study, namely
isooctane, ethanol and n-butanol. The macroscopic spray
characteristics and the droplet size distribution of the
sprayed liquid were measured. The results showed that
properties such as surface tension, fuel density and viscosi-
ty, saturation temperature, and latent heat of vaporization
play a very important role in the penetration of the fuel
plume. Isooctane showed the shortest penetration lengths

while butanol showed the longest penetration length. Alco-
hol sprays consisted of larger diameter droplets.

In [22] the main purpose of this study is to understand
the effect of fuel properties on atomization. This was quan-
tified by the length of the liquid penetration and the spray
angles. The stream shape was determined for fuel mixtures
containing isooctane, hexane and ethanol. The results
showed that the addition of ethanol or hexane to isooctane
can promote vigorous boiling. The ethanol blend sprays
showed sharper boiling compared to the hexane blend
sprays. Shorter liquid penetration and better liquid-ethanol
dispersion were observed. Compared to the isooctane spray,
the droplet size decreased steadily with increasing hexane
content. Sprays with ethanol mixtures showed a different
trend [22].

In [23] were investigated the size and velocity of the lig-
uid droplets upon impact against the wall. The spay was fed
with methanol, ethanol, isooctane, toluene reference fuels
(TRF) and gasoline. The results show that in the case of free
atomization of methanol, ethanol and TRF, the droplet veloc-
ity is lower and the droplet size is larger compared to gaso-
line fuel. Falling droplets are larger and reflected droplets are
smaller compared to free spray droplets. The droplet diame-
ters of ethanol fuel are smaller, and the crushing effect upon
hitting a wall is better than that of isooctane fuel.

In [24] the authors concluded that, the petroleum-
derived gasoline is the most commonly used fuel for pro-
pelling vehicles (especially passenger cars). Its substitutes
are sought. Until now, single components or binary mix-
tures (n-heptane/isooctane) were usually used as substitutes
for gasoline in investigations. In the last decade, however,
there has been rapid progress in the creation and use of
ternary mixtures (n-heptane/isooctane/toluene), as well as
multi-component mixtures with hydrocarbons having car-
bon numbers of C4-C10. The concept of using oxidized
components (ethanol, butanol, MTBE, etc.) accelerated
research into such compositions. The conclusion is that
despite the progress in research into the combustion of
alternative fuels for gasoline, there are still serious gaps in
knowledge on this subject.

Alcohol components such as butanol and ethanol are
considered alternatives to conventional gasoline due to their
lower emissions and their renewable nature [25]. This arti-
cle explores the spray structures and atomization of butanol,
ethanol and isooctane. The results clearly show two phases
of the stream development; initial (phase 1) and main
(phase 2). The developed phase cone angles for butanol and
ethanol are consistently stable, while isooctane exhibits
relatively large fluctuations. The highest value of the cone
angle is observed for ethanol, while butanol shows the
lowest. Higher injection pressure leads to a smaller cone
angle for any fuel. In phase 2, All three components exhibit
consistently smaller droplet sizes in phase 2 compared to
phase 1. The higher injection pressure helps isooctane to
reduce the droplet size while allowing butanol and ethanol
to produce a more uniform stream.

An empirical model of ignition retardation for fuel mix-
tures of n-heptane, toluene, ethanol and isooctane was de-
veloped in [26]. This model has been successfully validated
based on the published experimental data on ignition retar-
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dation, two-component, three-component and quaternary
fuel blends with the above-mentioned components.

2. Research methodology

The main aim of the research, for this article topics, was
to clarify whether the addition of bio components must be
accompanied by an increase in fuel consumption and
whether adding such additives makes sense due to the
greenhouse effect.

The article presents research on the use of three-
component fuels. The isooctane was mixed with the two
alcohols, light (ethanol) and heavy (n-butanol). All three
components have a strictly defined chemical composition
and properties. Their mixture does not contain any additives
improving the fuel. This is a rare situation in research. Typ-
ically, tests are performed using a hydrocarbon fuel as the
base. This base usually cannot be strictly defined chemical-
ly. This makes it much more difficult to evaluate the results
obtained.

The main properties of the ingredients used in the tested
here fuel mixtures can be found on the websites.

The composition of the mixtures was made in accord-
ance with the mathematical design of the experiment. The
variables in the study are the shares of mixture components,
which add up to 100%. Experimental design such as Sim-
plex-Lattice and Simplex-Centroid were used.

Assessed was the impact of :

e X, —isooctane (EC: 208-759-1) concentration

e X, —ethanol (EC: 200-578-6) concentration

e X3 — butanol (EC: 200-751-6) concentration
as independent variables of mixture components.

The engine was tested on the standard test bench
(equipment with standard devices for dynamic fuel con-
sumption and emission measurement.

For each blends, the universal characteristics of the en-
gine were determined (torque and power as function of
engine speed in rpm).

On basis of this data was next the minimum of brake
specific fuel consumption (BSFC,) for each blends calcu-
lated.

It is unexpected that the BSFC.;, position for each
blend, in relation to the torque, changes slightly, while in
relation to rpm it changes within quite wide limits. There
will be a further discussion on the reason for such phenom-
ena. If the minimum of BSFC for each blend is known, then
it will be possible to find which blend provides the lowest
BSFC. This question can be answered with relevant use of a
mathematical model. Such model be found (as result of
owner investigations), and here is presented as:

BSFCin=235.75 X; + 334.5 %, + 291 X3 + 130 X, X3 (1)
Xi+ X+ X3 =1 2

For this model the correlation coefficient equals to R? =
=0.9678.

By searching for minimum of the function (1) can be
found

X]_:l,XZ:O,X3:O (3)

From formula (1) it shows that the lowest specific fuel
consumption is achieved by supplying the engine with

isooctane. The addition of any alcohol or simultaneously of
both alcohols to this fuel, leads to an increase in BSFC.

3. Tests results and discussion

The presented data (based on the data from the works
[27, 28]) were somewhat surprising. The addition of low
energy components was expected to increase the specific
fuel consumption. These expectations were confirmed.
However, it was not expected that the increase would be as
radical as, for example, in the case of the 3V mixture, when
the increase in BSFC,,i, by almost 37% was recorded. This
result is different confirmed by the literature data. For ex-
ample in [29] The experiment was conducted in a spark
ignition engine to investigate the effects of gasoline com-
ponents on fuel consumption, combustion and emissions.
Isooctane was chosen as the base fuel. Short-chain, medi-
um-chain and long-chain alkanes, ethers and aromas were
appropriately blended with isooctane. The results show that
the aromas contribute to fuel economy. 20% toluene (C;Hg)
mixed with isooctane shows a relatively lower BSFC. Short
chain alkanes (C,Han.2) show great potential for improving
fuel economy, e.g. a blend of 20% n-pentane mixed with
isooctane. In contrast, 20% methyl tert-butyl ether (CsH;,0)
mixed with isooctane shows a higher BSFC value. Therefore
blending with hydrocarbons shows lower BSFC and with
oxygen content components lead to higher BSFC.

In [30] are described a comparative analysis of the
combustion process, emissions and performance of the PFI
Sl engine fueled with mixtures of methanol, ethanol and
butanol with gasoline. Gasoline and butanol blends showed
lower BSFC for higher LHV.

The effect of blending of gasoline with butanol isomers
on the combustion and emission characteristics of the PFI
Sl engine was investigated and described also in [31]. The
mixtures accounted for 70% of the volume gasoline and
30% vol. butanol isomers (N30, S30, 130 and T30). Com-
pared to gasoline, all butanol isomeric mixtures have higher
cylinder pressure. and the T30 has a higher specific fuel
consumption (BSFC).

Acetone-butanol-ethanol (ABE) is an intermediate in
the fermentation process for the production of bio-butanol
[32]. This product is considered to be a promising alterna-
tive fuel. Pure gasoline and ABE blends have been pre-
pared, ranging from 0% to 80% vol. ABE. ABE blending
showed an increase in (BSFC); while measurements of
exhaust gas temperature and nitrogen oxide emissions show
that ABE burns at a lower peak temperature (which is less
important due to the widespread use of three-way catalysts
in SI engines.

One such alternative fuel may be gasoline-alcohol
blends. The work [33] analyzes the operation of the S.I.
with variable compression ratio. The mixtures tested in this
study were butanol and ethanol in proportions of 10, 20, 30
and 40 percent in gasoline. The thermal efficiency of the
brake and the specific fuel consumption (BSFC) were com-
pared for the composed mixtures and for different compres-
sion ratios and loads. It was found that the Brake Thermal
Efficiency was observed to increase and the BSFC to de-
crease. The results show that the engine runs smoothly up
to 40 percent of the component content, and at this content,
its maximum efficiency was found.
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It is relatively difficult to draw clear conclusions from
this short presentation of the results. Undoubtedly, any
mixture of combustible components, if only they can be
made into a liquid that can be burned in the engine, changes
all combustion parameters, emissions and performance. The
only question is whether there is any common denominator
of these activities and whether conclusions can be drawn
from such studies that will be a guide to the development of
fuels useful for achieving the intended goals, e.g. pro-
ecological. At what cost (eg increase or decrease of fuel
consumption) this will be achieved. This paper is an at-
tempt to answer the presented problems.

Even more interesting values were obtained by analyz-
ing the unit energy consumption in each gram of fuel.

Because the tested fuels consisted of chemicals with
strictly defined properties, it was possible to determine
calorific value for each blend. Since BSFC,,, values are
known, it was still possible to determine the values of the
minimum of specific energy consumption — BSEC,.
These values are given respectively. This also gives the
percentage deviation BSEC,,, at engine running with each
tested fuel in relation to isooctane supplying.

Data on BSFC,;, and BSEC,,, are additionally shown
in Fig. 3.
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Fig. 3. BSFCnin (higher bars — in yellow) and BSEC, (lower bars — red)
Vs. mixtures

The presented data shows that regardless of the fuel
composition, the amount of energy consumed by the engine
is quasi constant. It is obvious that with each BSFC,,;, the
engine had almost identical torque (Fig. 6). This torque was
achieved at various engine speeds. Burning any type of fuel
is a chemical reaction. If there are many reactants, each
burns at a different rate — which in the case of an internal
combustion engine means practically different speeds.
Hence the deviations of this speed with BSFC minima from
the data on the deviation of BSEC minimum when feeding
the engine with tested fuels in relation to its supply with
isooctane, it shows that these deviations (D BSEC) — do not
exceed a few percent, which can be considered as being
within the measurement error (up to 5%). If the composi-
tion of blends and the corresponding BSFC,,, value are

taken into account, the resulting data can be represented as
shown in Fig. 4.
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Fig. 4. BSFCnin by each blends

One of the main goal of this study was showing the in-
fluence of bio-components contained in engine fuel, on the
possibility of the greenhouse effect reduction. All the mix-
tures, used in the tests, contained carbon and hydrogen, and
moreover those with alcohol(s) content also oxygen. In CO,
emissions, only the carbon content is important, independ-
ent of its sources, but for greenhouse effect lowering, the
source of carbon in CO, (renewable or non-renewable), is
primary important.

Assuming that the alcohols come from renewable
sources and the isooctane comes from crude oil, that is,
from non-renewable sources, the use of alcohol additives
should reduce the greenhouse effect (with CO, as the main
influencing factor). Since, as already mentioned, chemically
pure components with specific properties were used for the
tests, the mass of carbon in each mixture can be calculated.
Such calculations were made and the results are shown in
Fig. 5.

If one compares BSEC (Fig. 4) with the content of car-
bon and hydrogen plus oxygen in fuels (Fig. 6), it can be
seen that there is a convergence between BSEC and Croral
and at the same time there is no relationship between BSEC
and H, + O..

350
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200
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100 HH+O

& C Butanol
50  C Ethanol
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Carbon hydrogen+oxygen consumption,
g/kWh

Mixture No.

Fig. 5. BSFCpin with carbon contents and it’s overcoming depends of
blends composition
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After simple calculations, the relationship is obtained
BSECin = f(Croral) as

BSEC i, = 0.50317 + 0.04993 CroraL (4)

with the correlation coefficient R? = 0.96313. While
BSEC,i, = f (H + O) is given by the equation

BSECmin = 9.99160 + 0.00294 (H + O) (5)

with the correlation coefficient R? = 0.13505 so there is no
correlation.

Therefore, the above remark is preliminary confirmed.

It is noteworthy that independent of the origin of carbon
in the fuel, its total mass, in individual blends, does not
differ significantly. However, the content of carbon from
non-renewable and renewable resources is clearly different.
These proportions on a mass basis, taking into account
BSFCi, are important.

These masses obviously refer to BSFC i.e. they are ex-
pressed in g/kWh. It was assumed (by every j-th blend; j =
=1to11)

CTOTAL(j) = Clsooctane(j) + CEthanol(j) + CButanol(j) (7)

It is already known (on the basis of the research results
presented here) that with the increase in the share of com-
ponents from renewable sources (alcohols), the BSFC also
increases, but the share of bio-carbon also increases —
which should generally relieve the environment.

The question is whether there are any regularities in the
discussed changes. A preliminary analysis of this problem
can be made on the basis of the research data collected here.

Using the obtained data in, the change in BSFC, can
be determined if carbon from non-renewable sources is
replaced with “bio carbon”. If

CBIO(j) = [CEthanoI(j) + CButanoI(j)]/CTOTAL(j) (8)

it can be concluded that the minus of the Cgo(j) is an indi-
cator of this replacement.
The data are graphically presented in Fig. 6.
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Fig. 6. Carbon from non-renewable sources content lowering and BSFCin
grooving

Replacing non-renewable carbon with “bio carbon”
leads to an increase in fuel consumption (in this case
BSFC,in). This increase in fuel consumption does not de-

pend only on the carbon resources. As it can be see, other
factors are also important

It should be remembered that the engine powered by
each of the blends operated normally and reached the "fac-
tory" parameters. The obtained results indicate that it is
even possible to significantly reduce CO, emissions, how-
ever, this is always associated with an increase in fuel con-
sumption. There are no linear relationships. Although CO,
emissions are proportional to carbon consumption. The
molar mass of carbon is 12 g and the molar mass of CO, is
44 g. Assuming that CO, generated from carbon from re-
newable resources will be completely utilized in the envi-
ronment, replacing carbon with “bio carbon” seems reason-
able, and the mass effect of CO, balance may be signifi-
cant. Replacement by more than 60% of nonrenewable
carbon can be achieved with an increase in BSFC, from
26% (blend 11C(2)) to 37% (blend 2V). On the other hand,
replacement by "only" 19% (blend 6C(1)), causes an increase
in BSFCn by 11% but in turn a greater reduction of 23%
(blend 7C(1)) causes an increase in BSFC, by only 5%).
A similar lack of regularity can be demonstrated with indirect
limits on carbon replacement between 40% and 60%.

4. Summary

The paper shows a possible way to reduce CO, generated
by road transport by preparing, testing and using of fuels
with a higher content of bio-components. High CO, concen-
tration in the air is a global problem, and because road
transport has here a share of about 17%, therefore the reduc-
tion of CO, emissions in this economy sector is important.
One of the ways, and certainly one of the fastest to imple-
ment, is the use of bio-components in fuels. Since the tech-
nology of preparing fuel blends seems relatively simple, as
well the obtaining of components — from renewable sources
such as municipal waste available is, it was decided to carry
out research with the aim to clarity of possibility of use a of
bio components in bigger amount (volumetric over 10%).

Eleven fuel mixtures were prepared, of which one was
the isooctane as reference fuel, six mixtures were two-
component and four were three-component.

By testing the spark ignition engine, the minimum spe-
cific fuel consumption (BSFC;,) was determined for each
blend, as well as the corresponding values of torque and
engine speed.

Although the calorific values of each mixture are differ-
ent, the location of BSFC,;, relative to the torque is almost
identical, but differ in the engine speed (rpm).

Regardless of the BSFC,,, location on the operating
characteristics, the engine consumes a similar amount of
energy, which prompted the authors to introduce a specific
energy consumption indicator — BSEC,jy,.

Also is shown that the energy “consumption” depends
mainly of carbon content in fuel. Other ingredients such
hydrogen are from second importance. The explanation of
this phenomenon requires further research. However, it can
be hypothesized that the energy needed to break down (ana-
lyze) the fuel molecules is covered from the synthesis (oxi-
dation) of hydrogen to water, so that the net energy comes
from the oxidation of carbon.

Replacing carbon in fuel with "bio carbon™ may, as a con-
sequence, lead to the balancing of CO; in the environment, but
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it leads to an increase in specific fuel consumption. However,
these relationships are not of a regular linear nature.

The general conclusion from the research carried out is
that the introduction of the so-called biofuels can contribute
not to the reduction of CO, emissions, but to its faster bal-
ancing in the environment. All of this can be achieved but
at the cost of increased fuel consumption. This increase in
fuel consumption would probably not occur if the "bio"
components in the fuel were synthetic hydrocarbons ob-
tained from biomass. However, proving this requires more
extensive research, including LCA, because obtaining syn-
thetic hydrocarbons requires additional energy (and the
question arrivers what kind of resources will this energy
come from).

5. Recommendation

Transport is one of the most energy-consuming sectors
of the economy. Its role is constantly growing. Therefore, it
is important where the energy used in transport comes from
and how it is used — both now and in the future. It is partic-
ularly important in terms of ensuring the possibility of
storing energy on board vehicles, e.g. in the form of liquid
fuels. Here, in turn, it is important to start the circulation of
individual elements that make up fuels in nature and to
close the one-way directions for example, flow of carbon
from the lithosphere to the atmosphere, which consequently

must result in an increase in its concentration (e.g. in CO,)
in the latter.

The simplest solution to the problem seemed to be the use
of biofuels containing carbon, hydrogen and oxygen. Espe-
cially that there is an opinion that oxygen (usually one atom
in a biofuel molecule for several carbon atoms and often at
least twice as many hydrogen atoms) may play any role here.

In fact, different conclusions can be drawn from the re-
search presented here. In the process of burning, a molecule
of a biofuel must first be analyzed (to atoms), which then are
synthesized into new compounds (mainly CO, and H,0).

The more complicated the fuels are, the more energy is
needed to analyze them. This energy is further recovered
during the synthesis, but the net yield depends directly only
on the carbon content of the fuel. On the other hand, the
more complicated the fuel composition, the more its con-
sumption (and therefore also the price of transport work)
increases.

However, it is also worth taking into account that the re-
sults presented here were achieved under idealized condi-
tions. These conditions are different from everyday life [34,
35]. Of course, global trends in the development of drive
systems must be taken into account, and research must be
carried out in the light of regulations on emissions, fuels,
lubricants and test methods [36]. Hence, further work in the
presented direction is necessary.

Nomenclature

CO,  carbon dioxide TRF  toluene reference fuels

LCA life cycles assessment BSFC brake specific fuel consumption
UE European Union LHV  lower heating value

MSW  municipal solid waste ABE  acetone-butanol-ethanol

IDT ignition delay times PFI SI  port fuel injected spark ignition
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connectors are often coated with other metals. In this paper, the qualities of coatings made of gold and tin are
investigated and compared. The samples were examined by a metallographic microscope and scanning electron
microscope (SEM). The examination revealed uneven thickness, delamination of the coatings, and issues with
the preparation of the core material for coating. Numerous burrs and irregularities were observed. Selected

samples were examined in salt solution to test their corrosion resistance. Even though gold is a noble metal and
its electrochemical potential is higher, the tin coating was more resistant to corrosion.
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1. Introduction

Almost every part of a car is supported by electronics,
from very obvious examples like radio to brake assist. To
make electronics work, the automotive wiring harness is
essential. Its main components are circuits, housing, con-
nectors, wrapping material and additional components [1].
A connector is a piece which enables an easy way to con-
nect wires or whole circuits. It provides good electrical
conductivity and a stable connection between components
[2]. With the development of technology, the number of
connectors is increasing, which can range from several
hundred to several thousand in one vehicle [3]. As part of
the wiring harness, connectors must be characterized by
very good electrical conductivity. The conditions in which
car connectors work are related not only to weather condi-
tions and season, but also to temperature changes and vibra-
tions caused by the engine operation [4]. Vibration contrib-
utes to faster degradation of components and can cause
failure [5]. According to Abdi and Benjemaa, the operating
temperature of connectors ranges from —40°C to 80-120°C,
depending on the location of the connector. The vibration
frequency ranges from 10 to 2000 Hz [6]. The operating
environmental conditions of the connectors are conducive
to the occurrence of corrosion, which promotes faster wear
of the components [7]. For this reason, the materials from
which the connectors are made should be resistant to high
humidity, high and low temperatures and the presence of
acid oxides in the air, including nitrogen oxides and sulfur
oxides [3].

Automotive connectors are typically made of copper,
due to the excellent electrical conductivity of this metal.
There is one primary disadvantage of choosing copper as
a connector material. Its resistance to harsh environment is
not particularly good in comparison to other conducting
metals like silver or gold [2]. Noble metals are unfortunate-
ly much more expensive than copper, due to limited re-
sources and increasing demand for them [8], and are not
used as a material for manufacturing automotive wiring. To

preserve electrical properties and achieve anticorrosive
abilities, connectors are coated with different metals. Gold,
silver and tin are the most commonly used [2].

Noble metals, such as gold and silver, can be used to
produce cathodic coatings, which provide anodic protec-
tion. These metals have higher electrochemical potential
compared to copper and act as a cathode, which means that
they are resistant to environmental conditions. They create
a barrier between copper and the environment, providing
protection against corrosion. Apart from the high price of
noble metals, there is one disadvantage of such coatings.
The coating must cover a core material evenly to protect it.
Every discontinuity can result in a very deep corrosion pit,
because copper, as a metal with lower electrochemical
potential than gold or silver, will be exposed to environ-
mental conditions. It is important to notice, that copper
without any protection would corrode at a slower rate than
copper coated with damaged cathodic coating [9].

Tin is a metal with lower electrochemical potential than
copper, hence it is used as an anodic coating, which pro-
vides cathodic protection. Sometimes such protection is
called sacrificial protection, because the coating acts as an
anode, which corrodes instead of the core material. This
method provides protection of core material even when the
coating is not continuous [9, 10]. Another positive aspect of
anodic coatings is the lower price compared to coatings
made of noble metals.

In this paper, we examine and compare the properties of
anodic and cathodic coatings on automotive connectors.

2. Methodology

2.1. Microscopy

Five different samples of automotive connectors were
examined. According to the manufacturer, three of them
were coated with tin and the other two had coatings made
of gold. Energy-Dispersive X-ray Spectroscopy (EDX) was
performed to verify the manufacturer’s claims and detect
possible injections of different metals. Two measurement
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points were chosen for each sample, one for coating materi-
al and one for core material. Connectors were examined by
microscopy (Nikon Eclipse MA200) and Scanning Electron
Microscopy (FEI Phenom G2 Pro) to determine coatings
quality and thickness.

2.2. Roughness and corrosion tests

Two samples, one coated with tin and one coated with
gold, were selected for the topography examination. The
roughness of each connector was measured according to
PN-87/M-04256/02. The topography picture was prepared
via SEM. The corrosion resistance of these two samples
was examined. Two tests, open circuit potential and poten-
tiodynamic polarization, were performed on an automated
measurements site (Fig. 1), which consisted of a vessel,
a potentiostat ATLAS 0531 — ELECTROCHEMICAL
UNIT&IMPEDANCE ANALYSER, computer controller
and three electrodes: calomel electrode as a reference elec-
trode, platinum electrode as a counter electrode and con-
nector as a working electrode. The open-circuit test in 3%
sodium chloride solution lasted 40 minutes and took place
at room temperature. This test was performed in order to
find a resting potential of a system, which is necessary for
the second test. During potentiodynamic polarization meas-
urement, potentiodynamic curves were registered and
a pitting susceptibility of material was evaluated.

Fig. 1. The measurement site for corrosion tests
3. Results

3.1. EDX analysis

EDX analysis revealed that one of five samples did not
match the manufacturer’s specification and one of the gold
coatings was actually made of silver (Table 1). The core
material in each sample was copper, with a small amount of
metal of a coating in sample number 1. EDX analysis de-
tected copper injections in all coatings (Table 2). Coating
made of gold contained the smallest amount of copper —
2.06%. Tin coatings contained more copper injections. It
was especially noticeable in sample number 5, which con-
sisted of 52.77% copper. Sample number 1 was excluded
from further analysis due to inconsistency between specifi-
cation and analysis results.

Table 1. Coating materials according to specification and EDX analysis

Sample Specification EDX results
1 Au Ag
2 Au Au
3 Sn Sn
4 Sn Sn
5 Sn Sn
Table 2. EDX analysis results
Sample Coating Core
1 Ag - 84.17% Ag - 1.01%
Cu—15.83% Cu —98.99%
Au —97.94% )
2 Cu—2.06% Cu —100%
Sn—73.21%
3 Cu - 26.79% Cu - 100%
Sn —82.70%
4 Cu - 17.30% Cu - 100%
Sn —47.23% o
° Cu-52.77% Cu—100%

3.2. Structure and thickness

Four connectors were examined by regular microscopy
with magnification from 100x to 500x in order to briefly
evaluate the quality of coatings. In some cases, magnifica-
tion was not sufficient to notice and examine very thin
coatings. SEM examination was performed for more accu-
rate observation using magnification 10000x. The coating
on sample number 2, which was the only connector coated
with gold, was continuous, without any fractures, or delam-
ination, but the thickness was uneven (Fig. 2 and Fig. 3).
The gold coating covered the connector partially, only at
the point of contact. The core material was prepared cor-
rectly before coating deposition. It was even, with no burrs.
Connector number 3 was the only one with visible disconti-
nuity of a coating (Fig. 4 and Fig. 5). Delamination was
observed within a coating and between coating and core
material. The thickness of the coating varied in different
areas. Core material preparation was performed poorly, as
there was noticeable roughness of the surface and numerous
burrs. Sample number 4 had continuous coating (Fig. 6 and
Fig. 7). The thickness of the coating was generally even.
There were thinner and thicker areas, but not many. Some
injections and delamination of the coating were noticed. The
core material surface was not smooth, but there were no huge
burrs. Coating number 5 was of poor quality (Fig. 8 and Fig.
9). Delamination between coating and core material, delami-
nation within the coating and numerous injections were de-
tected. The coating was continuous but its thickness was
uneven. The core material surface was not prepared correctly
before coating. It was uneven with visible burrs.

Coating thickness was measured with SEM. For each
sample minimum and maximum thickness were measured.
Depending on the material used, typical coatings on con-
nectors range in thickness from 0.1 to 30 pm [11]. The
average thickness of all coatings was calculated based on
eight measurements. Values of all coatings thickness were
presented in Table 3. The only gold coating was the thin-
nest of all samples, with an average thickness of 0.91 pm.
Tin coatings were visibly thicker. Sample number 4 had the
thickest coating — 6.61 um. Significant differences between
minimum and maximum thickness were noticed for each
sample. According to Meyyappan et al. [12], typical gold
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coating thickness on connectors ranges from 400 to 800
nm, while the coating of sample 2 exhibited an average
thickness of 910 nm. The highest coating thickness was
1420 nm, while in some areas it was only 170 nm. In the
publication by Monlevade et al., the thickness of the gold
coating ranged from 0.8 to 1.35 pm [13]. The biggest value
of maximum thickness was registered for sample number 4
— 8.57 um. It is worth noting that Yuan et al. [14] showed
an inverse relationship between tin coating thickness and
connector resistance.

Table 3. Coating thickness

Coating thickness Average
Sample Material Minimum Maximum thickness
[pm] [pm] [pm]
2 Au 0.17 142 0.91
3 Sn 1.60 4.34 271
4 Sn 4.85 8.57 6.61
5 Sn 257 8.19 4.98

Fig. 2. Scanning microscope image of sample number 2 — a continuous,
well-made coating of variable thickness, a substrate for coating applica-
tion well prepared

Fig. 3. Scanning microscope image of sample number 2 — the place of the
beginning of coating application — visible layer break

Fig. 4. Scanning microscope image of sample number 3 — a continuous
layer, uneven coating thickness, visible delamination

Fig. 5. Scanning microscope image of sample number 3 — differences in
coating thickness with continuity, visible delamination at the border of
coating and core material

Fig. 6. Scanning microscope image of sample number 4 — a continuous
layer with even coating thickness, visible impurities in the coating

Fig. 7. Scanning microscope image of sample number 4 — a continuous
layer with uneven coating thickness. Coating material with numerous
irregularities

Fig. 8. Scanning microscope image of sample number 5 — a continuous
layer, with varied coating thickness, numerous impurities
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Fig. 9. Scanning microscope image of sample humber 5 — a continuous
layer, with uneven coating thickness, and numerous impurities

3.3. Roughness

The results of the roughness measurements of the se-
lected specimens, number 2 and 3, were collected and pre-
sented in Table 4. It also includes the average roughness
values of the Ra and Rz parameters calculated from the two
measurements taken for each specimen.

Under each figure showing the measurement of rough-
ness profile is a cross-section of the profile of roughness
height in the given measurement lines for the sample indi-
cated in the description.

Fig. 11. Sample number 2, measurement 2 — 3D view of the test surface

Observations of the material of sample number 2 indi-
cate a high presence of surface contaminants of various
sizes but regular round shapes. Longitudinal cracks can be
observed. In places of inclusions on the roughness profile,
large differences in height appear (Fig. 11). In places with-
out inclusions, the roughness profile shows very small
differences in height. In the results for measurement 1 —
line 5 (white) has a clearly increasing shape (Fig. 10). After

analyzing this shape, this result is not considered a rough-
ness measurement because the differences in profile height
are too large — 79.3 um — to qualify this shape irregularity
as roughness. It is also not taken into account when calcu-
lating the average roughness value for the sample, which is
for parameter Rz = 8.03 um and for parameter Ra = 7.89 um.
The Ra value for gold coating is higher than that found in
the literature, where it was 0.5715 pum and 0.3827 pm. The
surface of the samples examined by Ren et al. was also less
wavy and did not have large cracks and inclusions, which
translates to lower roughness parameters [15].

Fig. 12. Sample number 3, measurement 1 — 3D view of the test surface

Fig. 13. Sample number 3, measurement 2 — 3D view of the test surface

The surface irregularities observed in the material of
specimen number 3 are predominantly concave depressions
— dark grey patches with irregular shapes visible in Fig. 12.
and Fig. 13. A small number of convex, fine surface con-
taminations (black dots) with regular shapes and a small
(several or even several times smaller) size compared to the
depressions can also be observed. The sample has visible
longitudinal scratches occurring in one direction. On the 3D
image in places of surface roughness (convex and concave)
on the roughness profile appear large differences in height.
The indices of surface roughness for sample number 3 are
for the parameter Rz = 13.58 pum and for the parameter Ra
= 13.24 um. Narayanan et al. examined the roughness of
tin-coated connectors after 20000 fretting cycles at various
temperatures. The Ra value they measured ranged from
1.71 to 2.77. This indicates that the samples they examined
had lower roughness, despite being subjected to destructive
testing, than sample number 3 [16].
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Table 4. Surface roughness values

1% measurement | 2" measurement — Average
—roughness roughness values roughness
Sample
values [um] [um] value [um]
Rz Ra Rz Ra Rz Ra
9.90 20.42 7.15 5.65
13.53 9.09 7.49 6.36
2 8.43 8.68 3.25 3.87
10.80 8.60 2.54 1.18 8.03 789
1743 | 184 6.45 3.31
Average | 10.67 11.70 5.38 4.07
1659 | 11.39 12.79 6.76
14.91 9.66 15.19 12.80
3 1418 | 11.30 14.98 14.14
18.40 9.02 14.30 24.42 1338 | 1324
Average | 12.82 8.27 14.32 14.53

3.4. Corrosion tests

The corrosion resistance tests were carried out on two
samples, number 2 and 3. The measurement of the station-
ary potential as a function of time for the open circuit of
both samples showed that after 40 minutes both samples
had very similar potential. The sample coated with gold,
showed a potential E° = —421 mV, while the sample coated
with tin, showed a potential E° = —-422mV — the result is
shown in Fig. 14.
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Fig. 14. Open circuit stationary potential as a function of time for samples
number 2 and 3

Potentiodynamic results were obtained by performing
anodic polarization and applying the Tafel method. These
made it possible to obtain potentiodynamic curves, which
were subsequently analyzed. On their basis the values of
corrosion parameters were determined, i.e. corrosion poten-
tial (Ecor) and corrosion current (i¢) — Table 5. The highest
value of the corrosion potential was found for sample num-
ber 2 and the lowest value for sample number 3. The values
of the corrosion potential translate into the results of the
corrosion current. The values obtained for gold were similar
to those in the literature, where E o Was —359 mV and ico
was 93-10° A/cm?. According to the authors, these parame-
ters are unfavorable and imply the inability of the gold
coating, made by the traditional method, to protect copper
from corrosion and may even enhance it [17]. The values of
polarization parameters reported by Arazna et al. differed
from those obtained in this publication and were E. =
-520 mV and icor = 5.8:10°° A/lem? [18]. However, in both

cases, the parameters indicated better corrosion resistance
of tin than that of gold.

Table 5. Results of corrosion tests carried out on samples number 2 and 3

Sample Coating material Ecor [MV] i [AlCM?]
2 Au -572.61 75.85:10°
3 Sn —489.5 12.65-10°°

4. Conclusion

EDX analysis found inconsistencies in the manufactur-
er’s specification. One connector was coated with a differ-
ent metal than it should have been. The fact that sample
number 1 according to the manufacturer is coated with
gold, while the tests show that it is coated with silver, may
lead to electrical harness damage, due to differences in
electrochemical potential of these two elements. This mis-
take may lead to unreliable operation of receivers for which
gold and not silver connector is dedicated. The cause of the
mistake may be insufficient quality control at the produc-
tion unit.

The chemical composition analysis of the gold coating
(sample 2) revealed injections of copper. They were small,
so they should not influence the maintenance of the correct
connection between terminals and receivers. They can,
however, have an influence on the quicker appearance of
corrosion centers in the contact area than in the case of
a coating with a lower level of copper contamination. With
samples that are tin-plated (samples 3, 4 and 5) the copper
content of the coating is higher than with precious metals
(from 17 to 53%). This may be due to the greater ability of
tin to react with other elements due to its lower (negative)
electrochemical potential than the precious metals and cop-
per (positive potential). This level of core element’s pres-
ence in the coated layer may be a residue from chemical
reactions occurring during the coating process. A break in
the continuity of the tin coating is not detrimental to the
beam as tin has a lower electrochemical potential than cop-
per. It is the tin that will be chemically active so the quality
of the bond will be maintained and will not be exposed to
the environment and corrosion.

Observation of specimens performed by light micro-
scope revealed very thin layers of coated metal, but did not
allow for detecting coatings defects and measuring coating
thickness due to insufficient magnification. SEM exposed
many coating defects, such as impurities, injections, and
delamination, which could not be revealed by light micros-
copy. It was also possible to measure coating thickness.
Examination revealed the poor quality of all tin coatings.
All samples had uneven coatings thickness. The coating on
sample number 3 was not continuous. Many injections and
impurities as well as delamination within the coating and
between coating and core material were observed. The
surface of the connector was not prepared correctly as there
were lots of burrs and irregularities. Samples number 4 and
5 had continuous coatings, but also many injections and
delamination. The gold coating was free from injections,
delamination and discontinuities. The surface of the con-
nector was prepared correctly for coating. The main issue
with sample number 2 was the thickness of the coating. It
was thinner than tin coatings, presumably due to the higher
price of gold. It makes this coating vulnerable to mechani-
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cal damage. While it is not crucial for tin coatings to be
continuous, because they work as an anode and protect core
material even with discontinuities, it is extremely important
for a noble metal coating to cover protected material com-
pletely. Copper is a metal of lower electrochemical poten-
tial than gold, which means that if both of them are present
in the same environment, copper will start to corrode. Every
single discontinuity in the gold coating is a possible place
for a corrosion pit.

The main irregularities concerning the coating itself are
significant variations in layer thickness and delamination.
Less common irregularities are pinholes which only occur
in tin-coated samples. Differences in the preparation of the
surface for the metal coating can also be observed. An une-
venly prepared substrate significantly affects the difference
in film thickness. The biggest problem in the use of con-
nector terminals is the influence of the environment and
thus the corrosion of the element, because all the above-
mentioned defects and damages increase the susceptibility
of the element to this phenomenon.

On the basis of the measurement of the surface rough-
ness of the samples, it can be observed that the one coated
with gold shows lower values of surface roughness for both
indices (Ra and Rz) than the sample coated with tin. Sam-
ple number 2 has a greater difference in the height of the
lowest and highest elevations examined on the roughness
profile. The reason for this is point-like inclusions (black
color in Fig. 10 and Fig. 11), which cause a peak change in
the height of the roughness profile. Sample number 3 —
coated with tin — shows a greater presence of pits on the
surface than convexities on the surface. Sample number 2
shows a higher proportion of surface impurities in the form
of inclusions, which are convex.

The surface roughness at the contact point of the con-
nector is needed to ensure a connection at the contact point.
However, large values of roughness (large peaks in the
direction of lower or higher values) can have the opposite

effect to that desired — they can cause surface deviation and
poorer contact quality of the mating surfaces. All of the
samples tested for roughness (samples 2 and 3) show signif-
icant surface irregularities at the roughness level. Inclusions
or pits are present in each sample. Each sample is scratched
— these are long straight scratches of varying depth. This
damage is caused by the storage of the connector ends.
They are stored in containers where they are exposed to
each other. This causes scratches and micro-damage such as
indentations. These containers are not particularly tightly
sealed and are not isolated from the external environment,
which gives rise to the possibility of contamination adher-
ing to the surface. Spot contamination of the samples may
also be a result of the chemical composition of the material
used to coat the tips and the sterile conditions under which
the coating process is carried out.

The corrosion resistance tests were conducted in a hu-
mid environment — in a 3% sodium chloride solution. This
type of environment was chosen to imitate winter condi-
tions of car operation in countries where winters with snow
occur, and road salt is used on roads to prevent icing.

Research about the corrosion resistance of the samples
has shown that the tin-coated tips have higher overall corro-
sion resistance. They have a higher corrosion potential
(Ecor) @and corrosion current (ico) than gold-plated samples.
The higher the value of the corrosion potential, the higher
the corrosion resistance of the metal and the lower the sur-
face impact of the aggressive environment on the sample.

Research shows that gold-plated terminals, often chosen
for responsible vehicle components, are actually a less safe
choice than tin-plated connectors. In order to protect gold
coated connector terminals well against corrosion, they
should be very tightly manufactured to avoid discontinui-
ties. Improving the quality of the coating can also be
achieved by increasing its thickness, but this can result in
a significant increase in production costs.
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1. Introduction

Life Cycle Assessment (LCA) concerns the assessment
of potential environmental hazards. This model consists of
three areas [12]:

1. produce the vehicle,

2. operation of the vehicle,

3. vehicle scrapping.

The area (phase) of vehicle operation will be analyzed.

The aim of the article is the material and economic as-
sessment of the life cycle of city buses with combustion
engines. The following parameters were analyzed: duration
of operation, mileage, number and cost of filter changes:
oil, air, fuel, and the period of replacement of buses. City
buses often form the basis of the functioning of public
transport. Solaris buses are operated in many Polish and
European cities and meet the currently applicable emission
standards. Low exhaust emissions from buses are of great
importance for the protection of the environment.

2. Literature review

The use of the LCA cycle for vehicles has been present-
ed in many publications. The publication [1] presents a set
of key sustainable development indicators for various stag-
es of the car's life cycle. The publication [2] uses the life
cycle assessment methodology to determine whether the
material composition strategy of the popular Volkswagen
Golf model has reduced its environmental burden over the
last 30 years. The publication [3] presents the supporting
LCA method, within which fuel consumption was calculat-
ed. The application of the LCA cycle for internal combus-
tion engines is presented in publications [4, 5]. The aim of
the publication [4] was to present, using LCA analysis, the
impact of changes in the material composition of engines
on the environment under selected internal combustion
conditions used in passenger cars. The simplified LCA
model presented in the article presents energy consumption
and total CO, emissions on the basis of the mass of materi-
als from which the engine is made. The aim of the publica-
tion [5] was to demonstrate the environmental impact of
changes in the material composition of Volkswagen Golf

passenger cars in the last 30 years using the LCA method-
ology. The presented simplified LCA model of an engine
shows the energy consumption and total CO, emissions
based on the weight of the engine materials. The publica-
tion [6] presents the material and energy life cycle of a car.
Changes in energy consumption and emission levels are
presented. The publication [7] presents the application of
the life cycle assessment to the analysis of ecological prop-
erties of a passenger car during its operation. The issues
related to the operational efficiency of city buses are de-
scribed in the publication [8]. The publication [9] presents
research on the use of batteries in electric cars. The publica-
tions [10, 11] present a fleet management strategy that does
not take into account the number and cost of replacing oil,
air and fuel filters.

3. Research methodology

As part of the life cycle assessment criteria, three types
of Solaris Urbino buses were analyzed. Figure 1 presents
the Solaris Urbino 10.5 bus [17].

P

Figure 1. Solaris Urbino 10.5 bus [17]

Table. 1 presents the technical data of the Solaris Ur-
bino 10.5 bus.
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Table 1. Technical data of the Solaris Urbino 10.5 bus [20]

Type of Solaris Bus Urbino 10.5
Years of production Since 2017
Doors layout 2-2-0

2-2-2

1-2-0

1-2-2
Number of doors 2-3
The height of the floor 320 mm
Engines Cummins ISB6.7E6C

DAF MX-11
The power of the engines Cummins: 187 kW (254 HP),
209 kKW (277 HP),

224 KW (305 HP),
DAF: 210 kW (286 HP),

240 kW (326 HP),
271 KW (368 HP)
Transmission Automatic:
ZF-EcoLife
Voith DIWA.6
Length 10550 mm
Width 2550 mm
Height 3040 mm
Wheelbase 4450 mm
Number of seats Up to 29
ABS Yes
ASR Yes
EBS Yes
ESP Yes
Air conditioning Optional

Figure 2 presents the Solaris Urbino 12 bus. Figure 3

presents the Solaris Urbino 18 bus.

Table 2 presents the technical data of the Solaris Urbino
12 bus. Table 3 presents the technical data of the Solaris

Urbino 18 bus.

Table 2. Technical data of the Solaris Urbino 12 bus [20]

Fig. 2. Solaris Urbino 12 bus

Fig. 3. Solaris Urbino 18 bus

Table 3. Technical data of the Solaris Urbino 18 bus [20]

Type of Solaris Bus Urbino 12
Years of production Since 1999
Doors layout 2-2-2
2-2-0
1-2-2
1-2-0
Number of doors 2-3
The height of the floor 320 mm
Engines 1) Cummins ISB6.7E6C 250B

2) Cummins I1SB6.7E6C 280B
3) Cummins ISB6.7E6C 300B
4) DAF MX-11 210
5) DAF MX-11 240
6) DAF MX-11 271

The power of the engines

1) 189 kW (257 HP)
2) 209 KW (284 HP)
3) 224 KW (304 HP)
4) 210 kW (286 HP)
5) 240 KW (326 HP)
6) 271 KW (368 HP)

Type of Solaris Bus Urbino 18

Years of production Since 1999

Doors layout 2-2-2-0
2-2-2-2
1-2-2-0
1-2-2-2

Number of doors 34

The height of the floor 320 mm

Engines 1) DAF MX-11 240

2) DAF MX-11 271

The power of the engines

1) 240 KW (326 HP)
2) 271 kW (368 HP)

Transmission

1) ZF-EcoLife
2) Voith DIWA.6

Transmission

1) ZF-EcoL.ife
2) Voith DIWA 6

Length 12000 mm
Width 2550 mm
Height 3040 mm
Wheelbase 5900 mm
Number of seats Up to 43
ABS Yes
ASR Yes
EBS Yes
ESP Optional
Air conditioning Optional

Length 18000 mm
Width 2550 mm
Height 3090-3200 mm
Wheelbase 5130 mm
6770 mm
Number of seats Up to 53
ABS Yes
ASR Yes
EBS Yes
ESP No
Air conditioning Optional
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For this purpose, neural networks were used to deter-
mine the optimal values of the operation duration, mileage,
number and costs of replacement of selected consumables
and the replacement period of buses. Neural networks can
be used wherever there are tasks related to prediction, clas-
sification or control. In the conducted analysis, tasks related
to prediction were used.

The analyzed parameters were determined on the basis
of source data. The duration of operation was determined
on the basis of the publication [20]. The mileage in one year
was 100,000 km [18]. The engine oil filter was changed

every 30,000 km [21], the air filter every 20,000 km, and the
fuel filter every 100,000 km [19]. The cost of purchasing
one engine oil filter was PLN 17 [14], one air filter PLN
220 [15], and one fuel filter PLN 32 [13]. The analyzed
engine oil, air and fuel filters are used in all analyzed types
of buses. As part of the costs of replacing individual filters,
the costs of their purchases were taken into account. The
bus replacement period was every 9 years [16]. Table 4
presents the values of the analyzed parameters of selected
types of buses.

Table 4. Values of the analyzed parameters of selected types of buses

Type of Solaris Bus Urbino 10,5
Duration of operation[years] 4 3 2 1
Mileage [1000-km] 400 300 200 100
Number of filter changes []:
the engine oil filter 13 10 7 3
the air filter 20 15 10 5
the fuel filter 4 3 2 1
The cost of replacing [PLN*]:
the engine oil filter 221 170 119 51
the air filter 4400 3300 2200 1100
the fuel filter 128 96 64 32
Bus replacement period 0 0 0 0
Type of Solaris Bus Urbino 12
Duration of operation [years] 9 8 7 6
Mileage [1000-km] 900 800 700 600
Number of filter changes [-]:
the engine oil filter 30 27 23 20
the air filter 45 40 35 30
the fuel filter 9 8 7 6
The cost of replacing [PLN*]:
the engine oil filter 510 459 391 340
the air filter 9900 8800 7700 6600
the fuel filter 288 256 224 192
Bus replacement period 1 0 0 0
Type of Solaris Bus Urbino 18
Duration of operation[years] 9 6 5 4 3
Mileage [1000-km] 900 600 500 400 300
Number of filter changes []:
the engine oil filter 30 20 17 13 10
the air filter 45 30 25 20 15
the fuel filter 9 6 5 4 3
The cost of replacing [PLN*]:
the engine oil filter 510 340 289 221 170
the air filter 9900 6600 5500 4400 3300
the fuel filter 288 192 160 128 96
Bus replacement period 1 0 0 0 0
(*) 1PLN = 0.2 EUR
As part of the analysis, the analyzed parameters were Table 5. Prediction sheet
optimized with the use of neural networks with the use of a No. — case Output
regression model in the Statistica program. 1 0
The following signals are identified: g 8
— (Quantitative input variables: operation time, mileage, 7 0
number of engine oil filter replacements, number of air 5 1
filter replacements, number of fuel filter replacements, 6 0
cost of engine oil filter replacements, cost of air filter 7 0
replacements g 2
11 0
12 0
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— qualitative input variables: cost of fuel filter replace-
ment,

— quantitative output variables: bus replacement period.
Table 5 presents the prediction sheet. Figure 4 presents

the activation histogram. Table 6 shows the list of the quali-

ties and errors in the regression model.

10

8 -

Fig. 4. Histogram of activation

Table 6. List of qualities and errors of the regression model

Quality | Quality Quality Error Error Error
(train- (test- (valida- (train- (test- (valida-
ing) ing) tion) ing) ing) tion)

1 0 0 0 0 0

4. Research analysis
The conducted research shows that for optimization
equal to 1 for Solaris Urbino 12 and 18 buses with combus-

tion drive, with a mileage of 900,000 km, the number of
engine oil filter changes 30, the number of air filter changes
45 and the number of fuel filter changes 9 and the cost of
engine oil filter replacements PLN 510, the cost of replac-
ing the air filter PLN 9,900 and the cost of replacing the
fuel filter PLN 288 and the replacement period for buses
equal to 1, the optimal duration of operation is 9 years.

For Solaris Urbino 10.5 buses, the optimization results
were below 1 and it was not possible to determine the opti-
mal values of the analyzed parameters due to the shorter
duration of operation compared to Solaris Urbino 12 and 18
buses.

5. Conclusions

On the basis of the conducted research and analyzes for
the assessment of the life cycle of city buses in the opera-
tion phase, it has been shown that the optimal duration of
operation is 9 years and is related to their mileage, the bus
replacement period as well as the cost and number of filter
replacements. The use of neural networks to determine the
optimization of the analyzed parameters is an important
source of information for the processes of planning the
operating costs of bus companies. The presented research
and analyzes have a significant impact on the processes of
purchasing and operating city buses. Further research
should be verified on the example of buses in operation in a
specific company.

Nomenclature

ABS anti-lock braking system
ASR acceleration slip regulation
CO, carbon dioxide

EBS electronic braking system
ESP electronic stability program
LCA Life Cycle Assessment
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ARTICLE INFO The paper presents results obtained from calculations conducted to receive information on the capability of
photovoltaic systems to power electric vehicles in regular use. The annual distance travelled was divided in nine
categories. Every aspect of this analysis was suitable for Polish market and parameters given by the climate that
is connected with geographical location of Poland. It is worth mentioning that one of the key elements is the law
for renewable energy, that is the key aspect to economical benefits that come from so called green investments.
Energy law was also taken into account during this simulation. All those aspects together summarized to
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1. Introduction

The growing number of photovoltaic systems (PV) in
private possession demands an analysis of using such sys-
tems for powering electric vehicles (EV) or plug-in hybrids
(PHEV). Each year the number of electrified vehicles on
the roads in Poland is growing but to reach expected
1 million units there some encouragement is needed. Aver-
age range of an EV is not convincing enough for Polish
citizens to pay a higher price for a less versatile vehicle [1].
This is one of the aspects that is analyzed in this paper.
Another one is based on PV that can charge an EV in daily
routine. It is an important aspect, because this can lead to
higher interest in EV as the range would not be an issue
anymore. Though certain studies have been carried out on
the topic of the wider usage of EVs and their impacts, such
as by Szymanski et al. [2] or the study on their influence on
pollution [3], the question of their basic economy of use in
the Polish market, still remains open.

The paper is focused mainly on Poland but similarly ir-
radiated regions all around the world can be taken into
consideration. Scrutiny provided by these calculations can
be broadly compared only when the irradiation factor is
comparable. Increasing number of EVs [4] on the roads can
arise demand for new PV systems and larger energy supply
needs. This creates another possibility, a usage of EVs as
energy storage. Although some concerns are visible at first
sight, for example preparation of power grid [5], as the one
currently utilized in Poland is not ready for higher demand
and power supply diversity. That is the main reason to
convey such calculations, because according to European
lawmakers future solutions should comply with the Europe-
an Green Deal. This contrast can also serve the purpose of
comparing EVs and plug-in hybrids with the upcoming
competition created by hydrogen cells vehicles and hydro-
gen combustion engines currently under development in the
automotive industry.

2. Analysis of range and availability of charging

stations

Considering all the aspects of using a vehicle, it is worth
taking into consideration the frequently chosen summer
travel destinations. In this case, analysis conducted by Sta-
tistics Poland [6] was used to determine the most popular
places for spending summer holidays by Polish citizens. It
can therefore be concluded that Italy is the most common
foreign destination, followed by Greece. When it comes to
domestic trips, the Pomorskie Voivodeship is the undisput-
ed leader. Using this information, exemplary routes to these
places were created and compared with the parameters of
an electric vehicle, which were made with the use of trip
planning software [7].

2.1. Route Katowice—Venice

There has been some change to this route, the use of trip
planning software [7] did not take into account road works,
which slightly affects the length of the route. After compar-
ing it with the route generated in “Google Maps” [8] and
comparing the travel times (estimated for journeys without
stops), the author decided to take into account the differ-
ences in order to refine the analysis.

Table 1. Route details generated for ICE vehicle in “Google Maps” [8]

Route Katowice—Venice
Time of journey 10 h 12 min
Distance 964 km
Number of breaks 2

Break duration 20 min

The travel is determined by the time of 10 h 12 min,
which should be enough to cover 964 km. This time should
be supplemented with data from Daimler [9], in which it is
mentioned that the average time of refueling an ICE vehicle
takes the user about 6 minutes. In order to create realistic
travel conditions, this time was increased to 10 minutes,
which gives a travel time of 10 h 40 min. For comparison,
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a simulation of driving this route with two vehicles repre-
senting the electric cars was created. One of them is Nissan
Leaf (40 kwh) and the other is Tesla Model 3 Long Range
(75 kWh). Additional information is a different distance
(966 km) in relation to the journey of ICE car.

Table 2. Route details generated for Tesla Model 3 Long Range [7]

Route Katowice—Venice
Time of journey 18 h 36 min
Distance 964 km
Number of breaks 2

Break duration 4 h 10 min

Table 2 presents data of a journey planned in EV. Usage

Table 5. Route details generated for ICE vehicle in [8]

Route Katowice—Thessaloniki
Time of journey 16 h 8 min
Distance 1579 km
Number of breaks 4

Break duration 40 min

For comparison purposes, a route with a travel time of
16 h 8 min was selected. All mapped routes follow the
same roads. By enriching this time with stops for refueling
[9], as in the case of the previous route, the time is extended
to 16 h 45 min.

Table 6. Route details generated for Tesla Model 3 Long Range [7]

of chargers providing low current values (1 phase, 50 kW) | Rroute Katowice—Thessaloniki
was the baseline in this case. Time of journey 321 19 min
. . L Distance 1579 km
Table 3. Route details for Tesla Model 3 Long Range with the utilization
of fastcharger [7] Number of breaks 3
Route Katowice—Venice Break duration 5h 30 min
Time of journey 11 h 6 min )
. The course of the route allows to notice one shorter
Distance 964 km .. . L
stop, this is due to the possibility of using the Supercharger
Number of breaks 1 charging station (3 phase, > 100 kW) because this location
Break duration 1h has a rich infrastructure of these devices although other

The situation changes significantly when we consider
fast charging (3 phase, >100 kW) [10], as the model allows
it. This increases the comfort of traveling due to the readi-
ness for further travel in a relatively shorter time, but the
journey is extended by 26 minutes in comparison to ICE
vehicle.

Table 4. Route details generated for Nissan Leaf [7]

stops require usage of 1 phase, 50kW chargers. However,
as can be seen at the bottom of Table 6, the travel time is 32
h 19 min, which means that the journey lasts almost twice
as long as with the use of a ICE car.

Table 7. Route details generated for Tesla Model 3 Long Range with the
utilization of fastcharger [7]

Route Katowice—Thessaloniki
Time of journey 19h 19 min
Distance 1579 km
Number of breaks 3

Break duration 1h 30 min

Route Katowice—Venice
Time of journey 27 h 12 min
Distance 964 km
Number of breaks 3

Break duration 5h 30 min

A dramatic change in travel time occurs when there is a
difference in the capacity of the batteries and charging
scheme is based at 1 phase, < 50 kW devices. This parame-
ter is almost 50% reduced (35 kWh, when compared to the
capacity of Tesla’s battery that has 75 kWh), while the
travel time is extended to 27 h 12 min. It is therefore highly
likely that people using this mode of transport would bene-
fit from an overnight stay during the journey due to the long
duration of the travel.

2.2. Route Katowice—Thessaloniki

This route was created because of the popularity of the
holiday travel destination. Many people use air transport,
but some people going in this direction use road vehicles.

When using Superchargers (3 phase, > 100 kW), the sit-
uation improves significantly, however, one must take into
account an extended travel time (in comparison to ICE). It
is worth noting that the route has been extended by over
500 km compared to the previous one (from Katowice to
Venice), while the duration has increased by more than 1
hour. Compared to a combustion vehicle, the difference is
less than 3 hours.

Table 8. Route details generated for Nissan Leaf [7]

Route Katowice—Thessaloniki
Time of journey 47 h 42 min
Distance 1579 km
Number of breaks 5

Break duration 5h 30 min

The travel time is almost two days, exceeding the travel
time by an ICE car by more than 31 hours. This kind of
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time difference can exclude a vehicle from range of interest

Table 11. Charging expenses at charging station

if someone is looking for a fast mean of transport. This Charging cost [PLN]
situation has place because of 1 phase, < 50 kW chargers Battery
used to recharpe this vehicle P ’ Vehicle capacity AC be o
g . [kwh] | <50kw 50 kW > 50 kW
2.3. Route Katowice—Gdansk Lphase | 3 phase 8 phase
Due to the popularity of the Pomeranian Voivodeship Nissan Leaf 40 57.20 79.60 95.60
among people spending their holidays in Poland [6], it was 62 88.66 123.38 148.18
chosen to analyze the route connecting the south with the BMW i3 38 5434 75 62 90.82
north of the country.
Audi e-tron 95 135.85 189.05 227.05
Table 9. Route details generated for ICE vehicle in [8] Renault Zoe 52 74.36 103.48 124.28
Route Katowice—Gdansk 52 74.36 103.48 124.28
Tesla Model 3
Time of journey 5h 26 min 75 107.25 149.25 179.25
Distance 519 km
Table 12. Charging time
Number of breaks 1 —— -
Break duration 10 min - Battery Charging time (according to producer) [h]
Vehicle capacity | Ac <50 kw | DC50kW | DC > 50 kW
. i . [kwh] 1 phase 3 phase 3 phase
In accordance with the previously adopted practice, the 0 073000 01:00:00
route should include the time for a stop to fill the tank, but | Nissan Leaf b o ’
the range of combustion vehicles allows one to travel this 62 11:30:00 01:30:00 No info.
route without additional stops (if the driver's physiology |Bwmw i3 38 04:54:00 00:42:00 _
allows it). The time taken.for the comparison is5 h 36_m|n. Audi e-tron 95 08:50:00 01-24:00 00-30:00
The order of comparisons does not change, so in the
first case the Tesla Model 3 Long Range is compiled, which | Renault Zoe 52 20:00:00 | 06:00:00 -
(as the name of the model indicates — has a greater range) is Testa Model 52 07:00:00 No info. 00:30:00
characterized by better properties in terms of the distance | 'e@ Model3 09:0000 | Noinfo. | 00:45:00

that can be traveled on a single charge. The range specified
by the manufacturer is 580 km, therefore, it makes it possi-
ble to cover the entire distance using only the pre-journey
charging.

Table 10. Route details generated for Nissan Leaf [7]

Route Katowice—Gdansk
Time of journey 12 h 1 min
Distance 519 km
Number of breaks 1

Break duration 6 h 30 min

Due to the more modest range (389 km — declared by
the manufacturer), it is not possible to cover the Katowice—
Gdansk route, requiring a stop (1 phase, < 50 kW charger)
and an extension of the journey by 6 hours 30 minutes in
order to ensure further mobility.

3. Costs comparison

3.1. Costs comparison charging station vs. household

The results developed for electric vehicles, which in this
analysis would be charged using a charging station, are
presented. It is worth mentioning that such stations are
characterized by different charging parameters such as:
direct current or alternating current and various power pro-
vided by these units: less than 50 kW, 50 kW, more than 50
kW [10, 11]. Such a difference affects the time required to
charge the vehicle, but not every vehicle is adapted to such
an activity, as shown in Table 12.

Prices shown in Table 11 are calculated using values
from Table 12 for a user that does not have the ability to
charge EV in their household thus a charging process of
0-100% (using capacities given by manufacturer) was the
benchmark for each vehicle. Large part of each price is
created by parking fee that is added after 1 hour of AC
charging and 45 minutes of DC charging in the amount of
0.4 PLN/min [11].

In comparison charging each of aforementioned vehi-
cles using a traditional outlet would generate costs shown in
Table 13.

Table 13. Costs of charging EV using traditional outlet

. Battery capacity Cost of charging [PLN]
Vehicle Wh
[ ] Lowest Highest

40 27.60 31.20
Nissan Leaf

62 42.78 48.36
BMW i3 38 26.22 29.64
Audi e-tron 95 70.30 74.10
Renault Zoe 52 35.88 40.56

52 35.88 40.56
Tesla Model 3

75 51.75 58.50

The differences are notable, as even the most expensive
option of charging the highest capacity battery (95 kWh
Audi e-tron) generates costs about 1 PLN lower than charg-
ing the smallest battery (38 kwh BMW i3) at the charging
station.
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The density of charging stations in Poland is 0.0064 sta-
tion/km? [12], while the density of the location of the charg-
ing stations operated by Orlen, taken into account in the
calculations, can be seen in Fig. 1.

Q 2 GQ.sk L i .
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OQ;\jhe . o ;
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Fig. 1. Map of charging stations in Poland (provided by Orlen)

3.2. Costs comparison — ICE vehicles vs. EVs

Lists of cars has been prepared to present the costs and
allow to clearly determine which vehicle is the cheapest in
operation. This comparison refers only to the costs related
to the source of power, all costs related to the depreciation
of the vehicle are omitted, i.e. the costs of repairs, tire re-
placement, services, etc. The vehicles selected for this work
allowed for the creation of four groups that are different
from each other primarily by the segment they represent.
There is also a difference between vehicles when it comes
to the aspect of positioning certain vehicles as belonging to
the premium segment, however this is not a measurable value
and therefore it was not a parameter of this comparison.

The first group consists of representatives of the urban
segment, otherwise known as the A and B segments.
A characteristic parameter of these vehicles is their size and
usually low power, due to the orientation of these cars to-
wards economy, cost-effective use in the city and their easy
use in such an environment. The performance is therefore
not the determining aspect. It is also worth noting that vehi-
cles in this segment are used in Poland as a means of
transport for the whole family, even over long distances,
which is a direct result of the ratio of purchase and use
costs to the wealth of citizens.

Comparison presented in Table 14 shows that vehicles
using combustion engines are able to compete directly with
electric vehicles, if we take into account the economic con-
ditions for charging vehicles with the use of charging sta-
tions available in the municipal infrastructure. This situa-
tion was taken into account due to the availability of such a
solution for every user of an electric vehicle, regardless of
the place of residence.

Table 14. Costs comparison — segment A and B

Vehicle Propulsion type km/PLN
Mini One Petrol 3.42
Peugeot 208 Diesel 4.64
Hyundai i10 Petrol 3.97
Renault Zoe Electric 3.82
BMW i3 Electric 3.47

Another group that has been generated for the purpose
of comparison are compact vehicles, also referred to as the
representatives of the C segment. These vehicles are quite
small when it comes to external dimensions, but inside
these vehicles are more spacious than products presented in
Table 14. Such vehicles are undoubtedly suitable to travel
long distances, because they allow four adult passengers to
be comfortably carried with their luggage.

Table 15. Costs comparison — segment C

Vehicle Propulsion type km/PLN
Honda Civic 5D 2021 Petrol 2.59
Skoda Octavia IV 2.0 TDI Diesel 4.75
Nissan Leaf (40 kWh) Electric 4.89
Nissan Leaf (62 kWh) Electric 3.56

This segment already shows a certain difference when we
take into account the cost of 1 km, but these are not signifi-
cant values, especially taking into account the prices of vehi-
cles (in the case of electric vehicles they are much higher
than in the case of internal combustion vehicles). It is also
worth noting that a diesel vehicle (in this comparison —
Skoda Octavia) generates lower travel costs compared to
a gasoline engine vehicle. In direct competition with the more
economical version of an electric vehicle, the situation for this
segment differs significantly from, what was expected, the
situation that takes place in the A and B segments. It can be
concluded directly from the costs that only the diesel drive is
an economic competition for the electric drive (in this compar-
ison the Nissan Leaf with a 40 kWh battery).

Table 16 presents the representatives of another popular
segment among the cars selected by customers, both new
and used vehicles. Two vehicle models in two different
configurations were compared.

Table 16. Costs comparison segment D

Vehicle Propulsion type km/PLN
BMW 318i Petrol 3.09
BMW 316d Diesel 4.06
Tesla Model 3 (52 kWh) Electric 3.24
Tesla Model 3 (75 kWh) Electric 3.24

The last group created for direct comparison is a very
popular SUVs segment. This type of cars are intended to
serve its owner in many different situations, as the abbrevi-
ation stands for Sport Utility Vehicle. Versatility brings
slightly increased operating costs, which can be seen in
Table 17.
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Table 17. Costs comparison segment SUV

Vehicle Propulsion type km/PLN
Audi Q5 45 TFSI Petrol 2.29
Audi Q535 TDI Diesel 3.48
Audi e-tron Electric 1.83

Multitude of applications for these vehicles also entails
higher costs when it comes to traveling any given distance.
In this case, the vehicle with electric drive is the least fa-
vorable, and its weight contributes to this, which directly
affects the range offered by this solution. The difference
here comes up to 1.65 km/PLN, which places this segment
in the middle of the rate when it comes to coverage for
PLN. Although the direct comparison of the values for the
km/PLN parameter is definitely unfavorable for this seg-
ment, which allows to conclude that it is the least economi-
cal choice among those compared in this analysis.

4. PV system as charging source for EVs

Analysis of PV system usage to charge EVs was taken
into consideration after comparing prices of the ICE coun-
terparts and energy supply delivered by using public charg-
ing stations. Economical advantage provided by EVs were
not significant and in some cases ICE vehicles are more
budget friendly, which brings into question whether PV is
the solution to this problem and what parameters should it
fulfill to become a competitive option of transportation in
the polish conditions.

4.1. Region of application

The regions chosen to investigate whether the PV sys-
tem is suitable to power homestead and charge an EV are
the three examples of irradiation diversity in Poland.
Kotobrzeg presents the least solar radiation recorded during
observation time, Katowice is the average irradiated region
and Raciborz has the highest rate of sunlight according to
the Ministry of Investment and Development [13] all of the
parameters are presented in Fig 2. Data collected for the
aforementioned regions can be a representation of large part
of Europe according to Smierzchalska et al. [14], thus mak-
ing this paper applicable for different consumer markets.

o~ o < N (] ~ =] @ o — ~
— — —
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Kotobrzeg

Fig. 2. Radiation magnitude for investigated regions (numbers at X axis
represent months)

Summary of annual irradiation can give an insight to
characteristics of each region. Kotobrzeg as the least irradi-
ated city in this set is estimated to collect about 826.07
kWh/annum/m?, Katowice is estimated to collect about
1019.70 kWh/annum/m? that is just above the average re-
sult for the territory of Poland and Racibdrz can generate up
to 1086.73 kWh/annum/m? [13].

4.2. PV system performance

Calculations were provided using PV system with nom-
inal power of 10 kW, which is the highest power output for
private use in Poland securing the highest power return rate
possible. This kind of installation can also supplement the
energy grid with its energy production. Polish law regula-
tions create the possibility to use up to 80% of the power
provided to power grid (by the prosumer from PV installa-
tion). In further calculations data from Gil and Wurfel [15,
16] is used as it is the most precise showing not only
monthly intensity of radiation but also values recorded in
time lapse, which were collected over the course of 30
years.

Nameff = Npan " Ninv " Nam (1)

where: Namer — amended value of system efficiency, npan —
efficiency of PV panel, n;,, — efficiency of inverter, n,, —
amended coefficient.

Implementing the amended value of system efficiency
for each month the values create efficiency of given system
according to weather each month. Weather conditions such
as temperature, humidity, precipitation were taken into
account. This procedure helps to model the conditions of
real environment in given area. Values obtained by calcula-
tions are presented in Fig 3. Values obtained from Daimler
[8] and from formula (1) were used to calculate the amount
of energy produced by the PV system taking into considera-
tion the area of PV panels that were used in this simulation
(49.5 m?) suggested by Soleco [17], all three cities men-
tioned in chapter 4.1 were used to calculate the amount of
energy that is possible to generate by such an installation.

Em = Namefr* Rm " A (2)
where: E,, — energy produced in a period of one month

[KWh], Namerr — @mended value of system efficiency, R, —
monthly irradiation [kWh/m?], A — area of PV panels [m?].
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Fig. 3. PV system parameters (numbers at X axis represent months)

5. EV’s market and energy demand

An important feature of a personal vehicle is mobility
and independence. This chapter provides information about
daily energy usage of 7 most popular EVs in Poland ac-
cording to Fries et al. [2]. It creates an array of vehicles to
compare with the ICE powered vehicles already in posses-
sion of a large number of commuters. Analysis was carried
out for annual distance covered by vast majority of popula-
tion, according to catalog data [19].
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Table 18. Daily electricity demand for EVs

Thousand km/annum

Battery
Vehicle capacity | kWhikm 2 ‘ 5 8 | 12 | 17 | 25 | 30 ‘ 35 | 40

[kwh]

kWh/day
Nissan Leaf 40 0.103 0.56 1.41 2.25 3.38 4.79 7.04 8.45 9.86 11.27
Tesla Model 3 52 0.113 0.62 1.55 2.48 3.72 5.27 7.74 9.29 10.84 | 12.39
Nissan Leaf 62 0.117 0.64 1.61 2.57 3.86 5.47 8.04 9.65 11.26 | 12.87
Tesla Model 3 75 0.129 0.71 1.77 2.83 425 6.02 8.86 10.63 | 1240 | 14.17
Renault Zoe 52 0.132 0.72 1.80 2.89 433 413 9.02 10.82 | 12.62 | 14.43
BMW i3 38 0.145 0.79 1.99 3.18 477 6.76 9.93 11.92 | 1391 | 15.89
Audi e-tron 95 0.229 1.25 3.14 5.02 7.53 10.66 | 1568 | 1881 | 21.95 | 25.09
Mp = Rcb_at ©) Using the data presented at Fig. 3 and in Table 18 calcu-
man

where: Mp —amount of electricity needed for every kilome-

ter [kWh/km], Cy.; — capacity of battery [kWh], Ryan —

range estimated by manufacturer.
Next step of calculations was to use (3) and calculate
daily requisition for electricity, conducted using formula (4)

Ep = Mp - Dgist (4)

where: Ep — amount of electricity needed to cover the daily
driven distance [kWh], M — amount of electricity needed
for every kilometer [kWh/km], Dg;s: — daily distance [km].
Interesting conclusion comes to mind while analyzing
the results. The first conclusion that appears obvious after
analyzing the results is, that the heaviest car in the compari-
son (Audi e-tron) demands the highest power dose for every
single day but right behind are Renault Zoe and BMW i3
which are both small and light (for EV standards) vehicles

lations that analyze how much kilometers it is possible to
cover when one uses whole electricity produced by PV
system in Katowice region were conducted. Including re-
turn factor of 0.8 and area of PV system mentioned in para-
graph 4.2 results are as follows.

Combining results from Table 18 and 19 it was possible
to calculate distance that can be covered by three exemplary
cars: Nissan Leaf, Tesla Model 3 Long Range and Audi
e-tron every month using the equivalent of power produced
from solar energy.

An aspect of economy and difference between EV and
ICE cars can be analyzed according to data received from
examples shown in Table 20. Comparison fuel powered
cars to EV’s was based on models and specification from
paragraph 3.2.

Table 20. Monthly distance provided by PV system for EV

although one needs 0.53 kWh and the other 0.46 kWh (for km/month
annual mileage of 2000 km) less than the heavy Audi SUV. Month Nissan Leaf | Tesla Model 3 Audi e-tron
Growing number (_)f kilometers ger)erafces hlgher dlffergnces January — 84647 36117
between each vehicle, worth considering is the capacity of
battery it indicates how often it is necessary to charge par- | February 1885.31 1505.33 847.98
ticular vehicle during given distance. March 4198.37 3352.18 1888.35
) April 6713.97 5360.77 3019.82
Table 19. Energy available to charge EV

May 11169.06 8917.93 5023.64
Month Amount of energy [KWh]

June 10281.11 8208.95 4624.26
January 83.40

July 12222.15 9758.77 5497.30
February 194.19

August 9382.45 7491.42 4220.06
March 432.43

September 6786.57 5418.73 3052.47
Avpril 691.54

October 3609.48 2881.99 1623.48
May 1150.41

November 1617.82 1291.75 727.67
June 1058.95

December 1165.34 930.46 524.15
July 1258.88
August 966.39 Significant savings can be achieved when one uses PV
September 699.02 system to power an EV, but amounts from Table 21 and 22
October 371.78 are extreme cases because these show annual distances

equal to 31 to 69 thousand kilometers. Usually that kind of
November 166.64 . . L. . .

distance is covered by average citizen in 3 to 6 years time.
December 120.03
60 COMBUSTION ENGINES, 2023;192(1)
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Table 21. Economical savings provided by PV system usage to power EV
petrol vehicles compared

PLN/month
Month Honda Civic BMW 318i Audi Q5 TFSI
January 311.72 209.07 158.89
February 725.85 486.82 369.97
March 1616.37 1084.10 823.89
April 2584.88 1733.67 131.55
May 4300.09 2884.06 2191.81
June 3958.23 2654.78 2017.56
July 4705.53 3155.99 2398.47
August 3612.25 2422.72 1841.21
September 2612.83 1752.42 1331.79
October 1389.65 932.04 708.32
November 622.86 417.75 317.48
December 448.65 300.91 228.69

Table 22. Economical savings provided by PV system usage to power EV
Diesel vehicles compared

PLN/month
Month Skoda Octavia BMW 316d Audi Q5 TDI
January 170.35 159.23 104.70
February 396.67 370.76 243.79
March 883.34 825.64 542.90
April 1412.62 1320.36 868.20
May 2349.97 2196.49 1444.30
June 2163.15 2021.87 1329.47
July 2571.54 2403.58 1580.47
August 1974.07 1845.14 1213.27
September 1427.89 1334.63 877.59
October 759.43 709.83 466.75
November 340.39 318.16 209.20
December 245.19 229.17 150.69

6. Solar panels area to fulfill the demand of an EV

and an average household

Popularity of PV systems can be an asset worth consid-
ering, especially when someone is thinking about purchas-
ing an EV. The following section contains information and
data that verify how large of a solar array is needed to cover
the need for electricity of an average household in Poland.

These calculations were conducted using data from the
Polish Statistical Survey [19] and setting the average demand
for electricity at 3500 kWh annually for a household. Given
the aforementioned information the author performed simula-
tions to achieve data that represents the area of solar panels
needed to state all requirements linked to energy supply.

Y = Ep - 365 (5)

where: Yg — annual energy demand of an EV [kwh], Ep —
amount of electricity needed to cover daily driven distance
[kWh/days].

EVs from two opposite points of spectrum were selected
as the benchmark, to represent whole spectrum of energy
usage generated by daily utilization of these vehicles.

The first finding that comes to mind after comparing the
results is that as the annual mileage increases the demand
for electricity grows heavily. Even the most economical
vehicle from the array compiled in Table 18 requires energy
from at least 20 m? of photovoltaic panels (case for 2000
km of annual travel). This occurs in the most irradiated city
in Poland [13], and as it comes to the least irradiation
(Kotobrzeg) the area increases to 30 m?.

EV with higher demand for energy requires an installa-
tion of at least 25 m? that generates higher cost of such sys-
tem and when this vehicle is used more intensively even the
largest area of photovoltaic panels is not able to sustain the
delivery of electricity needed. This means either the owner is
going to create larger installation and receive only 0,7 of
what has been produced or decides to exploit a system of
power output up to 10 kW and feeds the remaining need
from the power grid purchasing energy at regular prices.

7. Summary

Summarizing all obtained parameters of PV system usage,
few conclusions can be made. At first the user needs to define
if the system should support or be the only source of energy
for the given household. In case such system is being built to
be the sole source of energy, the size of the installation should
be increased significantly over standard system recommended
for an average household. This implicates larger number of
solar panels and thus the price of whole unit is going to rise,
changing the time of payback considerably. The second factor
that is considered as the one responsible for price increment is
the energy storage unit. Relative high price of this units is
dictated by development stage of the technology connected to
this sector and only upcoming innovations in battery produc-
tion and materials used to create the storage can make the
battery a competitor as it comes to price trade at the market.

According to calculations that compare using PV sys-
tem to charge electric vehicle it can be noticed that large
amount of monthly generated energy is consumed by this
activity. Time required to generate enough savings to pay
for the investment is estimated for 6-7 years (considering
no further investments are needed and no damage to system
is encountered) [20]. Given that not only EV usage should
be powered by such system, a larger area of solar panels is
needed. This complicates situation for individual user,
because the power available to return from power grid re-
duces from 0.8 of produced energy to 0.7 [21]. The differ-
ence between these factors reduces savings and it can ex-
tend the return time significantly.

As the market of PV systems dynamically changes, con-
stant observation and analysis is needed to encounter the
most cost-effective method of energy generation.

Nomenclature

EV  electric vehicle
ICE internal combustion engine

PHEV plug-in hybrid vehicle
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applied to methane-hydrogen powered gas microturbine combustor

ARTICLE INFO Sources of renewable energy have been increasingly used all over the world. This kind of energy is highly
desirable because of its unlimited availability. Unfortunately, renewable energy production very much depends
on weather conditions. Consequently, it is necessary to store the produced excess energy in order to use it when
needed. There is a technology able to produce a hydrogen/methane fuel from excess renewable energy, which
may be stored. This technology is called the Power-to-Gas technology (P2G). Since the efficiency of this
technological process depends on the hydrogen fraction in the renewable energy fuel, there is a need to increase
this fraction. Concurrently, the gas microturbine technology is increasingly widely used in various industries
(aviation, energy, automotive, military, etc). The P2G technology and the gas microturbine technology are likely
to be integrated in the near future and, as mentioned above, the hydrogen fraction in the methane-hydrogen fuel
will tend to increase. In order to power a gas microturbine with the methane-hydrogen fuel, it will be necessary
to modify the combustor to avoid an excessive temperature increase and flashbacks. In this paper it is proposed
to apply an autonomous internal exhaust gas recirculation system to resolve the hydrogen combustion problems
indicated above. The operating principle and the proposed design of the recirculation system and the latter’s
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impact on the combustor’s operating parameters and emissivity (NOx and CO) are presented.
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1. Introduction

1.1. Integration of power-to-gas technology and gas
microturbine technology

An increase in electricity supply from renewable energy
sources, especially from wind turbines, hydroelectric power
plants and photovoltaic panels, can be observed in the pow-
er generation sector. Renewable energy sources present
many advantages, such as unlimited energy production.
One of the major drawbacks of all the energy sources is that
the energy production is not constant over time, being vari-
able and intermittent mainly due to weather conditions.
This problem can be addressed by storing the excess energy
and using it when convenient. It is possible to transform
(through hydrolysis) the excess electrical energy into hy-
drogen and then to produce methane (using carbon dioxide,
previously generated hydrogen and electrical power in
a process called methanation). Finally, the two gases, i.e.
hydrogen and methane, are mixed to obtain a renewable
fuel. This technology is called “power-to-gas” (“P2G”) [1].
The presence of methane gas in the renewable fuel makes
the production of the latter less efficient than if solely hy-
drogen was used, but it is necessary because of the specific
properties of hydrogen — hydrogen is more difficult and
dangerous to store and transport and more demanding as
regards its use in power devices [2]. In order to optimise the
use of this renewable source energy, the percentage of hy-
drogen in the renewable fuel produced using the P2G tech-
nology needs to be increased.

Today, gas microturbines are increasingly often used in
various industry sectors: in aviation to power drones, in the
automotive industry to extend a car’s range (e.g. Jaguar
CX75, Pininfarina H600, etc.), in the energy industry to
generate electrical (and heat) power for house applications,

and so on [3]. Gas microturbines present many advantages,
such as low noise level, cheap operation, limited number of
moving parts, low emissions, etc. [4]. Consequently, the use
of gas microturbine technology has spread to many industry
sectors.

It can be beneficial to integrate the P2G technology and
gas microturbine devices. For this purpose the efficiency of
P2G should be increased by using a more hydrogen en-
riched fuel and the combustors of the latter need to be
adapted. The use of a more hydrogen enriched fuel pro-
vokes higher local combustion temperatures and higher
flame velocities [5], whereby if the combustors were un-
modified, this would result in local overheating and in-
creased NO, emissions and provoke flame flashbacks in the
direction of the fuel injection zone. All of this would have
an adverse effect on the operation of the microturbine de-
vices.

1.2. Exhaust gas recirculation applied to gas micro-
turbines

In order to avoid the problems connected with the use of
a more hydrogen enriched fuel in gas microturbines, con-
ventional (diffusion) gas microturbine combustors must be
made capable of reducing the combustion temperature and
moving the combustion zone towards the exhaust outlet (to
avoid flame flashbacks). In order to propose a solution to
the above problems, a review of the literature on the subject
was carried out and is presented below.

Guethe et al. [6] investigated the impact of exhaust gas
recirculation (from the turbine outlet to the compressor
inlet) in gas turbines. Turning back exhaust gases entails
a reduction in the amount of oxygen in the combustion zone
and an increase in carbon dioxide concentration. From the
point of view of the chemical combustion process the re-
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duction in the amount of combustion zone oxygen limits the
concentration of O radicals which drive the combustion
process. It is noted that carbon dioxide is not a gas “perfect-
ly inert” in the combustion process. This means that some
of the carbon dioxide present in the combustion process is
subject to a certain reaction. The latter was identified as:
OH + CO « H + CO,. Thus carbon dioxide can react with
hydrogen atom H which is one of the radicals in the com-
bustion process. Thanks to this reaction one can reduce the
amount of hydrogen radicals in the combustion process and
at the same time increase the OH and CO species. The
research carried out by Liu et al. [7] drew attention to the
fact that hydrogen radical H is involved in the combustion
process in the following reaction: H + O, <> O + OH. Giv-
en that carbon dioxide reduces the amount of the hydrogen
radicals present, the above-mentioned reaction is also re-
duced. This, in turn, limits the generation of O and OH
substances (which are also radicals), whereby the combus-
tion process reaction is significantly affected. According to
Guethe et al. [6] and Liu et al. [7], limiting the concentra-
tion of hydrogen and oxygen radicals in the combustion
zone carbon dioxide has a strong impact on the combustion
process by inhibiting the combustion reaction, which results
in a reduction in the combustion temperature and in a de-
crease in the laminar flame speed.

Ditaranto et al. in [8] showed that owing to the higher
specific heat capacity of steam the use of steam dilution to
limit the combustion temperature in gas turbine combustors
is more effective than the use of nitrogen dilution. Hence by
introducing a species whose specific heat capacity is higher
than that of air one can reduce the combustion temperature
in a gas turbine combustor. The recirculated turbine exhaust
gases contain pure exhaust gases. The latter consist mainly
of carbon dioxide and steam. Above 550 K the specific heat
capacity of carbon dioxide and steam at a constant pressure
is higher than that of air at the constant pressure [9-11].
Near the liner of the gas microturbine combustion chamber
the temperature ranges from 770 K to as high as 2300 K
[12]. The evolution of the specific heat capacity of the
above-mentioned species at the constant pressure of 1 bar is
presented in Fig. 1.
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Fig. 1. Heat capacity of air, carbon dioxide and steam at constant pressure
of 1 bar

In the combustion chamber operating conditions the
specific heat capacity of the exhaust gases at a constant
pressure is higher than that of the air supplied to the com-

bustion chamber. Therefore the exhaust gases recirculated
into the combustion zone will be able to absorb more com-
bustion heat, whereby the temperature in the combustion
zone will decrease. Hence it can be concluded that thanks to
the physical action of the exhaust gases it will be possible
to reduce the combustion temperature peak and gradient. As
a result, the rate of combustion of the laminar flame will
also be reduced (according to van’t Hoff’s law, as the tem-
perature of a chemical reaction decreases, the reaction rate
also decreases). Preliminary analyses indicate that the rein-
troduction of some of the exhaust gas into the combustion
zone would provoke a reduction in both combustion tem-
perature and flame speed.

Shi et al. [13] carried out research on a burner equipped
with an Internal Flue Gas Recirculation (IFGR) system and
demonstrated that by reintroducing some of the exhaust gas
into the burner’s air inlet one can increase the combustion
zone volume, causing a reduction in combustion tempera-
ture, whereby the emission of nitrogen oxides can be re-
duced. The temperature reduction strongly depends on the
combustion volume increased.

It emerges from the above that the introduction of an
exhaust gas recirculation system into the gas microturbine
combustor is an interesting solution. The presence of ex-
haust gases acts physically and chemically on the combus-
tion process, limiting its combustion temperature, peak
combustion temperature and combustion velocity. The
recirculation of exhaust gases into the gas microturbine
combustor would potentially reduce the combustion tem-
perature and velocity, whereby hydrogen could be added to
the fuel while keeping the nominal operating parameters
and emissivity. Moreover, by adding more hydrogen to the
fuel a reduction in the emission of carbon species, such as
hydrocarbons and carbon monoxide, would be achieved.
For the purpose of internal exhaust gas recirculation it is
proposed to create a pipe system integrated into the com-
bustor, able to autonomously move the exhaust gases from
the exhaust outlet into the combustion zone. This concept is
detailed in part Il of this paper.

Other studies show that the application of exhaust gas
recirculation may have a negative effect on the combustion
process. These studies are presented below.

The fact that the exhaust gases contain some carbon
monoxide needs to be taken into consideration. Jadidi et al.
[14] and Taamallah et al. [15] presented the adiabatic tem-
peratures of selected combustibles. The adiabatic combus-
tion temperature of carbon monoxide is very high in com-
parison with that of hydrogen and can reach 2450 K. This
temperature is higher than the adiabatic combustion tempera-
ture of methane fuel (2250 K) or hydrogen fuel (2400 K).
This is why as a result of the recirculation of exhaust gases
containing carbon monoxide the combustion temperature
can increase in comparison with the case without recircula-
tion.

One should also note that the recirculation of exhaust
gases provokes a replacement of some of the “fresh” air
coming from the compressor by a portion of the “hot” ex-
haust gases in the primary combustion zone. This results in
an increase in the enthalpy of the gases supplied into the
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combustion zone, increasing the peak temperature and the
temperature gradients in the primary combustion zone.

Gieras [12] presented a concept of adapting the liner’s
holes to optimise the combustion process in a jet micro-
turbine. In this way the mass flow passing through the
combustor is effectively modified in various operating
conditions. The introduction of an IFGR system into the
combustor can modify the combustion process by creating
or extending a combustion zone with an air-fuel equiva-
lence ratio close to unity. This phenomenon can be respon-
sible for an increase in combustion temperature.

The above three arguments show that the introduction of
some of the exhaust gas into the combustion zone can have
an opposite effect to the intended one. The replacement of
some of the fresh air coming from the compressor by a part
of the hot exhaust gases in the primary combustion zone
and the potential modification of the air-fuel equivalence
ratio may be responsible for an increase in combustion
temperature.

It emerges from the above literature review that the in-
troduction of an autonomous recirculation system (IFGR)
into the gas microturbine combustor can have a positive or
negative effect on the combustion process, particularly in
the case of hydrogen enriched fuel. In order to determine
the effect of the IFGR system on the combustion process
(with and without hydrogen addition), the research present-
ed below was carried out.

1.3. Novelty of this research

In the last decade of the 20th century a new approach to
combustion, dedicated to industrial furnaces, was devel-
oped. This combustion method, referred to as High Tem-
perature Air Combustion (HiTAC) [16], was developed by
the Japanese company Nippon Furnace Kogyo (NFK) [17].
Other similar combustion technologies, diversely referred
to as: Flameless Combustion (FLC), Flameless Oxidation
(FLOX) and Moderate and Intense Low-oxygen Dilution
(MILD) [18], were subsequently developed. All these
methods are based on injecting hot air and fuel at high
velocity into the combustion chamber. The air-fuel mixture
temperature is higher than the auto-ignition temperature of
the fuel. A recirculation zone is generated whereby the
combustion products are diluted with the exhaust gases. As
a result, the combustion zone spreads throughout the cham-
ber volume. The temperature field is much more homoge-
neous than in the case of conventional combustion. Thanks
to the homogeneous combustion zone the emissivity of NOy
and CO species is reduced [19]. All these combustion tech-
nologies are often grouped under the designation “MILD
combustion” [18]. The MILD combustion process can be
widely applied to various energy devices [20]. Recently this
technology was studied to be applied to gas turbines [16]
and even to gas microturbines [21]. The major challenge of
conducting MILD combustion in a gas (micro)turbine is to
keep the combustor inlet temperature above the auto-
ignition temperature of the fuel [22]. This challenge inhibits
the application of MILD combustion to gas microturbines.
Considering this difficulty, an alternative concept to the
MILD combustion design, suitable for the conventional gas
microturbine combustor burning a more hydrogen enriched
methane fuel is proposed in this paper.

The power-to-gas technology and the gas microturbine
technology are very useful and widely used. In order to
better integrate the two technologies, an effort must be
made in the near future to increase the hydrogen fraction in
the fuel mixture used in the gas microturbine. According to
the presented literature review, this goal can be achieved by
incorporating an autonomous internal flue gas recirculation
system into the gas microturbine combustor. The aim of the
present research was to assess through numerical analyses
the usefulness of applying IFGR to a gas microturbine for
the purpose of burning a more hydrogen enriched fuel.
A conventional diffusion combustor was designed and then
its design was modified by adding a pipe system enabling
the autonomous exhaust gas recirculation inside the com-
bustor. The following were assessed:

— the possibility of effecting autonomous IFGR inside the
gas microturbine combustor

— the modification of the combustor’s main operating
parameters (the total pressure drop and the total exhaust
gas temperature) by the IFGR system

— the impact of the IFGR system on the temperature field
in the combustion zone

— the impact of the IFGR system on the CO and NOy
concentrations in exhaust.

Each of the evaluations was carried out for the hydrogen
mass fraction in the methane fuel ranging from 0 to 0.5.
The study was conducted using the numerical tools de-
scribed further in this paper.

The novelty of this research consists in humerically in-
vestigating a novel IFGR system applied to the gas micro-
turbine to evaluate its positive or negative impact on the
combustor operation.

2. Case study combustor and operating conditions

A reference combustor was designed for a 40 kW gas
microturbine powered by methane fuel. The combustor’s
approximate operating parameters are presented in Table 1.
The combustor is schematically shown and described in
Fig. 2.

Table 1. Reference gas microturbine and combustor operating parameters

Parameters Combustor inlet Combustor outlet
p* [Pa] 324992.333 311992.640

p [Pa] 306584.082 301133.803
T* [K] 433.834 1185

T [K] 426.666 1175.062
c[m/s] 120 155

cs = 48741072 1 = 0.251%

The first main objective of this study was to assess the
possibility of effecting autonomous internal exhaust gas
recirculation by adding a pipe system. The challenge con-
sisted in moving exhaust gases from the combustor outlet
zone to the top part of the liner. The pressure drop occur-
ring in the combustor made this task difficult. Many IFGR
pipe systems were analysed to find the ones most suitable
for this application. Two IFGR systems (presented below)
were selected.
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Fig. 2. Cross sectional view of 3D model of reference combustor

Figure 3 shows the first modified combustor equipped
with an IFGR system (case A). In this case, a pipe system is
installed between the liner and the combustor’s external
housing, whereby some of the exhaust gas can be trans-
ferred from the combustor outlet zone to the top part of the
liner. The difference between the total pressure at the com-
bustor outlet and the static pressure at the top of the liner is
used to enable exhaust gas recirculation. Figure 4 shows the
second modified combustor equipped with the IFGR system
(case B). In this case, the mixing pipes are modified in two
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Fig. 3. Cross sectional view of 3D model of modified combustor (case A)

Case B Combustor

AR,

Fig. 4. Cross sectional view of 3D model of modified combustor (case B)

ways. Firstly, pipes taking some of the exhaust gas from the
combustor outlet and introducing it into mixing pipe air are
added to the mixing pipes. This design exploits the differ-
ence between the total pressure at the combustor outlet and
the static pressure inside the mixing pipe. Secondly, the
interior of the mixing pipes is shaped into a venturi, which
increases the pressure difference and improves exhaust gas
recirculation.

3. Numerical methods

3.1. Computational domain mesh system

3D combustor models were created using Solid Edge
and the Ansys pre-processor [23]. Mesh generation is
a major step in the simulation of the combustor. As it yields
accurate results, the tetrahedral mesh structure is often used
for gas microturbine combustor simulations [24-28]. The
tetrahedral mesh can be applied to a complex geometry
while maintaining acceptable values of quality parameters
(skewness, orthogonality and aspect ratio). Recently, the
polyhedral cell mesh has been intensively developed. Simi-
larly as the tetrahedral mesh, polyhedral cells give relative-
ly accurate results at better quality parameters [29-31].
A polyhedral mesh with the maximum cell length of 0.8 mm
was selected for this study. After mesh volume generation
the obtained mesh was improved by selecting the value of
0.45 as the desired minimum orthogonal quality. Finally,
boundary layers were generated in order not to exceed the
Y+ value of 300. According to the literature [24-25], the
obtained grids (and the numbers of elements) constituting
the calculation domains are sufficient to provide reliable
results. The computational domain is shown in Fig. 5. Table
2 shows the quality parameters of the mesh.

Table 2. Mesh quality parameters

Case Number Maximum Maximum Minimum
of cells aspect ratio skewness orthogonal
[millions] quality
Reference 5.8 38.3 0.895 0.435
Case A 7.0 35.8 0.900 0.432
Case B 6.4 62.0 0.895 0.200

Front

Back

Exhaust outlet

Case B

Reference case Case A

Fig. 5. External view of computational domain (external view is similar in
all cases) and the mesh view in longitudinal cross sections for each com-
bustor cases
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3.2. Mathematical model

The simulations performed in this study were based on
the CFD Ansys code [32]. The following processes: the
turbulent flow, the non-premixed combustion in the gas
phase and the radiative heat exchange, taking place within
the calculation domain, were modelled as part of this study
of the gas microturbine combustor.

The realizable k-& model [12, 33] was used to model the
turbulent flow through the combustor. This model is
a Reynolds Averaged Stokes-Navier model (RANS). The
realizable k-g turbulence model is widely used to model
flows in many industrial applications. This model yields
acceptable results at a low computational cost. The en-
hanced wall treatment was enabled. The enhanced wall
treatment makes it possible to fully resolve the flow on the
wall boundary when Y+ is less or equal to 1, or to apply the
enhanced wall function when Y+ is greater than unity. The
enabled wall treatment model is a good compromise when
wall phenomena are not of crucial importance for the stud-
ied flow properties, as it is the case in this study.

In the studied combustor cases the radiation model had to
be enabled to model the heat exchanges inside the calculation
domain, next to the heat transfer via conduction and convec-
tion. Radiation needs to be modelled in order to perform an
accurate simulation and it is one of the most complex phe-
nomena to be modelled. The Discrete Ordinate model [12,
25], which considers the calculation domain as a grey body,
was used to model the radiation phenomena. The two major
radiation absorbers and emitters in the combustor are steam
and carbon dioxide. To perform a correct radiation simula-
tion, it is necessary to use the Weighted Sum of Grey Gases
method [12]. Emissivity coefficients extracted from the
benchmark exponential wide-band model [34] were used in
the simulation. The total gas phase absorption coefficient was
calculated from the total emissivity with the mean path
length calculated from the characteristic cell size. Wall emis-
sivity was set to unity, which is a typical recommendation in
gas microturbine combustor simulations [35].

The non-premixed steady diffusion flamelet [36] model
was used to model turbulent combustion. In this model the
flames in a turbulent flow are considered as a set of steady
laminar flames referred to as “flamelets”. Using this model
one can apply a detailed chemistry model taking into ac-
count the kinetics effects. This combustion model also takes
local turbulence phenomena into account through strain
rates. A look-up table is generated before the calculations
are run. Using the look-up table one can present the flame’s
all physical and chemical properties as a function of the
mixture fraction in each location in the calculation domain.
The local mixture fractions are determined on the basis of
the flow turbulence. Hence the model enables one to deter-
mine the flame properties as a function of the mixture frac-
tion and the local turbulence. The model yields sufficiently
accurate results at a moderate computing cost.

The flamelets used in the non-premixed combustion
model were generated on the basis of the detailed GRI-
MECH 3.0 chemistry mechanism [37]. This mechanism
takes into account 53 species involved in 325 reactions.
From the GRI-MECH 3.0 website [37] the mechanism data
and thermodynamic data files were freely downloaded and

then inserted into the Ansys Fluent software using the non-
premixed combustion model dialogue window. Before
generating the flamelets, the hydrogen (H,) and methane
(CH,) mass fractions in the fuel had been selected. In this
study the hydrogen mass fraction evolved from 0 to 0.5 at
a step of 0.1. For this range of the hydrogen mass fraction
in the fuel the selected GRIMECH 3.0 mechanism gives
sufficiently accurate results [38]. The oxidizer (air) compo-
sition was simplified to the 0.23 mass fraction of oxygen
(0,) and the 0.77 mass fraction of nitrogen (N,). For each
fuelling case individual set of flamelets was created. Based
on the individual flamelet sets, the individual probability
density function (PDF) tables were generated.

Finally, boundary conditions were determined. The inlet
is the “mass flow” and the outlet is the “pressure outlet”
(the values of the respective quantities were taken from the
combustor design calculations).The x-velocity at the outlet
was initially assumed to be the same as the velocities im-
mediately upstream of the outlet plane and scaled appropri-
ately to respond to the overall mass conservation. At the
outlet plane (Gp/Ox)exit = 0. At the calculation domain’s
wall the no slip condition was enabled and the velocity
values were set to zero. Near to the wall the flow is more
affected by molecular viscosity than by turbulence phe-
nomena. The wall function method presented in [39], which
uses algebraic formulations to link the quantities at the wall
to those occurring further away, was applied. The boundary
conditions are described in Table 3.

Table 3. Boundary conditions obtained from simulations

Boundary
condition Type Parameters
designation
Air inlet Mass- | Mass flow = 0.251 kg/s | Turbulent Intensity =
Flow |[15% | Turbulent Viscosity Ratio = 10 | Total
Inlet | Temperature = 433.834 K | Mean Mixture Frac-
tion = 0 | Mixture Fraction Variance = 0
Fuel inlet Mass- | Mass flow = variable (see Table 4) | Turbulent
Flow | Intensity = 15% | Turbulent Viscosity Ratio = 10 |
Inlet | Total Temperature = 300 K | Mean Mixture
Fraction = 1 | Mixture Fraction Variance = 0
Exhaust Pres- | Static Pressure = 0 Pa | Turbulent Intensity = 15%
sure || Turbulent Viscosity Ratio = 10 | Backflow Total
Outlet | Temperature = 300 K | Mean Mixture Fraction =
0 | Mixture Fraction Variance =0
Wall Wall | Stationary Wall | No Slip | No Heat Exchange |
Internal Emissivity = 1 | Opaque Wall | Diffuse
Fraction of Radiation = 1
Operating - Operating pressure = 301133.803 Pa | Gravity off
conditions

The second-order discretization [25] with the pressure-
velocity coupled method and the pseudo-transient option
enabled [40] was applied. The pressure-based solver [25,
40] was used for these series of simulations. Once the setup
was completed the simulations were run.

In order to determine the fuel mass flow to be supplied
into the combustor as a function of the hydrogen mass frac-
tion in the fuel it was assumed that the total energy supplied
into the combustor in the reference case (methane powered)
had to be maintained. The lower heating values (LHV) of
methane and hydrogen (LHVcps = 50 MJ/kg and LHVy; =
= 120 MJ/kg [1]) were used in formula 1. The calculation
results are presented in Table 4.
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Table 4. Fuel mass flows as function of hydrogen mass percentage in fuel

H, mass percentage [%] c;’HZ"“‘“‘"“""“ [kars]
10 0.004252
20 0.003787
30 0.003413
40 0.003107
50 0.002851

4. Results and discussion

As part of this study, the ability to effect autonomous
exhaust recirculation was analysed for various hydrogen
mass fractions in the methane fuel. The impact of the IFGR
system implementation on the pressure drop and on the
combustion processes was assessed by analysing the tem-
perature fields, the air-fuel equivalence ratio and the evolu-
tion of CO and NO, concentrations in exhaust.
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Fig. 6. Recirculated exhaust gas mass flows

The simulations yielded the recirculated exhaust gas
mass flows for each of the combustor cases. IFGR ratios
were calculated from equations 2 and 3. IFGR% stands for
the ratio of the recirculated exhaust gas mass flow to the air
mass flow passing through the mixing pipe, while IFGR%*
stands for the ratio of the recirculated exhaust gas mass
flow to the exhaust gas mass flow leaving the combustor.
Figure 7 shows the calculated IFGR ratios.

Recirculated exhaust gas mass flow

4.1. Exhaust gas recirculation rate IFGR% = Air mass flow passing through mixing pipe 100 @
The numerical simulation results for the three cases are
discussed in this subsection. Numerical simulations showed [FGRG »= —ecirculated exhaust gas mass flow 3)
that it was possible to obtain autonomous exhaust gas recir- Exhaust gas mass flow leaving combustor
culation inside the gas microturbine combustion chamber at
the maximum global rate of 0.53%. The IFGR system was
found to affect the combustion processes without signifi- a) o
cantly modifying the combustor operating parameters. The !
pipe air, fuel and exhaust gas flows through the combus- °
tor’s mixing pipes for different cases and different hydro- g°
gen mass fractions in the methane fuel are presented in g
Table 5. Figure 6 shows the recirculated exhaust gas mass =2
flows for cases A and B and different hydrogen mass frac- 2 Case A Case B
tions in the methane fuel. !
0
Table 5. Mass flows after IFGR system implementation 0 10 20 0 40 =0
H, mass percentage in fuel [%]
Case Mass flow | Exhaust mass | Fuel mass flow | Air mass flow
leaving all |flow recirculated| entering in all | entering in all
pipes [ka/s] | by IFGR [kg/s] | pipes [ka/s] pipes [kg/s] b) 00
ROOH2 | 3.706E-02 0 4.874E-03 3.219E-02 os
R10H2 |3.582E-02 0 4.252E-03 3.156E-02
R20H2 | 3.502E-02 0 3.787E-03 | 3.124E-02 g0 |
R30H2 | 3.449E-02 0 3.413E-03 3.108E-02 03
RA40H2 | 3.425E-02 0 3.107E-03 3.114E-02 i .
R50H2 | 3.433E-02 0 2.851E-03 3.148E-02 Case A Case B ‘
AOOH2 | 3.751E 02 | 8.236E 04 | 4874E 03 | 3.263E 02 o
A10H2 |3.613E-02 | 8.749E-04 4.252E-03 3.188E-02 0.0
A20H2 | 3541E 02| B8.703E 04 | 3.787E03 | 3.163E 02 ° o % 0 %
A30H2 | 3.490E02 | B8577E04 | 3413E03 | 3.149E02 Hy mas percentage in fuel []
A40H2 | 3.460E-02 | 8.588E-04 3.107E-03 3.149E-02 Fig. 7. a) IFGR ratio and b) IFGR* ratio
A50H2 | 3463E-02 | 8.373E-04 2.851E-03 3.178E-02
BOOH2 |2.538E-02 | 1.344E-03 4.874E-03 1.916E-02 Firstly, it appears from the above that the IFGR% and
B10H2 | 2.476E-02 | 1.269E-03 4.252E-03 1.924E-02 IFGR%™ ratios in case B are higher than in case A, regard-
B20H2 |2.417E-02 | 1.208E-03 3.787E-03 1.917E-02 less of the hydrogen mass fraction in the methane fuel.
B30H2 |2.383E-02 | 1.188E-03 3.413E-03 1.923E-02 Figure 7 shows that in case A the IFGR% ratio ranges from
B40H2 |2.347E-02 | 1.154E-03 3.107E-03 1.920E-02 2.52 to 2.75%, whereas in case B it ranges from 5.87 to
B50H2 |2.316E-02 | 1.126E-03 2.851E-03 1.919Ev02 7.01% . In case A the IFGR%™ ratio is in the range of 0.32—
0.34%, versus 0.44-0.53% in case B. The difference be-
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tween these cases is due to design differences. In case A the
recirculation of exhaust gases is accomplished by creating
a pressure difference between the collection and injection
locations. The difference between the total pressure (in the
location where the exhaust gases are collected) and the
static pressure (in the location where the exhaust gases are
released) is exploited. In case B the recirculation of exhaust
gases is driven not only by the total-static pressure differ-
ence, but also by an additional pressure difference generat-
ed by the venturi shaped mixing pipe. Due to this difference
in the IFGR system design the amount of recirculated ex-
haust gases is greater in case B than in case A.

Secondly, one should note that in case A the IFGR rati-
0s are constant, whereas in case B the IFGR ratios decrease
as the hydrogen mass fraction in the fuel increases. In both
cases this observation is fully concordant with the IFGR
system design. In case A exhaust gases are recirculated by
a pipe system located between the liner and the combustor’s
external housing, while in case B the IFGR system is direct-
ly connected to the mixing pipe inside the liner. The modi-
fication of the fuel’s composition by adding hydrogen to the
methane results in the diminution in the density of the fuel
in the fuelling pipes and provokes an increase in the veloci-
ty of the fuel leaving the fuelling pipes. Once the fuel enters
the mixing pipe, its velocity decreases, while its static pres-
sure increases. In case B this results in a reduction in the
pressure difference in the venturi fuelling pipe section,
whereby the recirculated exhaust gas mass flow decreases
as the hydrogen mass fraction in the fuel increases. In case
A the IFGR system is independent of the phenomena aris-
ing inside the mixing pipes, whereby the IFGR ratios are
constant regardless of the hydrogen mass fraction in the
fuel.

Finally, let us consider the risk of IFGR system over-
heating depending on the IFGR system design. In case A,
the IFGR system is a set of pipes located between the liner
and the combustor’s external housing. This design reduces
the risk of IFGR system overheating since the set of IFGR
pipes is constantly cooled by the air exiting the compressor.
In case B, the IFGR system is located in the combustor
outlet zone, far from the main combustion temperature,
whereby the risk of IFGR system overheating is reduced. In
both cases the IFGR system design reduces the risk of
IFGR system overheating.

Summing up, it is possible to achieve autonomous ex-
haust gas recirculation inside a gas microturbine combustor
for various hydrogen mass fractions in the fuel if an ade-
quate IFGR pipe system is used. The IFGR ratios are con-
stant in case A, while in case B the ratios decrease as the
hydrogen mass fraction in the fuel increases. The case B
IFGR system enables quantitatively larger exhaust gas
recirculation than case A, regardless of the hydrogen mass
fraction. In case A the IFGR%* ratio is about 0.33%, while
in case B this ratio amounts to about 0.50%. In both cases
the IFGR system design reduces the risk of IFGR system
overheating.

4.2. Impact of IFGR system on pressure drop

In this subsection the total pressure drop in the combus-
tion chamber is analysed. Figure 8 shows the total pressure
drop for each combustor case and for various hydrogen

mass fractions in the fuel. The total pressure drop is calcu-
lated from equation 4.
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Fig. 8. Total pressure drop

Firstly, it can be noticed that regardless of the hydrogen
mass fraction the pressure drop (ranging from 10.00% to
10.05%) is most advantageous in the reference case, inter-
mediate (10.50-10.56) in case A and highest (10.74-
10.78%) in case B. The total pressure drop in gas micro-
turbine combustors of this type often amounts to about 10%
[12]. The total pressure drop was expected to be higher in
the IFGR cases than in the reference case as the IFGR pipe
systems are extra elements, constituting additional sources
of flow resistance, added to combustors A and B.

Secondly, it should be noted that the total pressure drop
is quasi-constant in each case at the increasing hydrogen
mass fraction in the fuel. This was also expected as the total
pressure drop is closely connected with the combustor de-
sign.

Finally, the total pressure drop evolves from 10.00%
(the reference case with pure methane fuel) to 10.78% (case
B at a 0.3 hydrogen mass fraction in the fuel). The total
pressure drop was found to increase maximally by about
0.78%. This increase in total pressure drop is very low
considering the fact that the combustor internal design was
modified. The differences in pressure drop between the
considered IFGR cases can be neglected. Hence one can
conclude that the IFGR system does not significantly affect
the total pressure drop in the combustor.

Summing up, the implementation of the IFGR system
into the combustor at various hydrogen fuelling options has
no significant effect on the total pressure drop. This is
a positive finding as keeping a low total pressure drop in
the gas turbine combustor is one of the major challenges in
designing. The fact that the IFGR system has no impact on
this parameter is important since this means that the com-
bustor’s operating pressure will not be altered when the
IFGR system is implemented.

4.3. Impact of IFGR system on temperature field

In the first part of this subsection the homogeneity of
combustion static temperature is discussed. The designed
combustors were considered as three-dimensional objects.
In order to interpret the combustion phenomena occurring
inside the combustion zone a representative plane for ob-
serving them had to be chosen. The selected plane corre-
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sponded to the longitudinal cross section of the combustion
chamber. The combustion static temperature field in each of
the combustor design cases is shown below for pure me-
thane fuelling (Fig. 9) and for a 0.5 hydrogen mass fraction
in the methane fuel (Fig. 10).

option

Fig. 10. Combustion static temperature field for 50% hydrogen mass
percentage in fuel

Firstly, when comparing the combustion static tempera-
ture field (Figs 9 and 10) for the three cases, one can see
that the hot spots are largest in the reference case, smallest
in case B and intermediate in size in case A, regardless of
the hydrogen mass fraction in the fuel. In all the cases the
hot spots are located in the top part of the liner and along
the liner’s internal walls. In case A the temperature field is
situated at the central top part of the liner in the place where
the exhaust gases are introduced into the combustion zone,
the temperature gradient is lower and the hot-spot area is
reduced in comparison with the reference case. In case B
the static temperature field in the top part of the liner is
more homogeneous and the hot spots are smaller than in the
reference case and in case A. In case B, combustion zone
homogenization in the top part of the liner occurs in the
whole section, not only in the central location (as in case
A). This is due to the fact that the exhaust gases are mixed

with fresh air in the mixing pipes. According to this visual
analysis, case B is characterized by the best combustion
static temperature field homogeneity, regardless of the
hydrogen mass fraction in the fuel.

Secondly, when hydrogen is added to the fuel, the tem-
perature gradient and the size of the hot spots increase.
Thanks to the introduction of the IFGR system more homo-
geneous and smaller hot spots than in the reference case are
obtained.

The visual observations are supported by the static tem-
perature uniformity index on the mentioned-above plane,
calculated for each of the cases at various hydrogen mass
fractions. The uniformity index was calculated from formu-
la 5.

Ulplane -1 Z}\]zl[(leacei - TaverageD 'Ai]
2 Taverage ' Z%\]zl[Ai]

area

(5)

The values of the area weighted static temperature uni-
formity index (UI) are presented in Fig. 11, which validates
the visual analysis carried out above. Case B is character-
ized by the best static temperature homogeneity, while the
reference case shows the worst homogeneity, regardless of
the hydrogen mass fraction in the fuel. When hydrogen is
added to the fuel, homogeneity degradation occurs. The
uniformity index values are very similar, which indicates
that the IFGR system does not significantly affect the glob-
al static temperature homogeneity on the investigated plane
of the combustor.
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Fig. 11. Area weighted static temperature uniformity index for selected
cross section

Summing up, thanks to the implementation of the IFGR
system the combustion static temperature field is moderate-
ly homogenized and the size of the hot spots is reduced,
especially in case B. This applies to all the hydrogen mass
fractions in the fuel. The size of the hot spots and the tem-
perature gradient increase with the amount of hydrogen
added to the fuel. This applies to the selected representative
cross section, but not necessarily to the whole volume of
the combustor.

In the second part of this subsection, the maximum
combustion static temperature is investigated. Figure 12
presents the combustion maximum static temperature oc-
curring in the combustor.
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Fig. 12. Combustion maximum static temperature in combustors

Firstly, it can be noticed that the maximum combustion
static temperature in the reference case and that in in case A
are comparable, regardless of the hydrogen mass fraction in
the fuel. In case B the maximum combustion static tem-
perature is higher than in the reference case and in case A.
The similarities between the reference case and case A stem
from the fact that the amount of air supplied into the com-
bustion zone is similar in both cases (see Table 5) and the
recirculated exhaust gas mass flow is lower than in case B
(see Fig. 7). As the IFGR ratio is low in case A, the chemi-
cal and physical effects (described in the Introduction) of
the exhaust gases on the combustion zone are very poor and
additionally, not only the reference case air mass flow
through the liner, but also the air-fuel equivalence ratio and
the combustion volume are maintained. This contributes to
the maximum combustion static temperature similarity
between the reference case and case A, regardless of the
hydrogen mass fraction in the fuel. In case B the maximum
combustion static temperature is higher than in the refer-
ence case and in case A and also the IFGR ratios (see fig. 7)
are higher than in case A, but they are still very low (the
IFGR%* ratio amounts to about 0.5%). This may indicate
that the expected positive (chemical and physical) effects
on the combustion processes are seriously limited. Consid-
ering that the mass flow of the recirculated exhaust gases is
low, the exhaust gas enthalpy and the carbon monoxide
reburn enthalpy added to the primary combustion zone can
be neglected. According to the results presented in Table 5,
in case B the air mass flow passing through the mixing
pipes (primary combustion air) is reduced in comparison
with the reference case and case A. For example, in the
pure methane fuelling mode the primary air mass flow
amounts to about 3.2E-2 kg/s in the reference case, to
about 3.3E-2 kg/s in case A and to only about 1.9E-2 kg/s
in case B. The primary combustion air mass flow modifica-
tion in case B was identified as a major factor contributing
to a change in combustion static temperature. The modifica-
tion of the air supplied into the liner can affect the air-fuel
equivalence ratio repartition in graduated combustion. An
increase in the maximum combustion static temperature
would indicate that there is a zone inside the liner where the
air-fuel equivalence ratio is close to the stoichiometric
condition (case B). This hypothesis will be tested in the
next section of this paper.

Secondly, it can be noticed that the maximum combus-
tion static temperature increases as the hydrogen mass frac-
tion in the fuel is increased. The maximum combustion
static temperature evolves from 2234-2248 K to 2371-

2390 K. An increase in the maximum static temperature by
about 140 K occurs when pure methane fuelling is changed
to fuelling with a 0.5 hydrogen mass fraction in the fuel.
The methane maximum adiabatic combustion temperature
is 2250 K [14, 15], which corresponds to the result obtained
in the cases with pure methane fuelling. The hydrogen
maximum adiabatic combustion temperature is 2400 K [14,
15], which corresponds to the results obtained in the case
with a 0.5 hydrogen mass fraction in the fuel. The increase in
combustion temperature was expected for the hydrogen en-
riched fuel and the obtained results are consistent with the
chemical and physical combustion properties of the fuel.

Summing up, one should note that the maximum com-
bustion static temperature is lowest in the reference case
and highest in case B, regardless of the hydrogen mass
fraction in the fuel. At the same time the maximum com-
bustion static temperature results for case A are closely
comparable with the ones for the reference case. It emerges
from the discussion of the results that the maximum com-
bustion static temperature modification can be linked to the
air-fuel equivalence ratio modification. This hypothesis will
be tested in the next section of this paper. The addition of
a 0.5 hydrogen mass fraction to the methane fuel provokes
a rise in the maximum combustion static temperature by
about 140 K. This observation is consistent with the chemi-
cal and physical combustion properties of the fuels.

In the third part of this subsection, the exhaust total tem-
perature is analysed. This is one of the most important pa-
rameters describing a combustor. The evolution of the aver-
aged exhaust gas total temperature is presented in Fig. 13.
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Fig. 13. Averaged exhaust gas total temperature

Firstly, it can be noticed that the averaged exhaust gas
total temperature is highest in case A, lowest in case B and
intermediate in the reference case, regardless of the hydro-
gen mass fraction in the fuel. In each of the fuelling cases
the exhaust temperature values are relatively close. For
example, in the pure methane fuelling mode the exhaust
total temperature ranges from 1225 K to 1230 K. According
to the preliminary simplified combustor calculations (see
Table 1), the exhaust total temperature was to amount to
about 1185 K. The relative difference in exhaust total tem-
perature between the simplified gas microturbine design
calculation result and the simulation result for the reference
case amounts to about 3.65%. Considering that the design
calculation model was much simplified and did not take
into account the combustion chamber’s shape which has
a major impact on combustor exhaust total temperature, this
difference is acceptable. Moreover, the difference in exhaust
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total temperature between the reference case and the IFGR
cases is negligible, regardless of the hydrogen mass fraction
in the fuel. The fact that the exhaust total temperature re-
mains at the same level in all the studied cases is highly im-
portant as it indicates that the implementation of the IFGR
system will not alter this combustor operating parameter.

Secondly, one should note that the exhaust total temper-
ature drops from the range of 1225-1230 K (pure methane
fuelling) to the range of 1210-1213 K (for the 0.5 hydrogen
mass fraction in the fuel). This means that the exhaust total
temperature decreases by 15-17 K when hydrogen is added
to the fuel. The decrease can be due to two factors: 1) a fuel
supply calculation inaccuracy and 2) the fact that the addi-
tion of hydrogen to the fuel results in an extension of the
flammability range and in incomplete combustion in the
liner. This hypothesis needs to be tested since if incomplete
combustion occurred in the liner, this would increase the
risk of combustion in the turbine part of the gas micro-
turbine. Although the decrease in exhaust total temperature
can be neglected in terms of value, there is a need to check if
this temperature drop stems from incomplete combustion. In
the next subsection, for all the hydrogen mass fractions the
total air-fuel equivalence ratio (in the combustion chamber)
will be compared with the air-fuel equivalence ratios defin-
ing the range of flammability of the air-fuel mixture.

Summing up, one should note that the IFGR implemen-
tation does not significantly affect the exhaust total temper-
ature, regardless of the hydrogen mass fraction in the fuel.
When hydrogen is added to the methane fuel, a small de-
crease in exhaust total temperature occurs. Even though the
decrease is negligible, it should be checked if it is linked
with incomplete combustion in the liner (due to a flamma-
bility range extension caused by the addition of hydrogen to
the fuel). This hypothesis will be tested in the next section
of this paper.

From the above observations one can conclude that the
implementation of the IFGR system into the gas micro-
turbine combustor does not significantly affect the combus-
tion temperature homogeneity and the exhaust total temper-

ature, but it has an impact on the maximum combustion
static temperature (especially in case B). The positive effect
is that the exhaust total temperature is not significantly
altered when the IFGR system is implemented. The fact
that the combustion static temperature homogeneity is not
significantly affected by the IFGR system implementation
is of neutral consequence. Finally, the conservation or even
augmentation (case B) of the maximum combustion static
temperature when the IFGR system is implemented is
a negative effect. This effect is probably due to the modifi-
cation of the air-fuel ratio, which will be checked in the
next subsection of this paper.

4.4. Impact of IFGR system on lambda ratio

This section is divided in two parts. The first part is ded-
icated to the analysis of the air-fuel equivalence ratio,
aimed at explaining the increase in the maximum combus-
tion temperature in case B. The air-fuel equivalence ratios
occurring in the combustion chamber were determined on
the basis of the liner air and exhaust gas mass flow reparti-
tion and the combustion properties of the fuel (methane and
hydrogen) [41-43]. The oxygen present in the exhaust
gases was taken into account in the air-fuel equivalence
ratio calculations. The air-fuel equivalence ratio values are
presented in Table 6. The primary zone is the liner’s part
which air and exhaust gases (coming from the IFGR sys-
tem) enter. The hole series | to IV are perimetrical hole
series located on the liner, enabling combustion to occur.
The cooling hole series are holes located in the liner’s end
part, letting cooling air in. The “IFGR out” designation in
table 6 is the liner outlet air-fuel equivalence ratio after
some of the exhaust gas is taken by the IFGR system.

According to Table 6, the air-fuel equivalence ratios are
closest to unity after liner hole series no. Il. Figure 14 shows
the air-fuel equivalence ratios for the second liner hole series.

One should note the decrease in the amount of oxygen
supplied into the primary combustion zone in IFGR com-
bustion case B in comparison with the reference case and
case A. As a result of this decrease the augmentation of the

Table 6. Air-fuel equivalence ratios

Case Aot zone [ Moo [] Aoten [] Migiem [] ooy [ Aoathote [ NEER out []
ROOH2 0.38 0.53 1.20 1.35 2.01 2.96 2.96
R10H2 0.39 0.55 1.24 1.40 2.10 3.09 3.09
R20H2 0.40 0.56 1.28 1.44 2.16 3.18 3.18
R30H2 0.40 0.57 1.30 1.47 221 3.25 3.25
R40H2 0.41 0.58 1.33 1.50 2.25 3.32 3.32
R50H2 0.42 0.60 1.36 1.53 2.29 3.37 3.37
AO00H2 0.39 0.54 121 1.36 2.02 297 2.96
A10H2 0.40 0.56 1.25 1.41 2.10 3.09 3.09
A20H2 0.41 0.57 1.29 1.45 2.16 3.18 3.18
A30H2 0.42 0.59 1.32 1.49 2.22 3.26 3.25
A40H2 0.42 0.60 1.34 1.52 2.26 3.33 3.32
A50H2 0.44 0.61 1.37 154 2.30 3.38 3.37
BOOH2 0.24 0.40 1.10 1.27 1.97 297 2.96
B10H2 0.25 0.42 1.15 1.32 2.05 3.10 3.09
B20H2 0.25 0.43 1.18 1.36 211 3.19 3.18
B30H2 0.26 0.44 1.21 1.39 2.16 3.26 3.25
B40H2 0.26 0.45 1.23 1.42 2.20 3.33 3.32
B50H2 0.27 0.45 1.26 1.44 2.24 3.39 3.37
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Fig. 14. Air-fuel equivalence ratios located after second liner hole series

total air-fuel equivalence ratio is delayed. Regardless of the
hydrogen mass fraction in the fuel, case B has the lowest
total lambda after the second liner hole series, which is
closest to unity, especially in the pure methane fuelling
mode. This observation is consistent with the temperature
evolution described in the previous section. The augmenta-
tion of the maximum combustion static temperature in case B
is connected rather with the modification of the air mass flow
than with the exhaust gases recirculated by the IFGR system.
The second part of this section is dedicated to determin-
ing the evolution of the combustion zone in the studied
combustor cases when hydrogen is added to the fuel. The
fuel combustion ranges were determined [41-44] and com-
pared with the air-fuel equivalence ratios in the liner’s top
part and its end part. As a result, it was found whether the
combustion conditions were met in the two parts of the
liner. The results of this analysis are presented in Table 7.
Firstly, according to the results presented in Table 7, the
conditions in the primary combustion zone are met in the
reference combustor and in the case A combustor when the
hydrogen mass fraction in the fuel is larger than 0.2.
Whereas in case B the combustion conditions in the prima-
ry combustion zone are not met. The main objective of the
primary zone is to assure good air-fuel mixing in order to
obtain a homogeneous mixture. Generally, combustion
processes should be limited in this zone. When hydrogen,
amounting to a 0.2 mass fraction, is added to the fuel, com-
bustion occurs in the primary zone in the reference case and

in case A. Only in case B combustion does not occur in the
primary zone. This is due to a primary zone air mass flow
reduction connected with the venturi shaped mixing pipes
(Table 5). As regards the displacement of the flame into the
top zone of the liner, the IFGR system case A does not
present any advantages (in comparison with the reference
case) and in case B the combustion conditions are not met
in the top part of the liner (but this is just due to the primary
air mass flow reduction).

Secondly, the addition of hydrogen to the fuel provokes
an increase in the air-fuel equivalence ratio at which com-
bustion can occur. According to the data presented in Table
7, beginning with the first hydrogen addition (a 0.1 mass
fraction) the value of the total lambda at the combustion
chamber’s outlet is lower than the maximum lambda value
at which fuel combustion can occur. This applies to the
reference case and the IFGR cases. The addition of hydro-
gen alters the combustion design in the liner: combustion
occurs in the whole liner, even in the cooling zone. When
hydrogen is added, the temperature of the exhaust gases
drops (Fig. 13) because the combustion is not complete yet.
There is a risk that the combustion process will continue
after the mass flow leaves the combustion chamber in the
turbine. This risk cannot be reduced by implementing the
IFGR system since the latter does not modify the final total
air-fuel equivalence ratio.

Summing up, one should note that the increase in the
maximum combustion static temperature in IFGR case B
stems from the air-fuel equivalence ratio modification.
When hydrogen amounting to a mass fraction of over 0.2 is
added to the fuel, the combustion conditions in the primary
zone are met in the reference case and in IFGR case A. In
IFGR case B the combustion conditions in the primary zone
are not met for the whole range of hydrogen additions. The
drop in exhaust total temperature after hydrogen addition is
the consequence of a combustion range extension resulting
in a combustion zone expansion even to the turbine’s inlet.

Table 7. Primary air zone and exhaust zone lambda vs flammability limit lambda

Case }\min [7] }\gl?itr?ql.zone [7] State )\TI?GtaRlout [7] }\max [7] State
ROOH2 0.592 0.38 No combustion 2.96 1.985 No combustion
R10H2 0.510 0.39 No combustion 3.09 3.441 Combustion
R20H2 0.442 0.40 No combustion 3.18 4.656 Combustion
R30H2 0.384 0.40 Combustion 3.25 5.685 Combustion
R40H2 0.334 041 Combustion 3.32 6.569 Combustion
R50H2 0.291 0.42 Combustion 3.37 7.335 Combustion
AO00H2 0.592 0.39 No combustion 2.96 1.985 No combustion
A10H2 0.510 0.40 No combustion 3.09 3.441 Combustion
A20H2 0.442 0.41 No combustion 3.18 4.656 Combustion
A30H2 0.384 0.42 Combustion 3.25 5.685 Combustion
A40H2 0.334 0.42 Combustion 3.32 6.569 Combustion
A50H2 0.291 0.44 Combustion 3.37 7.335 Combustion
BOOH2 0.592 0.24 No combustion 2.96 1.985 No combustion
B10H2 0.510 0.25 No combustion 3.09 3.441 Combustion
B20H2 0.442 0.25 No combustion 3.18 4.656 Combustion
B30H2 0.384 0.26 No combustion 3.25 5.685 Combustion
B40H2 0.334 0.26 No combustion 3.32 6.569 Combustion
B50H2 0.291 0.27 No combustion 3.37 7.335 Combustion
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4.5. Impact of IFGR system on CO and NO, concentra-
tions
The CO concentrations in exhaust were calculated from
formula 6 and are presented in Fig. 15.
COrnole_fmction

Co =

1- HZOmole_fraction

£108 (6)
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Fig. 15. CO concentrations in exhaust

Firstly, the CO concentrations show a decreasing trend
from the reference case to case B. For all the IFGR cases
CO concentrations are below 10 ppm. The decreasing val-
ues of CO concentrations correspond to an increase in the
maximum combustion static temperature and to the recircu-
lation of some of the exhaust gas mass flow. This reduction
in CO concentrations can be due to two facts: 1) the com-
bustion temperature increases from the reference case to
case B and so the concentrations decrease and 2) some of
the CO present in the exhaust gases is recirculated into the
combustion zone and this CO is reburnt, which results in
a reduction in CO concentration in the IFGR cases. The CO
concentration trend is maintained for the whole range of
hydrogen mass fractions in the fuel.

Secondly, the CO concentrations decrease as hydrogen
is added to the fuel, regardless of the combustor case. This
is due to the augmentation of the maximum combustion
static temperature (see Fig. 12) and the degradation of
combustion temperature homogeneity (see Fig. 11), result-
ing from hydrogen addition.

Finally, the reduction in CO concentrations is connected
with the augmentation of the maximum combustion static
temperature, which occurs in all the IFGR cases (especially
in case B) and when hydrogen is added to the fuel.

The NO, concentrations in exhaust were calculated
from formula 7 and are presented in Fig. 16.

Nomole,fraction + NOZ mole_fraction

NO, = -10° ()

1- Hzomole,fraction

Firstly, as regards NO, concentrations, they increase
from the reference case to case B. In this kind of power
devices NO, concentrations are strongly linked with the
thermal NO mechanism. As the maximum combustion
temperature increases from the reference case to case B
(Fig. 12), so do NO, concentrations. This is consistent with
the CO concentrations and the maximum combustion tem-
perature evolution. The NO, concentration trend is main-
tained for the whole range of hydrogen mass fractions in
the fuel.
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Fig. 16. NOy concentrations in exhaust

Secondly, the NO, concentrations decrease as hydrogen
is added to the fuel, regardless of the combustor case. This
is due to the augmentation of the maximum combustion
static temperature (see Fig. 12) and the degradation of
combustion temperature homogeneity (see Fig. 11), result-
ing from hydrogen addition.

Finally, the increase in NO, concentrations in exhaust is
connected with the augmentation of the maximum combus-
tion static temperature, which occurs in all the IFGR cases
(especially in case B) and when hydrogen is added to the
fuel.

Summing up, the implementation of the IFGR system
results in a reduction in CO concentrations and at the same
time in an increase in NO, concentrations. The most re-
markable changes in pollutant concentrations in exhaust
occur in case B. The changes are due to the increase in
combustion temperature. The temperature augmentation is
connected with the air-fuel equivalence ratio modification
in the IFGR cases and with the increase in the hydrogen
mass fraction in the fuel. The IFGR system does not affect
the emissivity of the combustor through the expected chem-
ical and physical effects (described in the Introduction)
because the exhaust gas mass flow is too low to have
a significant effect on the combustion process. The ob-
served pollutant concentration modifications resulting from
the implementation of the IFGR system are connected with
the modification of the air-fuel equivalence ratio in the
combustor’s liner.

5. Conclusion
The observations and conclusions relating to the imple-

mentation of an autonomous IFGR system into the gas

microturbine in the context of the co-combustion of higher
hydrogen enriched methane fuel are listed below:

— it is possible to achieve autonomous exhaust gases re-
circulation inside a gas microturbine combustor at vari-
ous hydrogen mass fractions in the fuel by applying an
adequate IFGR pipe system;

— the maximum exhaust gases recirculation is obtained in
combustor case B, regardless of the hydrogen mass frac-
tion in the fuel;

— the IFGR ratios are constant in case A, whereas in case
B they decrease as the hydrogen mass fraction in the
fuel increases;

— the IFGR system design reduces the risk of overheating
the IFGR pipes;

— the IFGR system implementation into the combustor
does not significantly affect the total pressure drop at
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various hydrogen fuelling options — the combustor’s
pressure operating parameters are not altered when the
IFGR system is implemented;

— the implementation of the IFGR system into the gas
microturbine combustor does not significantly affect the
combustion temperature homogeneity at a constant hy-
drogen mass fraction in the fuel,

— the addition of hydrogen to the fuel results in the degra-
dation of combustion static temperature homogeneity in
the reference case and in the IFGR cases;

— the implementation of the IFGR system provokes max-
imum combustion static temperature augmentation, es-
pecially in case B, regardless of the hydrogen mass frac-
tion in the fuel;

— the addition of hydrogen to the fuel provokes maximum
combustion static temperature augmentation in all the
combustor cases;

— the maximum temperature augmentation, especially in
case B, is due to the fact that the local air-fuel equiva-
lence ratio approaches unity owing to the IFGR system
design;

— for a constant hydrogen mass fraction in the fuel the
exhaust total temperature in the reference case and in
the IFGR cases is comparable;

— the addition of hydrogen to the fuel results in a decrease
in the exhaust total temperature in all the combustor
cases;

— the exhaust total temperature drop after hydrogen addi-
tion is due to a combustion range extension provoking
a combustion zone expansion even to the inlet of the
turbine;

— when hydrogen amounting to a mass fraction of over 0.2
is added to the fuel, the combustion conditions in the
mixing pipes are met in the reference case and in IFGR
case A;

— in IFGR case B the combustion conditions in the mixing
pipes are not met for the whole range of hydrogen addi-
tions;

— the implementation of the IFGR system results in
a reduction in CO concentrations and at the same time
in an increase in NO, concentrations (especially in case
B);

— the addition of hydrogen to the fuel results in a reduc-
tion in CO concentrations and at the same time in an in-
crease in NOy concentrations (especially in case B);

— the pollutant concentration modifications are connected
with the increase in combustion temperature;

— the IFGR system does not affect the emissivity of the
combustor through the expected chemical and physical
effects (described in the Introduction) because the ex-
haust gas mass flow is too low to have a significant ef-
fect;

— the observed pollutant concentration modifications
resulting from the implementation of the IFGR system
are connected with the modification of the air-fuel
equivalence ratio in the combustor’s liner.

The investigated IFGR system enables the recirculation
of exhaust gases, but the recirculated exhaust gas mass flow
is too low to act as expected on the combustion processes.
The observed temperature and pollutant concentration mod-
ifications result from the modification of the combustion
air-fuel equivalence ratio due to the modification of the
combustor design. The autonomous IFGR system does not
seem to be an efficient way of improving the combustion
process in the gas microturbine combustor with or without
adding hydrogen to the fuel. This concept would work if the
recirculated exhaust gas mass flow was increased, for ex-
ample, by an additional pumping system [12], but this
would entail powering the latter and so power losses would
occur. At this stage of the investigations, the MILD com-
bustion design seems to be one of the most promising ways
to reduce the combustion temperature and so the emissivity.

Nomenclature

A area of facet defining analysed surface [m?]

C air stream velocity [m/s]

Cco carbon monoxide concentrations in exhaust
[ppm]

COmole_fraction Carbon monoxide mole fraction [-]

Cs fuel mass flow for pure methane fuelling mode
[ka/s]

c;'HZma“—f”‘C“"“ fuel mass flow for hydrogen mass fraction i
in fuel [kg/s]

Ha 1 ass fraction NYArogen mass fraction in fuel [-]

H,0mole fraction Water vapor mole fraction [-]

IFGR%  primary zone combustion IFGR ratio [%]

IFGR% * global combustion IFGR ratio [%]

LHVcy, lower heat value of methane fuel [ki/kg]

LHVy,  lower heat value of hydrogen fuel [kJ/kg]

Mass percentage [%] = Mass fraction [-] x 100

m air mass flow entering combustor [kg/s]

Meyeriing pipe 7 Mass flow passing through fuelling pipes
[kg/s]

NOmole_fraction Nitrogen oxide mole fraction [-]

NO, nitrogen oxides concentrations in exhaust [ppm]

Nozmole_fraction nitrogen dioxide mole fraction [-]

p* total pressure [Pa]

P total pressure at combustor’s inlet [Pa]

ps” total pressure at combustor’s outlet [Pa]

Ap* total pressure drop in combustor [%]

UIPare  area averaged uniformity index [-]

Taverage  Average static temperature in analysed cross-
section [K]

Trace; static temperature on i-th facet defining analysed
surface [K]

Tmax static maximum temperature in combustor [K]

T3* total exhaust temperature [K]

T total temperature [K]

Aosal e total air-fuel equivalence ratio for i-th hole

series location [-]
Amax(min) €Xplosive limit air-fuel equivalence ratio []
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1. Introduction

The statutory requirements for climate protection result
in an increasing need for a drastic reduction of greenhouse
gases (GHG) generated by the transport sector. At the same
time, the current and future limit values for exhaust emis-
sions from regulated internal combustion engines must be
met. Given the need to diversify future types of power-
trains, several technological options are being considered.
In particular, battery electric vehicles (BEV), fuel cell elec-
tric vehicles (FCEV), and advanced low-emission fuels,
such as synthetic fuels and renewable biofuels [8, 11, 18,
23, 29, 30, 39, 40-43, 46], are mentioned as potential solu-
tions to reduce greenhouse gas emissions in the transport
sector. In order to minimize the total CO, emissions, it is
necessary to rationally use various drive systems technolo-
gies, including internal combustion engines powered by
synthetic fuels. It should not be forgotten that greenhouse
gas emissions and climate change are inherently a global
and complex problem that requires an integrated approach,
one that encourages innovation and avoids dependence on
a single technology. Meanwhile, the current EU legal regu-
lations focus solely on e-mobility, leaving no room for
other technologies or technological competition to achieve
climate goals. This approach indicates a departure from the
current practice of adopting a balance between different
technologies. The significant potential to reduce CO, from
the existing vehicle fleet is also being ignored. However,
looking at the future development of the global vehicle
fleet, even assuming a significant level of electrification of
all newly registered vehicles in the coming years, a signifi-
cant reduction in CO, emissions could still be achieved
using even low levels of synthetic fuels admixture with
classic fuels. The use of fully synthetic fuels to power in-
ternal combustion engines could bring even greater bene-
fits, provided that the vehicles are properly adapted and
optimized for the use of such fuels [11, 18, 23, 29, 30, 39,
40-43, 47]. Contrary to the complex influence of various
factors on CO, emissions accompanying the rapid take-up
of BEVs, where introducing large amounts of BEV too
early may increase overall CO, emissions, the situation is

almost linear for synthetic fuels. The sooner and more of
them are introduced, the greater the benefits will be
achieved in terms of reducing CO, emissions.

Synthetic fuels make it possible to integrate mobility in-
to the sustainable energy systems of the future. They are
assessed according to five criteria: | — CO, neutrality, Il —
sustainable availability, 11l — environmental impact, IV —
cost effectiveness and V — functionality. Synthetic fuels
appear in the literature under various names, such as: PtL
(Power-to-Liquid), PtX (Power-to-X), Power-to-Gas (PtG),
SynFuels, e-fuels.

Generally speaking, when synthetic fuels are used, the
reduction in well-to-wheel CO, emissions depends on the
production methods of these fuel components and can be as
high as 100% when the CO, emitted by the synthetic fuel
vehicle is fully neutralized by atmospheric CO, capture
systems, given the electricity was also generated using
renewable energy sources [18].

The sustainable production of Fischer-Tropsch diesel
fuel using CO, and H, makes first-generation synthetic
fuels, whose main components are isoalkanes and n-alkanes
with a chain length of 11-22 [10]. However, these fuels are
classified as harmful to human health and the environment.
The ecological situation forces the introduction of fuels
which are neutral in terms of CO, emissions, so having net
zero emissions, but at the same time pose less of a threat to
people and the environment. Since first-generation synthet-
ic fuels (SynFuels) were classified as hazardous substances,
they cannot achieve this goal. Therefore, it is necessary to
introduce the second generation of fuels with further re-
duced ecological impact.

E-fuels are synthetic fuels, resulting from the combina-
tion (synthesis) of "green hydrogen" produced by water
electrolysis (e.g. using sea water) powered with renewable
electricity and CO, captured from a concentrated source
(e.g. exhaust fumes from an industrial plant) or directly
from the air by carbon capture. Thus, fuels that are synthe-
sized using renewable electricity, often using inorganic raw
materials, are classified as e-fuels. E-fuels include liquid
and gaseous hydrocarbons such as methane and various
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gasoline-like fuels, diesel fuel, alcohols such as ethanol and
methanol, and non-carbon fuels such as hydrogen and am-
monia. Once refined, the produced e-fuels can be used as
e-petrol, e-diesel, e-fuel oil and e-kerosene — and can com-
pletely replace conventional fuels in their roles. Due to their
“drop-in” properties (can be used directly to power in-
service internal combustion engines without the need for
modification or tuning), e-fuels can be mixed with conven-
tional fuels in any proportion for better effect.

They offer high energy parameters, are easy to transport
and enable long-term storage without energy losses, and
therefore have significant advantages over propulsion tech-
nologies based on either hydrogen or electric batteries [ 23,
29, 30, 39, 40-43, 48]. The analysis of the potential offered
by synthetic fuels, in particular second-generation fuels
(e-fuels) in automotive applications, became the motivation
behind this article.

2. Requirements set for synthetic fuels

Synthetic fuels that are currently in production, includ-
ing e-fuels, must meet the requirements of EN 228 or
EN590 norms. In this case, they are referred to as "drop-in"
fuels and therefore directly applicable for use in current
internal combustion engines as single fuels or as admixtures
to conventional hydrocarbon fuels.

Conventional petroleum fuels are complex mixtures of
hundreds of individual components, separated through
various stages of crude oil refining, the purpose of which is
to achieve specific target fuel properties optimized for the
requirements of internal combustion engines. Therefore, the
baseline feature of each developed e-fuel should be its abil-
ity to as closely as possible resemble the properties of fuels
(both physical and chemical) specified in the EN 228 or EN
590 norms [34]. This can be achieved through the proper
selection and optimisation of the most important fuel prop-
erties presented in Table 1, which are relevant to the effi-
ciency, performance, handling characteristics and emissions
of harmful engine exhaust components [22].

The synthetic fuels production technology allows for se-
lectively influencing the final properties of the obtained
fuel. In this way, within certain limits, it is possible to pro-
duce a fuel that reduces harmful exhaust components and/or
allows to achieve higher engine efficiency. Examples in-
clude the C/H/O ratio and the aromatic content of the fuel.
If the C/H/O ratio is shifted slightly in favor of a higher
hydrogen content and a higher oxygen content, it will sig-
nificantly reduce the amount of toxic components emitted
by the engine they are fed to. Another example are diesel
fuels in which a homogeneous, uniform combustible mix-
ture is created [22]. The processes of homogeneous charge
combustion require stable conditions of ignition, for which
the fuel has a relatively large range of ignition delay times
independent of the temperature. In addition, the fuel in
question must have appropriate auto-ignition properties.
This can be achieved by using to the optimal composition
of carbon, hydrogen and oxygen, as well as by managing
the chain lengths of alkanes and alkenes. In this respect, the
composition of e-fuel may also be a starting point for the
development and implementation of alternative combustion
processes, optimized to reduce emissions of harmful ex-

haust components (including GHG) or to improve engine

efficiency.

Table 1. List of fuel properties that have significance with respect to the
engine design and operation [22]

Fuel properties

Influences

Technical measures

Calorific value

Engine efficiency

Octane number

Irregular combustion/
engine knock/engine
efficiency

Optimization of com-
pression ratio and fuel
composition

Cetane number

Flammability/ignition
start/efficiency/
injectors contamination

Compression ratio
control, fuel improve-
ment admixture opti-
mization

Oxygen content

Engine efficiency/
harmful contamination
of the engine's fuel
supply and combustion
system elements

Mixture formation
processes optimization

Excess air Engine power and Fuel injection and
coefficient efficiency mixture preparation
processes optimization
Flammability Engine efficiency/ Ignition energy and
limits harmful contamination compression ratio

of the engine's fuel
supply and combustion
system elements

optimization

Boiling temper-
ature

Engine efficiency/
harmful contamination
of the engine's fuel
supply and combustion
system elements

Fuel injection and
mixture preparation
processes optimization

Enthalpy of
evaporation

Preparation of the mix-
ture/engine efficiency/
harmful contamination

Improving the quality
of fuel atomization
and mixture formation

of elements of the en-
gine's fuel supply and
combustion system
Harmful contamination
of the engine's fuel
supply and combustion

Aromatics
content

Fuel injection and
mixture preparation
processes optimization

system components

If e-fuels are only to be used as “drop-in” fuels, the first
stage of their use should include the optimization of various
aspects of gasoline and diesel combustion processes. The
aim is to obtain higher knock resistance in Sl engines or
high oxygen content, as well as a low content of aromatic
compounds in order to reduce the formation of soot in the
combustion processes of both diesel and gasoline [45, 51].
This will save fuel by, among others, reducing the neces-
sary frequency of the diesel particulate filter regeneration.
The introduction of singular, standardized e-fuels could
further change the direction of the development of fuels,
but also engines, allowing them to be optimized both to the
requirements of combustion processes and those related to
the reduction of harmful exhaust emissions.

In the case of spark ignition (SI) engines, the research
and motor octane number determines the resistance of
a given fuel to unplanned detonation (engine knock), and
thus the engine's ability to operate in the most effective
conditions [34, 37]. While the specifications for octane
numbers around the world vary slightly, e-fuels should have
a Research Octane Number (RON) above 90-95 and
a Motor Octane Number (MON) above 85-90. Density and
boiling point are also important fuel properties ensuring the
proper formation of a combustible mixture in the combus-
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tion chamber in terms of its formation rate and mixing
quality and thus preventing excessive amounts of leftover
unburned hydrocarbons. These properties are usually de-
termined by the molecular weight distribution of the fuel.
The aromatics content of Sl engine fuels is usually below
25% to avoid excessive particulate formation, and the al-
kene content is limited to 5% to maintain the required oxi-
dation stability. Taking these limitations into account, an
ideal e-fuel would be a suitable mixture of straight-chain
and branched Cs-Cy alkanes, Cs—Cg cycloalkanes and/or
C,—Cy aromatics [8]. The fraction of straight chain alkanes
is usually restricted to the lower carbon chains as the octane
number decreases with increasing chain length. Branched
alkanes that have multiple methyl isomers are preferred, as
this increases the octane number [4].

For compression ignition (Cl) engines, the cetane num-
ber (CN) is an indicator of the ability of diesel fuels to
ignite. Currently, typical CN values are in the range exceed-
ing 50-55. A high CN allows achieving high combustion
efficiency and high EGR (Exhaust Gas Recirculation) rates.
Taking this into account, a CN of at least 55 is currently
recommended [3, 57], and since the reduction of NO, emis-
sions is influenced by a high EGR factor, it is desirable to
increase the minimum CN up to even 70 if possible [57].
Density, viscosity and final boiling point are also important
properties that regulate the combustion processes of the
atomized fuel, engine performance and the formation of
toxic components. The initial boiling point being above
150°C reduces the negative effects that the fuel has on the
elements of the fuel injection system, such as wear of its
components due to cavitation. For Category 5 diesel fuels,
WWEFC (Worldwide Fuel Charter) also recommends a final
boiling point of 350°C. Eventually, efforts will be made to
lower the final boiling point to 260°C in order to facilitate
fuel vaporization and to better homogenize the combustible
mixture formed in the combustion chambers, as well as to
reduce dilution of the lubricating engine oil.

3. E-fuels for Sl engines

So far, the only e-fuel for Sl engines to meet the re-
quirements of second-generation synthetic fuel in terms of
complete combustion, without the formation of soot parti-
cles and without products that are harmful to the environ-
ment and human health, is a mixture of dimethyl carbonate
(DMC) and methyl formate (MF), called DMC+. DMC+
has very good anti-knock properties (RON/MON >110). Its
vapor pressure is within the range required by the EN 228
norm, as is the final boiling point of 90°C [3, 45, 47, 48].
The significant reduction of the final boiling point, from
210°C for EN 228 gasoline to 120°C, improves the homog-
enization of the mixture formation and combustion process.
Pre-ignition resistance, and limited pre-ignition related to
the so-called "hot-spots”, is the result of the full (almost
complete) combustion of the DMC+ fuel. Hence, impurities
are not deposited in the fuel injectors and in the combustion
chambers.

Potentially CO, neutral fuels are most easily synthe-
sized from carbon oxides, mainly CO, and CO. Methanol is
a fuel for Sl engines with excellent combustion properties.
It is always a basic product, whose direct use as a fuel for
vehicles (SynFuel of the first generation) is limited in scope

due to its toxicity. The conversion of methanol to non-toxic
DMC using CO, and to MF using CO significantly reduces
the fuel’s harmful effects on the environment. In the case of
DMC+ fuel with the composition of DMC 65/MF 35%
(v/v), the so-called negative fuel sensitivity of > 3 should be
noted. Negative fuel sensitivity (MON > RON) means that
the anti-knock properties of the fuel increase with the ther-
mal load present. The advantage of DMC+ when used in Sl
engines is the improvement of their efficiency. This is pos-
sible thanks to the very good anti-knock properties and the
cooling effect of DMC+ fuel vapors injected directly into
the combustion chamber of the engine, three times higher
than that of petrol. Downsized engines powered by DMC+
were found to have the engine efficiency increase by 10%,
and at full load by about 19% [13].

The DMC admixture of 5-15% (v/v) to gasoline lowers
HC emission [53]. DMC is a component that can be mixed
with conventional gasoline. However, the negative proper-
ties of aromatic and olefin compounds (main high boiling
point substances) present in gasoline that does meet the EN
228 requirements are further enhanced when mixed with
oxygenates. This applies in particular to the soot particles
number (PN) emission when 10% EtOH or DMC is added
to the mixture. In a comparative study, in which DIN EN
228 gasoline was replaced with an alkyl fuel (E DIN
51641), free from aromatics and olefins, the final boiling
point was found at: 180°C along with a significant reduc-
tion in PN emission [24].

MF admixture in gasoline increases its octane number
[12]. However, mixtures of MF with benzene undergo hy-
drolysis in the presence of water [12]. Research is currently
being carried out on the behavior and properties of fuel
mixtures containing MF.

In the case of gasoline used in blends with DMC and
MF it is recommended to change the formula of the base
fuel by eliminating aromatics and olefins and lowering the
final boiling point from 210°C to 170-180°C. Knock re-
sistance is guaranteed by the addition of MF and/or DMC.
For fuel blends containing MF intended for use in Sl en-
gines, additives are developed to inhibit the undesirable
hydrolysis of MF.

4. E-fuels for Cl engines

As a result of many studies, oxymethylene ether
(OME; 5) was selected as a second-generation synthetic
fuel for compression ignition engines [10]. A special mo-
lecular feature of OME is the alternating sequence of car-
bon and oxygen atoms. The absence of C—-C bonds and the
high oxygen content lead to almost complete elimination of
soot formation during combustion. The boiling range of
OMEg; 5 is within the limits of 150-250°C which, combined
with high volatility, promotes the formation of homogene-
ous flammable mixtures. The boost pressure requirements
can be reduced without adversely affecting particulate
emissions resulting from the delayed boost pressure build-
up. In addition, the complexity of the fuel injection system
can also be reduced by depressurizing the common rail and
by using an appropriately configured split injection strate-
gy. However, to counterbalance the lower energy density
(when used as pure OME; 5 fuel), the total fuel injection
dose should be increased by 80% compared to diesel fuel
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by using larger diameter injector nozzle openings. Doubling
the amount of fuel supplied into the cylinder also leads to
a correspondingly increased cooling of the fuel dose in the
cylinder through evaporation, and decreases the flame adia-
batic temperature [32].

Standard OME; 5 has a flash point of 60°C, a cetane
number CN > 70, and a boiling point range between 150
and 260°C [54, 55]. The final boiling point of the fuel is
approximately 100°C lower than that of conventional diesel
fuels, which leads to OME; 5 evaporating easily. For further
testing and possible market introduction of OMEgs as
a standalone fuel or blend component, the quality of the
OMES3_5 has to be standardized.

OME; 5 can be a component of a diesel fuel blend while
being in accordance with the EN 590 norm. A 20% (v/v)
admixture of OMEj3_, into diesel fuel that meets the EN 590
B7 norm requirements results in a varied (throughout the
engine operating range) reduction of the generated soot
particulate mass, which can be found in the range of
50-80% of the original value [27]. This effect has been
confirmed multiple times in the studies of mixtures contain-
ing 5-35% (v/v) OME; 5 [2, 9, 20, 25, 31, 35]. However, in
order not to exceed the limits specified in EN 590, the max-
imum admixture of OME3; s must not exceed 5-7% (V/v).
The highly polar OME has a limited miscibility with the
less polar diesel fuel, especially at higher proportions of
OME content in the mixture and at low temperatures [7, 31,
52, 54]. The hygroscopic properties of OME facilitate water
penetration of the substance. This leads to a significant
increase in the polarity of OME [38]. Therefore, it is neces-
sary to investigate the stability of mixtures with OME in
cold conditions in more detail. Effective dissolving agents
must be found to prevent phase separation in the mixtures.

5. The potential of synthetic fuels in reducing
exhaust emissions and improving engine
operational parameters

So far, one of the most comprehensive studies on the
impact of e-fuels on regulated as well as unregulated ex-
haust emissions (taking into account the future require-
ments of Euro 7 norm), and the GHG of Sl engines, was
carried out in 2021 by IFP Energies nouvelles (IFPEN)

based in France, which was commissioned by T&E

(Transport & Environment). The tests were performed both

on the chassis dynamometer as well as in simulated and real

driving conditions [21]. As no e-fuels were commercially
available at the time of the tests, IFPEN developed custom
fuel blends for testing, representing e-fuels that could be

placed on the EU market in the future [21].

Three different e-fuel mixtures have been prepared:

E-fuel 1: 100% paraffinic e-fuel, i.e. a mixture consisting of
100% hydrocarbon chains, which had no ring-shaped
hydrocarbons with delocalized electrons such as ben-
zene (i.e. aromatic hydrocarbons). It is a fuel that en-
sures efficient combustion and is representative of the
basic e-fuels blend that could potentially be made avail-
able on the EU market [1, 21].

E-fuel 2: 90% paraffinic e-fuel, 10% aromatic e-fuel. 10%
of aromatic compounds were included in this mixture in
order to check what influence this may have on the
emission of harmful exhaust components [21].

E-fuel 3: 90% paraffinic e-fuel, 10% second-generation
ethanol. However, the addition of ethanol to the paraf-
finic e-fuels blend caused significant miscibility prob-
lems. Looking for a solution to this problem, eventually
it was found that adding 1% of fusel oil to the mixture
would prevent ethanol separation [21].

The E10 homologation fuel mixture was used as the ref-
erence fuel, being representative for the current European
fuel market, the fuel mixture was in accordance with the
EN228 standard and the EU regulation 2008/692/EC [1, 5,
6, 21, 57]. The tests were carried out using a Mercedes
A180 vehicle, which met the Euro 6d-temp exhaust emis-
sion norms. All tests measured both the raw engine exhaust
emissions (upstream of the three-way catalytic converter)
and the exhaust emissions after passing through the after-
treatment system (tailpipe exhaust) [21].

The results obtained from NO, emission tests measured
in the exhaust, carried out according to the WLTC (World-
wide Light Duty Test Cycle) procedure were, in the case of
the above-described four fuels, all within the limits required
by the Euro 6 norm and were very similar to each other in
value. The average exhaust emission measured in WLTC
was 24 mg/km for the E10 fuel, and 22-23 mg/km for
e-fuels — Fig. 1 (variations in exhaust emissions were pre-
sented in percentage terms). The NO, emission results ob-
tained in the RDE (Real Driving Emissions) road cycle test
was 21 mg/km for E10, compared to 21-22 mg/km for
e-fuels mixtures — Fig. 1 [14, 21].
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Fig. 1. Changes in the mean NOy exhaust emissions for various synthetic
fuels compared to conventional petroleum fuels as measured in the WLTC,
WLTP and RDE tests [14, 21]

Thus, the tested e-fuels did not have a large impact on
NO, exhaust emissions from the tailpipe, which remained at
the same level as for conventional fuel (E10) [21]. It is
worth noting that the currently applicable Euro 6 norm sets
the upper limit of nitrogen oxides (NO,) emission at 60
mg/km. CLOVE (a consortium working on behalf of the
European Commission on the development of emission
norms for new vehicles) proposed to lower this limit to at
least 30 mg/km or even 20 mg/km for the upcoming Euro 7
norm [5, 14, 16, 21, 28].

Exhaust emissions of particulates from cars equipped
with Sl engines are governed by two different parallel re-
strictions, relating to:
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— total particulate mass (PM) below the Euro 6 limit value
of limited to 4.5 mg/km,

— total particulate number (PN) more than 23 nm in diam-
eter, below the Euro 6 limit value of 6x10™/km.

The measured PM emissions for the four tested fuel
types were very low, at < 0.1 mg/km. Since the obtained
result was lower than the measurement uncertainty it was
not possible to assess the possible impact that the tested
fuel (in particular e-fuels) could have had on the exhaust
emissions. PN23 emissions, measured for all fuels, were
below the Euro 6 limit value of 6x10"/km. At the same
time, three e-fuels showed a large reduction in PN emis-
sions compared to the base E10 fuel throughout the test. In
the WLTC tests, the mean exhaust emissions of PN23 for
the three e-fuels were 97-98% lower than the correspond-
ing emissions for E10 — Fig. 2 (changes in emissions were
presented in percentage terms). In RDE tests, the reduction of
PN23 when using e-fuels was less significant and amounted
to 82-87% of the base fuel value — Fig. 2 [21, 38].

140
120
100
— 80
9
=
o s0
40
20
0
WLTC WLTP RDE
mE10 mE-fuel1 mE-fuel2 »E-fuel3 mEUGref mDMC20 mE10 mE-fuel 1 mE-fuel2 »E-fuel3

Fig. 2. Changes in the mean level of PN emissions (> 23 nm) for various
synthetic fuels compared to conventional petroleum fuels measured in the
WLTC, WLTP and RDE tests [21, 38]

It can be hypothesized that the reduction in particulate
exhaust emissions observed for e-fuels was probably mostly
the result of the low aromatics content in e-fuels, < 0.1% in
the case of e-fuel 1 and 3 and 10% in the case of e-fuel 2
compared to 26% for E10. It is likely that future e-fuels will
be low in aromatics. It has been shown that as the content
of aromatic compounds in gasoline blends increases, the
exhaust emission of particulate matter also increases [5, 16,
26, 28], and this effect was through to have been caused by
the incomplete combustion of large (heavy) aromatic com-
pounds [15, 16, 28, 33]. The aromatic have a lower hydro-
gen to carbon ratio compared to aliphatic hydrocarbons and
require a higher excess air ratio to enable efficient combus-
tion. Therefore, aromatic hydrocarbons are more likely to
cause incomplete combustion and particulate/soot for-
mation than aliphatic hydrocarbons.

During the IPFEN test program described in the article,
the emission of solid particles with a size reduced to 10 nm
(PN10) was also measured [21]. After taking into account
the measured emission of PN10 particles, the total number
of particles emitted in the WLTC test increased 1.7 times

for E10 fuel and 2.1-2.3 times for e-fuels, with the largest
proportional increase observed for e-fuel 3 [21]. For the
RDE test the increase in PN emissions, after taking into
account PN10, was similar for all fuels, i.e. about 2 times
(in the case of e-fuels it was about 5% higher compared to
E10). These results indicate that the SI engines emitted
more of the currently unregulated particulates in the range
10-23 nm than the regulated particulates > 23 nm for all
four fuels tested in the RDE test and all e-fuels tested in the
WLTC. The proportion of particles with a size of 10-23 nm
compared to PN23 is higher for e-fuels than for E10 fuels.
In general, the total exhaust emissions of particulate matter
were significantly lower for the three tested e-fuels than for
the E10 in both test cycles [21]. In the future Euro 7 norm,
CLOVE proposed to lower the limit of particulate matter
emissions for cars powered by Sl engines from the current
6x10"/km to 1x10"/km [5, 6, 16, 33], which is a very
significant reduction.

During the tests [21], all three e-fuels resulted in a sig-
nificant increase in CO emissions from the tailpipe measured
in the WLTC. The increase measured was about a 2.5-fold
more CO emissions compared to the values resulting from
the combustion of E10 fuel. This increase in CO emissions
was mainly in line with the expected significant increase in
exhaust emissions during the cold engine start phase and in
urban driving. In this engine phase, CO emissions from e-
fuels exceeded the allowable CO emission limits, set by the
Euro 6 norm, by as much as 23% [40]. It is interesting that
such a large increase was not observed when using the base
fuel, only about 10% increase in CO emissions in the case
of e-fuels compared to E10 — Fig. 3 (changes in exhaust
emissions were presented as a percentage) [21, 38].
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Fig. 3. Changes in the mean CO exhaust emissions for various synthetic
fuels compared to conventional petroleum fuels measured in the WLTC,
WLTP and RDE tests [21, 38]

This suggests that the large increase in CO emissions
may have been caused by an exhaust aftertreatment system
that was not optimized sufficiently for e-fuels to be used
with an engine powered by such fuels. The increase in CO
emissions from the exhaust pipe in the case of the tested
e-fuels was lower in the RDE test, although in this case the
overall CO exhaust emission when using the e-fuels was
20-50% higher than in the case of E10 — Fig. 3 [5, 21].
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HC emission results obtained for e-fuels were favorable
in both test cycles [5, 21, 33]. Switching to e-fuels reduced
the mean HC emissions in the WLTC test by 23-40% com-
pared to the E10 fuel — Fig. 4 (exhaust emission changes
were shown as a percentage), with all emissions below the
Euro 6 limit values. The most notable decrease was ob-
served for high driving speeds in the case of the WLTC
cycle — 54-77% [40]. Due to the very low HC emission
measured in the RDE test for all tested fuels (< 5 mg/km),
the differences in exhaust emissions between the various
fuels in this test could not be discerned — Fig. 4 [21, 38].
Overall, the obtained results indicate a possibility to reduce
hydrocarbon emissions when using e-fuels for compression
ignition engines.
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Fig. 4. Changes in the mean HC exhaust emissions of various synthetic
fuels compared to conventional petroleum fuels measured in the WLTC,
WLTP and RDE tests [21, 38]

Currently, the limit for total hydrocarbon emissions (Eu-
ro 6) for cars with Sl engines is 100 mg/km. CLOVE pro-
posed to introduce a reduction in the emission of non-
methane organic gases (NMOG) at the level of 25-45
mg/km to be added into the Euro 7 exhaust emission norm
[14, 21].

Ammonia (NH3) emissions were also measured as part
of the IPFEN research program. Overall, in the WLTC test,
ammonia emissions for all tested fuels were low and
amounted to about 1 mg/km, except for e-fuel 3, for which
the emissions were higher (at 2 mg/km) [21]. However,
a significant increase in ammonia emissions from e-fuels
compared to E10 was observed in the cold start phase and
urban driving (early test phase). The mean emissions for
each of the three e-fuels in that time period were 3.5 to 7
times higher than the emissions measured for E10 [21]. In
the RDE test, a significant increase in NH; emissions was
observed for e-fuels 2 and 3, 1.7 and 2.2 times greater,
respectively [21]. Also in this test, the greatest increase in
emissions for the engine when powered by e-fuels, com-
pared to E10, was observed during the cold start and urban
driving section in the first 2 km of the test. These results
suggest that the use of e-fuels may contribute to an increase
in ammonia emissions, especially during the shorter jour-
neys that are more typical of urban driving.

Ammonia emissions from cars are not regulated by the
current Euro 6 norm, however CLOVE has proposed to
place a limit on ammonia emissions at the level of
10 mg/km, which would be included in the future Euro 7
norm [5, 14, 21, 38].

The overall level of formaldehyde emissions was very
low for each of the tested fuels and was below 0.3 mg/km
in the WLTC test and 0.2 mg/km in the RDE test [21]. The
highest exhaust emission of formaldehyde was observed
during the engine cold start and in the initial phase of the
WLTC and RDE tests, when it increased rapidly, even up to
about 4 times the base value, most probably due to the
catalyst temperature being too low, thus preventing optimal
reduction of harmful exhaust components [1, 5, 21, 26].

Exhaust emissions of formaldehyde are also not regulat-
ed based on the Euro 6 emission norm, but an emission
limit of 5 mg/km has been proposed to be included in the
upcoming Euro 7 norm [14, 21, 33].

The presence of acetaldehyde when measured in the ex-
haust during the performed tests was below the detection
limit for most of the test cycle run time for both the WLTC
and RDE tests, with the exception of the engine cold start
period [21]. Emissions measured in the so-called early
phase (the first 3 km of the test) for the WLTC test was
3.0 mg/km in the case of fueling the engine with E10 fuel,
and in the case of e-fuels it was lower by about 36-70%. In
the case of the RDE test, the acetaldehyde emission for
e-fuels was about 55-80% lower relative to the emissions
from the E10 fuel.

Acetaldehyde emissions are also not regulated by the
Euro 6 norm. So far, no proposal was made to introduce
a direct acetaldehyde exhaust emission limit in the future
Euro 7 norm. However, acetaldehyde emissions could be
regulated under the Euro 7 as part of the CLOVE proposed
non-methane organic gas emission limit (NMOG) of 25-45
mg/km [14, 21, 33].

The IPFEN research program included a portion meas-
uring the exhaust emissions of three greenhouse gases, i.e.
carbon dioxide (CO,), methane (CH4) and nitrous oxide
(N,O). Currently, apart from the regulated emissions of
carbon dioxide, emissions of other greenhouse gases are not
regulated.

The test results showed that for all three of the e-fuels
tested in the WLTC, carbon dioxide emissions were re-
duced by 3-4% compared to the emissions from the com-
bustion of the regular E10 fuel. This is thought to have been
caused by the higher ratio of hydrogen to carbon in the
hydrocarbons making up the e-fuels compared to the E10
fuel, due to the lower content of aromatic compounds [16,
19, 33]. Furthermore, the higher energy content of e-fuels 1
and 2 (indicated by the increased lower calorific value)
helped lower the fuel consumption and thus reduce the CO,
emissions. The exhaust emission of methane (CH,) in both
tests (WLTC and RDE) were low and amounted to
1 mg/km for each of the fuels. During the cold engine start
period, the exhaust emission values increased to about
10 mg/km, while after the exhaust aftertreatment system
reached its operating temperature the emission dropped
below the measurement uncertainty value [21]. Similar
results were recorded for the emission of N,O in the WLTP
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test, which was very low and similar for all the fuels tested
(at around 1 mg/km). As with the other exhaust compo-
nents, the highest N,O emission values were observed dur-
ing the cold engine start. In the RDE test, nitrous oxide
emissions were slightly higher (in the case of E10, e-fuel 2
and 3, the emission was measured at 2 mg/km, and in the
case of e-fuel 1, at about 3 mg/km) [21].

Currently, the companies Mahle and Porsche are inves-
tigating the possibility of using DMC mixtures both in
engine test benches as well as in vehicles, in road tests [5,
26, 33]. The results obtained so far on the engine test bench
indicated a great potential of DMC mixtures, especially
where the engine and its software was adapted to such
a fuel, and determined all the effects the application of such
a fuel could have on engine components [38]. On the other
hand, the test results have shown that DMC should not be
used as a standalone fuel, due is its melting point (~4°C)
and a low calorific value of 15.8 MJ/kg, which would ne-
cessitate adapting the engine accessories, especially for the
injection system as well as ECU reprogramming. The mix-
ture of methyl formate (MF) and ethanol, as proposed in
[17], solves the melting point problem, but not the low
calorific value problem, so such a fuel would also require
an adaptation of the engine hardware and injection system.
To avoid this, an admixture of DMC to conventional fuel
can be used. Tests were carried out to investigate this op-
tion, in which the base fuel was E5 SuperPlus98 gasoline
(E5-SP98), to which DMC was added as an admixture of
510 20% (v/v) in the case of tests on an engine stand, or up
to 50% (v/v) for laboratory tests [38]. While most of the
relevant properties of the DMC20 blend were within the
EN 228 norms, there still were slight variations in the den-
sity (slightly higher for the DMC20 fuel) as well as large
variation in the oxygen content. When using a higher per-
mitted oxygen content (for Super E10) in accordance with
EN 51 626-1, an admixture of 5% (v/v) DMC to the EO
base would meet the requirements of EN 228. After intro-
ducing Super E20, it would be possible to add 10% DMC
(v/v) to the EO base. The DMC blend has advantages in
terms of aromatic content.

One of the important technical aspects is the material
compatibility of the components directly in contact with the
fuel, especially the sealing and filtering materials. To test
material compatibility with DMC20, the sealing materials
widely used in combustion engines, such as hydrogenated
acrylonitrile butadiene rubber (HNBR) and fluorinated
rubber (FKM), were treated with E5-SP98 and DMC20
fuels for 500 hours at 60°C, and filter materials for 2000
hours at 60°C [38]. Before and after exposure to these fuels,
the sealing materials were evaluated for changes in hard-
ness, tensile strength, fracture strain, and volume changes.
The obtained results showed that the addition of 20% (v/v)
DMC to E5-SP98 adversely affected the hardness of the
elastomers, but the effect was found to be small. As a con-
sequence, the materials were concluded to meet the limit
value requirements, so no reduction in functionality was to
be expected. These materials show neutral or moderately
better behavior when subject to tensile strength and strain at
break for the DMC20 versus E5-SP98. On the other hand,
the visible increase in volume in the case of HNBR and

FKM materials subjected to DMC20 treatment may cause
a problem from the functionality perspective. Similarly, the
swelling tendency, which in the case of DMC20 may be
even 80% greater than in the case of E5-SP98 [1, 38],
should be noted. The test results prove that DMC20 cannot
be assumed to be compatible with all the relevant materials
(elastomers). Therefore, for each material exposed to DMC,
its compatibility with DMC should be verified. Similarly to
the sealing materials, tests were carried out on representa-
tive, single-layer filter papers used in fuel filters, both with
natural and fully synthetic fibers [1, 38, 40]. All filter mate-
rials treated with the tested fuels passed the folding test.
The expansion and contraction of the tested materials was
negligible when exposed to both fuels. Visual inspection
indicated no significant differences. The tear resistance of
the filter materials has exceeded the threshold value of
0.1 N/mm?, irrelevant of the type of fuel used [38].

Further studies of the impact of adding 20% (v/v) DMC
to the E5-SP98 fuel showed that such an admixture of
DMC reduces the calorific value of the fuel from
42.2 MJ/kg for the base fuel down to 37.1 MJ/kg for the
DMC20 mixture [1, 38]. Therefore, the fuel injection dura-
tion should be extended for the same engine load when
using the new fuel mixture. However, despite the lower
calorific value of the DMC20 fuel and the need to inject
more fuel, the engine rated power was not affected by this
change. A more detailed analysis of the engine test results
showed no influence of the DMC content, up to 20% (v/v),
on the ignition timing, combustion duration, peak cylinder
pressure or pressure gradient values. However, as the share
of DMC was increased, the specific fuel consumption also
increased due to the extension of the injection duration [1,
38]. Summarizing, it can be stated that from the thermody-
namic point of view, it is possible to operate the engine on
fuel containing up to 20% (v/v) DMC without the need for
changes to the engine design or the control unit software.
However, given the high knock resistance of the DMC20
fuel, a slight software modification of the engine control
unit (ECU) could increase the engine performance.

In order to make an assessment of the DMC20 mix-
ture’s averaged impact on exhaust emissions, measurements
were carried out on a chassis dynamometer using a Porsche
911 Carrera GTS with a manual gearbox. No changes were
made to the software of the engine control unit for the
measurements. The exhaust emissions comparison was
based on measurements performed as a part of the WLTP
procedure [1, 5, 33, 38]. For emission measurements, refer-
ence fuel EU6 (EU6ref) was used, which met the require-
ments of the EN 228 norm, both as the base fuel and the
fuel to which 20% (v/v) DMC was added [1, 5, 33, 38].

When assessing the obtained HC and CO emissions re-
sults, no significant difference between the tested fuels was
found — Figs 3 and 4. However, in the case of NO,, the
exhaust emission of that component for the DMC20 fuel
was about 10% lower — Fig. 1. The emission of particulate
matter (PN) was assessed based on the cumulative exhaust
emission values in the WLTP test [38]. A significant in-
crease in PN emission was observed for the DMC20 mix-
ture during engine start and in the initial phase of its warm-
up, up to about 100 seconds into the test. In that time peri-
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od, the DMC20 produced around 70 percent more particu-
late matter than the reference fuel EU6ref. However, once
the engine warm-up phase was complete, the changes in the
exhaust emission of particulate matter in dynamic engine
operating conditions, were clearly smaller in the case of the
mixed fuel than in the case of the pure reference fuel. By
the end of the study, the combined increase in particulate
emissions from the DMC20 fueled engine dropped to
around 15 percent — Fig. 2 [38]. When changing the fuel
injection time during the tests it was found, that the PN
exhaust emission value was characterized by a much great-
er sensitivity in the engine powered by DMC20 fuel (when
compared to EUGref). This increased response of PN emis-
sions could result in increased particulate emissions during
engine warm-up phase. Thus, the improvement of the par-
ticulate matter emissions result could be obtained through
optimizing the fuel injection time control [38].

The research on the impact of using e-fuels to power
compression ignition engines was carried out at several
institutions, such as Ford [56]. The test vehicle was a Ford
Mondeo equipped with a 1.5-liter diesel engine. It uses
a Denso low-pressure fuel injection system optimized for
DME fuel (max. injection pressure: 35 bar, max. fuel flow
rate: 80 kg/h). Testing for changes in the measured mass of
particulate matter (PM), NO, and CO, exhaust emissions
from a test vehicle powered by standard commercial diesel
fuel and DME fuel was conducted in accordance with the
WLTC guidelines. It was found that by supplying the en-
gine with DME fuel, it is possible to reduce the PM emis-
sion to a level close to zero, while at the same time signifi-
cantly reducing the NO, emission (by about 30%). The
exhaust emission of CO, for an engine fueled by DME
remained at close to the same level as for the diesel fueled
engine [56].

A synthetic fuel with 33% organic content marked as
R33 BlueDiesel has already been made available at some
gas stations throughout Europe, and is approved for use in
all compression ignition engines. Taking into account the
methods used for the production of this fuel (in terms of the
energy source used for the fuel production and the amount
of atmospheric CO, capture involved), it can help reduce
CO, emissions (measured as well-to-wheel) by 20% [11].
For synthetic diesel fuels, HVO (Hydrogenated Vegetable
Oil) and Fischer-Tropsch middle distillates (GtL — Gas to
Liquids) are already widely available. These fuels were
standardized under the general label of paraffinic diesel oil
(PD — Paraffinic diesel) in accordance with the EN 15490
norm. Due to its high purity, especially the low content of
sulfur and aromatic compounds, PD fuel is an environmen-
tally friendly alternative to conventional diesel oil for com-
pression ignition engines.

6. Synthetic fuels prognosis — SWOT analysis

6.1. Strengths

» E-fuels are produced using renewable electricity, as well
as atmospheric CO, captured from the air and hydrogen
obtained from water, thus significantly reducing GHG
emissions.

» E-fuels can reach the market quickly through existing
flexible distribution networks, making them easily ac-
cessible to consumers.

« A wide range of e-fuels can be produced, ranging from
drop-in fuels to fuels optimized for engine efficiency in-
crease or to minimize the regulated, unregulated and
GHG emissions.

» E-fuels can be used both as admixtures to conventional
fuels and as standalone fuels.

» E-fuels are suitable for use in all means of transport:
cars, trucks, airplanes and ships. In addition, they can be
used as a substitute for petroleum in the chemical indus-
try.

» Renewable synthetic fuels (e-fuels) of the "drop-in"
variety may in a very short time contribute to improving
the CO, exhaust emission balance of the existing vehi-
cle fleet, since there is no need to introduce any modifi-
cations in the vehicles, thus avoiding incurring large in-
vestment costs in refueling infrastructure and operation.
The reduction in CO, emissions depends on the synthet-
ic fuel production technology and can be as high as
100% when the CO, emitted by a synthetic fuel vehicles
is fully captured from the atmosphere while using only
electricity from renewable sources to power fuel pro-
duction.

6.2. Weaknesses

» If only drop-in admixture e-fuels that meet the require-
ments of EN228 and EN590 are used to power vehicles,
only a slight decrease in the regulated emissions and
harmful exhaust components such as HC, CO and NO,
will be achieved, compared to the emissions of petrole-
um-powered piston combustion engines.

« The current e-fuel production technology is still in the
demonstrative phase. Solving some of the more serious
challenges to the development of large-scale commer-
cial installations will require an installation scaling of
up to 100,000 times what has been demonstrated so far,
or 100 times the scale of the project recently announced
in Norway. Currently, there are only a few full-scale pi-
lot or production plants, operating or planned in Europe
and worldwide, to produce e-fuels for road transport.
However, in order to fully decarbonize the new cars
from the existing vehicle fleet a huge amount of e-fuels
would be needed.

» Renewable electricity is a prerequisite for the develop-
ment of low-carbon e-fuels production to the extent
necessary to have a measurable effect on reducing the
greenhouse gas emissions. Therefore, the plan requires
a significant increase in the production of electricity
from renewable sources.

» The low efficiency of e-fuels means that they are a very
costly technology to use in decarbonizing road
transport. In 2030, the cost of energy needed to power
a car with an Sl engine and e-fuel will be nearly four
times higher than in the case of an electric vehicle
(BEV).

6.3. Opportunities
« Despite the plans made by many governments to ban the
sale of cars with internal combustion and hybrid en-
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gines, some experts believe that the transition to electric
vehicles will not happen soon enough to meet the envi-
ronmental targets. The provision of carbon-neutral syn-
thetic fuel for passenger cars, trucks and airplanes with
internal combustion engines would therefore be a wel-
come step along the way towards the goal of being car-
bon-neutral.

Combustion of synthetic fuel releases CO, back into the
atmosphere, but because it can be recovered (through
carbon capture) and reused to make e-fuels once again,
the process is forms a closed loop that can help reduce
10 billion tons of carbon added to the atmosphere per
year. E-fuels have also been shown to reduce particulate
emissions and are sulfur-free, helping to reduce the lo-
cal air pollution.

Siemens Energy and Porsche have already started their
production of synthetic fuel, setting up a pilot plant in
Chile. The factory will produce e-fuels that are almost
completely CO, neutral. At the same time, the German
government has created a special program to reduce
CO; emissions by 10 million tons per year starting from
2030 and based on the production and use of e-fuels.
The German government will allocate 1.54 billion euros
for this purpose until 2024.

Currently, there are no alternatives to synthetic fuels in
aviation and maritime transport, while in the automotive
industry a huge advantage is the fact that synthetic fuel
can be used for both vehicles already in use (drop-in
fuel) as well as new vehicles, optimized to run on syn-
thetic fuels with a special formulation, in order to fur-
ther reduce the exhaust emissions.

E-fuels will be critical for transportation applications,
for which there are currently no electric propulsion sys-
tems commercially available. Therefore, it is now up to
policymakers and industry to create a framework that
would make e-fuels economically attractive enough for
the market.

Without developing and employing e-fuels, meeting the
ambitious goals of climate neutrality by 2045 might not
be achievable, and the milestones set will not be met.
The reason is the huge number of vehicles with internal
combustion engines in operation. Internal combustion
engines, especially when combined with e-fuels, still of-
fer great development potential and can therefore make
a significant contribution to the global reduction of CO,
emissions.

All the studies carried out so far and the forecasts de-
veloped have shown that in the future, even in markets
with a very high share of electrified vehicles, e-fuels
would still be needed to cover energy demand in
transport. This is mainly related to aviation and ship-
ping, but also to the supply of e-fuels for commercial
vehicles and passenger cars (ICE, PHEV, REEV,
FCEV).

6.4. Threats

The current EU regulation of CO, emission only con-
siders the CO, reduction achieved by the engine itself,
not the fuel or energy that is used to propel it. This is
not in line with the principle of technological neutrality
pursued by the EU. It is not the internal combustion en-

gine itself that causes the vehicle exhaust emissions, but
the fuel used to propel it. With the upcoming revision of
CO, emission norms, the European Commission indi-
cated that it would investigate the possibility of includ-
ing a new mechanism in the regulation, which would al-
low for the emissions reduction achieved by clean fuels,
such as synthetic fuels. It should be considered a good
step forward. It should not be forgotten that greenhouse
gas emissions and climate change are inherently a glob-
al and complex problem that requires an integrated ap-
proach that encourages innovation while avoiding over-
dependence on a single technology.

From a technical point of view, in addition to renewable
H,, also other renewable liquid energy sources such as
synthetic fuels (e-fuels) — should be considered as an in-
tegral part of the program enabling the use of renewable
energy sources on a large scale. However, the political
reality is different — quite often e-fuels are seen as an
ineffective option aimed only at extending the lifetime
of internal combustion engines.

Greenhouse gas (GHG) emissions from synthetic fuels
depends to a large extent on the type of electricity used
to produce the fuel. CO,-based synthetic fuels produced
from coal-based electricity are likely to increase the
overall greenhouse gas emissions compared to those
produced from crude oil. In contrast, CO,-based syn-
thetic fuels (e-fuels) produced using excess renewable
electricity — for example, off-peak night-time wind
power that has no other use aside from storage — could
have a much lower carbon footprint compared to the
fuels produced from crude oil [44].

Some sources indicate that advanced biofuels and liquid
fuels will not make a significant contribution to reduc-
ing GHG emissions by 2030, and will be limited in the
medium term by land availability and insufficient re-
newable energy sources to produce sufficient amounts
of synthetic fuels [49].

Presently, any forecast of future e-fuel production is
burdened with high uncertainty — these are assumptions
rather than factual forecasts. In addition to legal uncer-
tainty and political perception, the enormous investment
costs and the expected decline in the number of passen-
ger cars with internal combustion engines over the next
decades are also significant obstacles to the develop-
ment of e-fuels production.

The assumption that e-fuels will contribute to the auto-
motive exhaust emissions decarbonization in the next 10
years bears a high risk as there are currently no widely
available e-fuels on the market for either spark ignition
or compression ignition engines.

The current EU legal regulations focus on e-mobility,
leaving no room for other potential technologies or
technological competition in achieving the set climate
goals. However, this approach means a departure from
the current practice and the adoption of a balance be-
tween different technologies. Worse, the issue will not
be discussed again in the EU until 2023. Moreover, the
potential for CO, reduction in the existing vehicle fleet
has been so far largely ignored, and the major contribu-
tion of CO, exhaust emissions from transport has hardly
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been taken into account. Looking at the future develop-
ment of the road vehicle fleet, even assuming a signifi-
cant level of electrification of newly registered vehicles
in the coming years, significant reductions in CO, emis-
sions could be achieved even at low levels of e-fuels
blending with classic fuels. Especially considering the
huge worldwide population of vehicles with conven-
tional drive systems, not to mention the benefits of us-
ing clean e-fuels to power internal combustion engines
as long as they are adapted and optimized for the use of
such fuels.

The production and distribution of e-fuels will not be
possible without political support. All scenarios indicate
that significant amounts of e-fuels can only be produced
and sold with a subsidy level of 1.0-1.5 EUR per liter or
greater. This corresponds approximately to a cost of
300-500 EUR for every ton of CO, savings, which is
more than most, if not all, of the current biofuel subsi-
dies. Thus, a significant support of the e-fuels produc-
tion technology development would require an unprece-
dented level of political support to reduce the EU's CO,
emissions by less than 0.2%. It seems possible that re-
ductions in greenhouse gas emissions in the transport
and industrial sectors could be achieved at a lower cost
with other measures. Therefore, policymakers are con-
sidering the legitimacy and possibilities of supporting
the development of production and distribution of syn-
thetic fuels.

7. Conclusions

1)

2)

3)

4)

5)

6)

The current ecological situation forces the introduction
of CO,-neutral fuels with a reduced potential harm to
human health and the environment. First generation
synthetic fuels, classified as hazardous substances,
cannot meet these requirements. Therefore, it is neces-
sary to introduce the second generation of fuels
(e-fuels), which will be less harmful to the human
health and the environment. In order to achieve this, as
a result of an extensive selection process, C1 OME; 5
fuels and DMC/MF (DMC+) have been proven to be
particularly suitable for CI and Sl engines respectively.
Synthetic fuels are technically feasible and commer-
cially viable, especially provided the availability of re-
newable energy. Synthetic fuels will support the pro-
duction of H, and the circular CO, economy.

Synthetic fuels produced with electricity obtained from
renewable energy sources can significantly reduce the
carbon footprint of combustion engine vehicles that are
already in operation.

E-fuels make it possible to optimize the use of the
global potential of solar and wind energy around the
world.

E-fuels can be easily stored and safely transported over
long distances without any waste of energy. They solve
one of the main problems related to the energy trans-
formation: the inability to continuously supply the grid
with renewable energy, and thus its continuous availa-
bility.

The use of e-fuels in cars with internal combustion
engines (ICEs) will not solve the air pollution problems
to the extent set by the EU. Tests of three different

7)

8)

9)

10)

e-fuels, in a Euro 6d-temp compliant car on a chassis
dynamometer in WLTC and RDE cycles, described in
detail in [21], have shown that e-fuels are not clean
combustion fuels and, apart from particulate emissions,
they will not significantly contribute to reducing the
exhaust emission of both regulated and unregulated
toxic pollutants, relative to E10 fuel. However, other
studies show significant benefits in terms of reducing
CO, emissions in the life cycle of an e-fuel vehicle
[38]. Some studies point to the great potential of
e-fuels to improve engine efficiency [13].

The conducted tests have shown that e-fuels do not
have a large impact on the amount of NO, emissions
released, and therefore one of the most harmful com-
ponents of exhaust emitted by internal combustion en-
gines of vehicles remains mostly unaffected. No signif-
icant effect of e-fuels use on hydrocarbon emissions
was observed in RDE tests. On the other hand, the
emission of toxic carbon monoxide increased signifi-
cantly, as well as the emission of ammonia, which con-
tributes to the increase in the emission of particulate
matter [21]. However, other studies emphasize that
even the admixture of e-fuels to conventional gasoline
is enough to reduce PM, NO, and HC emissions from
an Sl engine [38].

The results of the greenhouse gas emissions measure-
ments carried out in the performed WLTC and RDE
tests indicated that the use of e-fuels in road transport
is unlikely to be entirely climate neutral. While it is
widely assumed that CO, emissions from burning
e-fuels produced through the use of direct atmospheric
CO, capture are carbon neutral, the production of the
two more potent greenhouse gases — methane and ni-
trous oxide — in the engine and the exhaust emission
control system is not taken into account. At the same
time, the research described in [6] proves that the cu-
mulative GHG emissions of e-fuels powered vehicles
are fully competitive to the corresponding emissions
generated in the BEV or FCEV in their whole life cy-
cle.

The results of the research that has been carried out on
the impact of e-fuels on the exhaust emissions of regu-
lated and unregulated exhaust components and GHG
from internal combustion engines often present incon-
sistent results. These conflicting assessments are
caused by testing e-fuels of different origins, composi-
tion, use of different test methods, different engine
generations and different adaptation (optimization) of
the engines themselves and their exhaust aftertreatment
systems to be powered by e-fuels.

Second-generation synthetic fuels (e-fuels) can provide
a significant reduction in the exhaust emission of harm-
ful components and greenhouse gases from internal
combustion engines, making them potentially useful
even after 2050.
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Nomenclature

BEV  battery electric vehicles NMOG non-methane organic gases

CH, methane N,O nitrous oxide

Cl compression ignition NO,  nitrogen oxides

CN cetane number OME  oxymethylene ether

CoO carbon monoxide PD paraffinic diesel

CoO, carbon dioxide PM particulate mass

DMC  dimethyl carbonate PN particle number

EGR  exhaust gas recirculation PtG power-to-gas

FCEV fuel cell electric vehicles PtL power-to-liquid

FKM  fluorinated rubber PtX power-to-x

GHG  greenhouse gases RDE  real driving emissions

HC hydrocarbon RON  research octane number

HNBR hydrogenated acrylonitrile butadiene rubber Sl spark ignition

HVO hydrogenated vegetable oil WLTC worldwide light duty test cycle

MF methyl formate WLTP worldwide harmonized light vehicles test

MON  motor octane number procedure

NH;  ammonia WWEFC worldwide fuel charter
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engines using the DuralBowl technology

The article focuses on the problem of loading the combustion chamber of diesel engine pistons together with
the method of its optimization using the DuralBowl technology. Along with the growing requirements of exhaust
emission standards, the increasing competition in the efficiency of internal combustion engines, the load on the
combustion pistons increases due to the increase in pressure and temperature of fuel combustion and the
tendency to slim the structure. Numerical analyzes and analyzes of damaged pistons in diesel engines have
shown that one of the places most exposed to piston damage are the combustion chambers. There is
a concentration of thermomechanical stress at the edge of the combustion chamber, which may lead to the
destruction of the piston and the necessity to carry out overhaul of the drive unit. One of the technologies that
optimizes the strength of this zone is the DuralBowl local remelting process. This process allows for several
timesimprovement in the fatigue strength of pistons in internal combustion engines. The article analyzes the
thermomechanical load on the combustion chamber along with the impact of this load on the durability of
pistons in diesel engines. An analysis of the DuralBowl process was also performed, aimed at eliminating the
negative effects of loading the combustion chamber, extending the piston life. The analysis focused on the
microstructure of the material before and after the DuralBowl process.

Key words: diesel engines, DuralBowl, piston, combustion chamber, chamber melting

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

1. Introduction

The rapid development of the automotive industry de-
termines the search for newer directions in the develop-
ment of car components and the technology of their pro-
duction at the designers of cars with internal combustion
engines. In addition, there is a tendency to constantly
increase the performance of the internal combustion en-
gine, which forced the creation of more effectively work-
ing pistons of internal combustion engines through the use
of more durable materials, better technological treatments
and by improving the engine operating conditions [1]. It is
one of the factors determining the market success of the
engine and the possibility of its use on world markets. Its
ability to reduce the harmfulness to the environment by
meeting the required exhaust emission standards is fun-
damental for its admission to global markets. Over the
years, exhaust emission standards have changed to reduce
the limits of toxic exhaust gas components, fuel consump-
tion, and lengthening the life cycle of the engine [2]. Op-
timization of new design and operation solutions for inter-
nal combustion engines is often associated with increasing
thermal and mechanical loads on the elements surrounding
the combustion chamber of the internal combustion en-
gine. One of the significant factors affecting the strength
of the internal combustion engine components and the
degradation of the oil film is the thermal load [3]. By
using more durable materials is meant replacing aluminum
alloys with alloy steels or ductile iron. You can also influ-
ence technological procedures, i.e. the use of coatings,
changes in the structure of the material, heat treatment,
change of the surface of the pistons. Assuming staying
with aluminum alloys in the production of pistons of in-
ternal combustion engines, the use of coatings and influ-

encing the structure of the material are particularly inter-
esting, as is the case with the DuralBowl technology. It
allows you to improve fuel efficiency and minimize ex-
haust emissions from diesel engines [4].

The piston of diesel engines is expected to withstand
thermal and mechanical loads, correct thermal conductivity,
resistance to high temperature gradient, low friction coeffi-
cient, low weight. The most popular material in internal
combustion engines is aluminum alloy. It owes its populari-
ty to low weight, low production cost and sufficient re-
sistance to the conditions in the engine cylinder. As the
requirements increase, diesel engines are increasingly load-
ed, which leads to the operation of the pistons at the limit of
their endurance [5].

2. Combustion chamber damage analysis

One of the most stressed parts of the piston is the com-
bustion chamber which is most exposed to pressure and
temperature. Many studies present the edge of the combus-
tion chamber as a stress build-up [6-8]. The deformations
due to pressure are different in the main plane of the piston
along the pin bore than in the plane perpendicular thereto.
With proper engine operation, the force reaches 60,000 N
for passenger cars and up to 360,000 N for trucks. Howev-
er, these forces can be even twice as high if the internal
combustion engine is not working properly. As a result, in
diesel engines, cracks and chipping may appear on the
piston crowns [9]. For a better illustration of the zones most
exposed to destruction, Fig. 1 presents a numerical analysis
of the temperature gradient of a piston in a diesel engine. It
shows that the rim of the combustion chamber is the place
of concentration of thermal intensities, the most vulnerable
to damage.
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Fig. 1. Numerical analysis of the temperature gradient of a piston in
a diesel engine [10]

Of course, the influence of high temperature on the rim
of the combustion chamber of diesel pistons can be elimi-
nated by changing the engine operating parameters, chang-
ing the piston material, changing the piston structure, etc.
One of such design changes is the addition of a cooling
duct, as shown in Fig. 2. This design change was intro-
duced. caused that about 50% of the heat from the piston is
dissipated through the cooling channel, and to a much less-
er extent is dissipated by the piston ring part. The addition
of a cooling channel to the piston of the diesel engine also
reduced the maximum temperature of the rim of the com-
bustion chamber by approximately 30 degrees. The temper-
ature of the working medium in the combustion process can
reach even 2000°C [11]. However, with increasing envi-
ronmental requirements, increasing combustion pressures
and temperatures, the addition of a combustion chamber
may not be sufficient to provide the required strength for
aluminum diesel pistons. Other possible design changes of
the combustion chamber are shown in Table 1, together
with the determination of their influence on the durability
and performance of the piston.

27

Fig. 2. Temperature distribution of the combustion chamber of a diesel
engine piston with and without a cooling channel [11]

Stress concentration in the bottom area results in nu-
merous failures and damage to the pistons, often resulting
in engine stoppage and the need for a major overhaul. The
most common types of damage include: chipping, cracks,
melting, which are very often the result of improper engine

operation. Figure 3 shows the piston of a diesel engine with
a damaged edge of the combustion chamber. The damage
was caused by thermal fatigue associated with material
stress caused by a change in the thermal gradient of the
piston. The thermal stresses in the piston result from the
difference in temperature across the piston crown with the
flow of hot gases and the impact of the fuel. The edge of
the combustion chamber is an area of elevated temperature,
and the thermal deformation of this area is limited by the
surrounding piston material, which causes significant com-
pressive stresses over the entire area of the combustion
chamber, often exceeding the yield strength of the piston
material. After relaxation of the compressive stresses of the
cold piston occurs, the creep effect causes an increase in the
tension of the residual stresses at the edge of the combus-
tion chamber. The occurrence of these cyclic stresses caus-
es fractures of the edges of the combustion chamber.

Table.1. Influence of changes in individual features of the combustion
chamber of a piston of a diesel engine [10]

Effect

Reduce emissions of soot, hydrocarbons, carbon,

monoxide, nitrogen oxides and specific fuel

consumption [13]

Reduce specific fuel consumption and increase

crushing [14]

Increase crushing, improve air fuel mixture, and

generate higher efficiency [15]

Increase performance and reduce the generation

of polluting emissions [16]

Decrease throat diameter ratio to increase swirl

and increase turbulence [17]

Reduce emissions of nitrogen oxides [18]

Reduce the generation of smoke and generate

greater crushing [19]

Parameter
Bowl depth

Throat diameter

Bowl diameter/
depth ratio

Lip radius

Qutside diameter

Protrusion height
Bowl diameter

Fig. 3. Diesel engine piston with a chipped edge of the combustion cham-
ber [20]

Figure 4 shows the piston of a diesel engine with
a crack at the bottom from the combustion chamber to the
shell in the plane of the bolt hole. The crack originated in
the piston's combustion chamber. In pistons with a combus-
tion chamber on the inner edge of the combustion chamber,
there are two stress concentration areas in the plane of the
pin bore.
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Fig. 4. Diesel engine piston with a crack on the bottom [21]

Figure 5 shows a diesel engine piston with a melted bot-
tom. This type of damage occurs most often in direct injec-
tion diesel engines. It was created as a result of not main-
taining the proper injection pressure, which causes vibra-
tions that can raise the needles again, allowing the fuel to
enter the combustion chamber. Then, after the remaining
oxygen is used up, the fuel droplets flow to the piston
crown, where they burn at high temperature, causing the
piston crown material to soften. Erosive and mass forces
acting on the fast-flowing exhaust gas tear particles of the
softened material from the piston crown.

Fig. 5. Diesel engine piston with a melted bottom [21]

3. DuraBowl process analysis

The combustion process in diesel engines takes place in
the combustion chamber, where the pressure can reach over
200 bars and the temperature over 400 degrees. The pre-
sented analyzes of thermal and mechanical damage have
shown that the rim of the combustion chamber is particular-
ly vulnerable to damage. By analyzing the microstructure in
this area, the presence of free silicon particles decomposed

on aluminum can be detected. It should be noted that alu-
minum expands eight times more than silicon, which causes
stresses inside the piston material as the temperature chang-
es. Repeated heating and cooling of the piston material by
ignition in the cylinder can fatigue the combustion chamber
material. This type of failure is referred to as thermome-
chanical fatigue due to excessive high and low cycle fatigue
loads. That is why Federal Mogul has developed the Du-
ralBowl! technologies, which place particular emphasis on
the local improvement of the microstructure of the combus-
tion chamber rim in order to improve the strength of the
aluminum piston and increase the resistance to multiphase
thermomechanical fatigue load. Diesel pistons are subjected
to a low-cycle thermal load and a high-cycle mechanical-
thermal load due to a combustion load per engine cycle.

The DuraBowl technology enables about ten times
greater fragmentation of the microstructure than in the case
of the cast structure. The fragmentation of the structure
significantly improves the fatigue strength of the optimized
combustion chamber surface. Validation tests of pistons
with a remelted chamber and without remelting have shown
an increase in service life from 4 to 8 times [22]. The in-
crease in strength of aluminum pistons makes it possible to
ensure sufficient strength despite increasing ignition pres-
sures and temperatures in the fuel combustion process. The
process itself can be described as a local process of remelt-
ing critical zones of the combustion chamber with a modi-
fied form of tungsten inert gas welding. The DuraBowl
process is performed by a welding robot with strictly de-
fined process parameters.

The smelting process requires one pass if only the edges
of the combustion chamber are to be strengthened, and the
base of the chamber also needs to be strengthened several
times. Rapid heating of the piston surface by a welding
robot using the TIG method and then its very rapid cooling
causes fragmentation of the microstructure of the melted
chamber surface. Figure 6 shows simulations of smelting
the edge of the combustion chamber of a piston in a diesel
engine.

Fig. 6. Simulation of the fistula at the rim of the combustion chamber [22]
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Figure 7, 8 shows the edge of the combustion chamber
of an aluminum piston before and after the local DuralBowl
remelting process. Figure 7 shows the combustion chamber
before local remelting. It is a roughly machined piston.
Figure 8 shows the same piston, but after the local melting
of the combustion chamber edge. You can see the surface
change caused by the TIG melting method. The surface is
smooth, uniform without any discontinuities. The following
parameters play the most important role in this process:
current type and intensity, arc voltage, welding speed, type
and flow rate of shielding gas, diameter, shape and type of
non-consumable electrode, balance and frequency of cur-
rent, method of cooling. Appropriate selection and stability
of these parameters guarantees obtaining the appropriate
structure of the melted material.

Fig. 7. Combustion chamber of an aluminum piston before the local
DuralBowl remelting process

Fig. 8. Combustion chamber of an aluminum piston after the local
DuralBowl remelting process

Figure 9 shows the structure of the melted rim of the
piston combustion chamber. The depth of the penetration is
about 3 mm in depth. The transition of the fragmented
microstructure into the native material of the piston casting
is smooth. The hardness measured on the Brinell scale in
the remelted zone is about 140 HB, while in the zone of the
piston parent material it is about 110 HB.

The comparison of materials before and after the Du-
ralBowl process showed that the microstructure of the alu-

minum piston casting material after the remelting process is
ten times smaller than the microstructure of the remaining
casting. The microstructure of the silicon and intermetallic
phases was fragmented. The silicon phase in the piston
casting has a size of 50 um, after the DuralBowl process,
the microstructure of the silicon phase is 4-5 pm. Figure 10
shows the transition of the microstructure of the melted rim
of the combustion chamber into the microstructure of the
native casting of the piston. On the left side of the drawing
you can see the microstructure of the casting, while on the
right side the fragmented microstructure after the local
remelting of the DuralBowl process.

Fig. 10. DuralBowl remelting microstructure

The fatigue strength tests to temperature changes
showed that the change of structure in the DuralBowl
process increased the resistance to microcracks and mi-
croplasticity caused by sudden changes in the operating
temperature many times over. This is due to a mismatch in
thermal expansion between the aluminum alloy phases of
the pistons of internal combustion engines. The differ-
ences in thermal expansion between the phases are eight-
fold, which causes fatigue in the event of a sudden tem-
perature change [23].

Conclusions

The growing requirements of customers regarding the
efficiency of combustion engines and exhaust emissions

94

COMBUSTION ENGINES, 2023;192(1)



Optimization of the combustion chamber strength of aluminum pistons in diesel engines using the DuralBowl technology

have forced engine designers to design new construction
solutions working at the limit of their endurance. The oper-
ating pressure and the fuel combustion temperature are
increased. As a result, aluminum pistons, especially in
diesel engines, work at the limit of their strength. Numeri-
cal analyzes and analyzes of damaged pistons have shown
that the area most vulnerable to damage to the piston of
a diesel engine is the edge of the combustion chamber. It is
subjected to the highest thermal and mechanical loads.

In order to meet these growing requirements, it was
necessary to introduce changes in the structure of aluminum
pistons or the technology of their production. Changing the
material is not always advisable as steel is much heavier
and economically more expensive to produce. Therefore, in
order to improve the strength of aluminum pistons in diesel
engines, a team of engineers at Federal Mogul developed
the DuralBlowl technology, which consists of pretoping the

rim of the combustion chamber. The much higher cooling
speed than in the casting will make the microstructure of
the melted rim much smaller than in the rest of the alumi-
num piston. The change in structure results in an increase in
hardness and resistance to thermal and mechanical mi-
crocracks. Melted combustion chamber pistons in diesel
engines are more durable and reliable than standard pistons.

In the current application, the DuralBlowl local remelt-
ing technology is used especially for large aluminum pis-
tons for diesel engines. However, a significant increase in
the requirements of exhaust gas standards results in increas-
ing the pressure and temperature of fuel combustion in
passenger cars. For this reason, part of the market for alu-
minum pistons has been replaced with steel pistons, howev-
er, in the further part aluminum pistons show great devel-
opment potential, supported by new technologies such as
DuralBlowl.
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point of the engine oil were described. In the further part, the research stand and methodology were presented.
In the main part of the article the flash point values for new and used oil compared to oils with the effective
microorganisms and silver compounds addition were shown. New and used oil samples were mixed with
effective microorganisms in the form of a liquid (2.5 ml and 5 ml) and ceramic tubes (3 pcs and 6 pcs). In

addition, silver solution and silver compounds were mixed in the same amounts as the liquid effective
microorganisms. In summary it was stated, that adding of the effective microorganisms to the fresh oil in liquid
form causes the flash point to drop significantly. It follows that effective microorganisms in liquid form have
a very negative effect on the properties of the oil. In the case of microorganisms in the form of ceramic tubes,
which in this larger amount slightly increase this point compared to oil without additives. Regardless of the type
of silver and its quantity, very low flash point values were obtained. For used oil the best results are obtained
with the addition of microorganisms in liquid form. For the used oil the addition of silver compounds does not
have the beneficial effect of restoring the original properties.
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1. Introduction

Currently an increasing influence, in connection with
the tightening of regulations on the emission of toxic com-
pounds and carbon dioxide (CO,) into the atmosphere, have
alternative drives that are under intense development. Nev-
ertheless, internal combustion piston engines, including
marine engines, are still developed and improved to meet
these stringent standards [3, 4, 6, 8, 11, 18].

Due to its design, the operation of the piston engine is
not possible without a properly selected lubricating oil.
Lubricating oil is an integral part of any internal combus-
tion engine and must meet all the design requirements set
by the engine constructor [2, 17, 22].

As a result of work in the engine, the oil undergoes the
processes of oxidation, aging and destruction. The oil oxi-
dation products and aging create sludges, carbon deposits
and varnishes that change the physicochemical properties of
the oil and are highly corrosive to metal parts of the engine.
In order to counteract these phenomena, the oil is mixed
with additives. One of them are biocides that are harmful to
the environment. Therefore, additives are currently being
sought that will fulfill this role at the current level and will
be environmentally friendly [1, 7, 9, 20, 23].

For this purpose, it was decided to check the effect of
the addition of effective microorganisms and colloidal
silver on the value of the ignition point of engine oil. The
flash point is the lowest temperature at which airborne oil
vapors can ignite on contact with a flame and should be as
high as possible because it affects oil consumption. So it is
very important to check that these additives will not deteri-
orate the properties of the oil in this regard. The flash point
is another parameter investigated because the influence of
these additives on the acid number, base number and vis-

cosity of the engine oil [12-14] was previously investigat-
ed. These studies show that it is worth conducting research
in this direction, with better results improving the properties
of the oil obtained for effective microorganisms than for
nanosilver. For used oil, it is better to add microorganisms
in liquid form, and to new oil, microorganisms in the form
of ceramic tubes, from which they are slowly released into
the engine oil. As for nanosilver, the results were similar
for used oil and new oil, which shows that the addition of
silver does not have such a positive effect on the improve-
ment of oil properties as effective microorganisms.

The article presents the research results for new and
used oil with and without the addition of effective microor-
ganisms and silver compounds as oil enriching agent to
slow down the process of microbiological degradation of
lubricating oil [21].

2. Engine oil and additives improving

the properties of the oil

The primary task of the oil is to lubricate the moving
parts of the engine over a wide temperature range. This is
done by creating a durable and break-resistant oil film. Its
role is to separate the mating engine parts from each other
and reduce the friction coefficient, which will significantly
reduce the wear of mating engine parts. This function is
related to the viscosity of the oil, i.e. its ability to separate
the cooperating elements from each other. Immediately
after starting the engine, the oil should reach all friction
nodes and create an oil film of appropriate thickness and
strength. At the same time, its continuity must be main-
tained in order to prevent even point contact of the mating
metal parts.

The second very important function of engine oil is heat
dissipation, which is especially important in modern turbo-
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charged combustion engines. Due to the fact that some
engine components can reach very high temperatures, the
task of the oil is to extract large amounts of heat from them.
For this reason, a high flash point of the lubricant, adequate
temperature stability and protection against oxidation at
high temperatures are important.

A very important function is to keep the engine clean,
which has a positive effect on the technical condition of the
engine. The oil prevents the build-up of low- and high-
temperature contaminants that remain dissolved in the oil. It
is important to properly add improvers so that the oil does
not become the cause of its degradation due to, for exam-
ple, increased microbial contamination that may occur in
petroleum products. For this reason, an important element
is the prevention and protection of petroleum products
against microbial contamination. Such protection may in-
clude physical methods such as settling, fuel filtration or
thermal decontamination, and a chemical method. Physical
methods are less burdensome to the environment, but unfor-
tunately their use is limited. For this reason, other agents
are used, which include biocides, i.e. compounds of syn-
thetic or natural origin. Biocides are pesticides that are
used, inter alia, to combat or limit the growth of microor-
ganisms in petroleum products. Xbee cleaners are also used
in the storage of petroleum products to help eliminate wa-
ter, reducing deposits such as rust [43, 44].

Due to the fact that physical and thermal methods are
ineffective, and chemical methods use highly concentrated
substances that have a detrimental effect on the natural
environment, it is necessary to develop effective, environ-
mentally friendly methods of combating the phenomenon of
microbiological contamination of fuels and oils. These
methods should take into account both technical aspects
and the specificity of the processes taking place in the fuel
and lubricating systems [15].

One of such measures may be effective microorganisms,
that is, specially and properly selected smallest organisms
on Earth. The composition of 81 different strains of aerobic
and anaerobic microorganisms (Fig. 1), incl. lactic acid
bacteria, yeast, photosynthetic bacteria, mold or actinomy-
cetes. It was developed by Professor of Horticulture Teruo
Higa from the Agricultural Academy of Ryukyus Universi-
ty in Okinawa, Japan. According to the creator, properly
and systematically introduced into the environment give it
the potential of biodynamic self-renewal and regeneration
[10, 27].

Photosynthetic bacteria using available conditions, eg
CO,, temperature, produce useful biochemical active com-
pounds from organic matter or toxic gases. Lactic acid
bacteria also slow down the growth of harmful bacteria.
Another important component of the mixture is yeast.
Thanks to fermenting mushrooms, organic matter is de-
composed and unpleasant odors are neutralized. The princi-
ple of operation of EM is based solely on natural processes,
they are not genetically modified and completely environ-
mentally friendly [16, 18, 19, 34, 35, 37, 40].

Another environmentally friendly measure can be the
use of silver. This chemical element has long been used for
protective and healing purposes. Silver is also used in fil-
ters, as well as to clean the air of microbes and water in

closed spaces, e.g. in airplanes. The silver ionization meth-
od contributed to the enhancement of the disinfecting effect
of this element. Silver ionization, like copper ionization,
has found application in the elimination of some bacteria
[5, 32]. Silver is also used in the form of nanosilver.

EM (Effective Microorganisms)
J8

Phototrophic bacteria

1
Acﬂnomyce(es

Lactic acid bacteria

Fig. 1. A composition composed of various strains of aerobic and anaero-
bic microorganisms that are part of effective microorganisms [39]

Nanosilver is microscopic particles - silver ions that can
only be observed through an electron microscope. Thanks
to the fragmentation of silver into nanoparticles with a size
of 1 to 5 nm, the effectiveness of using the bactericidal,
fungicidal and virucidal properties of silver has increased
incomparably. Crushed silver to nanoparticles has a dispro-
portionately larger active surface, and thus a previously
unattainable biocidal potential. The effectiveness of na-
nosilver includes the elimination of over 99.99% of bacte-
ria, fungi, viruses and mold. Nanosilver is able to attach to
bacterial cell membranes and block their production of
enzymes necessary for reproduction and growth.

3. Flash point as one of the parameters

characterizing engine oil

The flash point for oil is the lowest temperature at
which an oil sample develops sufficient vapours under
specified conditions for the air-vapour mixture above the
sample to ignite for the first time without continuing to
burn afterwards. If the oil-air mixture burns for at least five
seconds or longer, this is referred to as the focal point of the
oil. The focal point is usually only a few degrees Celsius
above the flash point. The flash point alone is not a suffi-
cient quality feature of oil, nor does it allow conclusions
about the suitability of the oil. Moreover, they cannot be
drawn on the subject of oil consumption in internal com-
bustion engines. The flash point is an important constant for
any type of lubricant, therefore each oil is tested for its
flash point. The flash point contributes significantly to the
scope of the lubricant application. Each oil has a different
flash point. Depending on the application, a certain flash
point may also be required. Basically, it can be said that the
flash point of paraffin-based oils with a density between
860 and 890 kg/m® is between 200 and 280°C. For naph-
thene-based oils with a density between 890 and 960
kg/m® flash points of 235°C and lower are reached [24,
25, 36, 38].

In the case of engine oils for passenger cars, flash points
of 200°C to 270°C are usually achieved. Some special oils
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for industrial applications can reach flash points above
300°C.

Particularly in combustion engines, the oil may mix
with fuel after prolonged periods of use, resulting in oil
dilution. The entry of foreign substances, fuel or water is
also the reason why the flash point of other oils could drop.
If the flash point of the oil sample falls below 150°C, the oil
should be changed to reduce the risk of fire.

As shown in Table 1, flash points for conventionally re-
fined mineral oils can range from 165°C for an ISO 22
viscosity oil to a high 260°C for an ISO 1000 viscosity oil.
Flash points also vary somewhat within viscosity grades as
influenced by the crude oil type and refining process [33].

Table 1. Typical flash points of industrial lubricants [33]

Used oil

EM3pcs

EM 6 pcs

Fig. 2. Fresh oil, with the addition of effective microorganisms in liquid
form and ceramic tubes and used oil

. Flashpoint
Oils ISO VG °C F
22 165 329
100 224 435
150 226 439
220 232 450
320 236 457
460 236 460 New oil
680 238 460
1000 260 500

As previously mentioned, synthetic lubricants typically
exhibit higher flash points than their mineral-oil counter-
parts. Therefore, it is sometimes possible to detect a wrong
or mixed oil with the use of flash point testing. However,
from a practical standpoint, other routine tests such as infra-
red spectroscopy, TAN viscosity and color are more effec-
tive in alerting users to wrong or mixed lubricants. In these
instances, the flash point test better serves in a confirming
role.

4. The research stand, materials and metodology

5W30 synthetic oil was used for the tests, which slightly
changes its viscosity during temperature changes. As a
result, it perfectly lubricates engine parts, while protecting
it against deposits of carbon deposits, sludge and other
harmful impurities that can accelerate its wear. At the same
time, the specificity of 5W30 oil allows it to maintain its
fluidity even at very low temperatures, which significantly
facilitates engine start-up in winter.

The new oil had a dynamic viscosity at 2°C at the level
of 598 mPas, while at 63°C (the maximum temperature
obtained on the viscometer), it was 26 mPa-s. In addition,
the flash point was measured, which is 212.44°C.

Used oil, the same type as the new one, i.e. 5W30 syn-
thetic, was also used for testing. This oil was used in a
compression ignition engine under variable conditions and
had a mileage of approx. 15,000 km.

The dynamic viscosity of the oil at 2°C is 697 mPas,
while at 63°C — 24.5 mPa-s, additionally, the ignition point
was measured, which was 198.8°C.

Before starting the research, effective microorganisms
and silver were added to the oil about 4 weeks earlier.

Figures 2 and 3 show samples of new oil, new oil
with additives and used oil. In the case of used oil, the
color and appearance were the same no matter what
additives were added.

Used oil SS2.5ml SS5ml

Fig. 3. Fresh oil, with the addition of silver solution (SS) and colloidal
nanosilver (CN) in liquid form and used oil

Effective microorganisms in liquid form (2.5 ml and 5
ml per 100 ml of oil) and in the form of ceramic tubes (3
pieces and 6 pieces with a diameter of 9 mm and a height of
11 mm for 100 ml of oil) was added to fresh and used oil.

Effective microorganisms of the commercial form pre-
sented in Fig. 4 were used for the research.

Fig. 4. The commercial form of effective microorganisms in liquid form
and ceramic tubes [29, 31]

In addition, silver solution and colloidal nanosilver were
added to fresh and used oil in the same proportions as for
effective microorganisms (2.5 ml and 5 ml per 100 ml of
oil). Nanosilver was used for the tests in the commercial
form shown in Fig. 5.

Determination of the flash point for new and used oil
using an automatic apparatus for testing the flash point in a
closed crucible — EraFLASH was carried out (Fig. 6). The
device advantages are the speed and precision of determina-
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tions, the patented technology of heating and cooling from
—25°C to +420°C (in one apparatus), and the applied meth-
ods of determination according to the standards: ASTM D
6450 and D 7094.

Fig 5. The commercial form of colloidal nanosilver and silver
solution [26, 30]

Fig. 6. Apparatus for testing the flash point in a closed cup — EraFLASH
[41, 42]

ERAFLASH is a device that enables the measurement
of the flash point for all types of fuels, such as diesel oil,
fuels, biofuels, solvents, fragrances and flavors, paints,
varnishes, residual fuels, marine fuels, tars, asphalts and
solid substances. The apparatus can also be used to deter-
mine the degree of fuel dissolution in the engine oil. Be-
sides, it is easy and convenient to use also in the field.

A small amount of sample: 1 ml for the ASTM D 6450
method or 2 ml for the ASTM D 7094 method and the cru-
cible closed during the test, guarantee the highest safety for
the laboratory. The sample is heated in the closed measur-
ing chamber from above. An electric arc is used for igni-
tion. This device uses neither open flame nor electric fila-
ment. The flash point is measured as the point where the
pressure of the gases in the measuring chamber increases
rapidly. The use of small samples reduces the costs of col-
lecting, storing and disposing of samples and beakers after
analysis, and also facilitates the cleaning of the device [28].

As for the tests of the samples that were used to make
the graphs and analysis, they were carried out in accord-
ance with the ASTM D7094 standard.

5. Results and analysis of research

In order to analyse oil flash point for each samples, the
test results are presented in the form of graphs in Figs 7, 9,
11 and 13. These graphs show the variation in the value of
the oil's flash point after adding to fresh and used oil effec-
tive microorganisms in liquid form and in the form of ce-

ramic tubes. In addition, silver solution and colloidal na-
nosilver were added to fresh and used oil in the same pro-
portions as for effective microorganisms. Each sample of
pure oil and oil with additives were tested three times.
However, the article presents the average result for each
case.

215
-‘ M Fresh oil

210
14 H Fresh oil with EM 6 pcs
E 205 -
g_ M Fresh oil with EM 3 pcs
< 200
E M Fresh oil with EM 2,5 ml

195 A

Fresh oil with EM 5 ml
190 -

Fig. 7. Flash point oil of fresh oil and fresh oil with EM in ligiud form and
ceramic tubes

Analyzing the results obtained, it can be seen in Fig. 7,
that for fresh oil the flash point is 213°C. On the other hand,
adding of the effective microorganisms to the oil in the
amount of 2.5 ml causes the flash point to be lowered to
200°C, while the greater amount of liquid additive, i.e. 5
ml, lowers this value further to 199°C. It follows that effec-
tive microorganisms in liquid form have a very negative
effect on the oil properties, so they should not be added to
the new oil. The situation is different in the case of micro-
organisms in the form of ceramic tubes. The analysis of the
graph shows that the addition of three pieces of ceramic
tubes has no effect on the oil, because the flash point value
is at the same level as for oil without the addition of micro-
organisms. A larger number of ceramic tubes, i.e. in this
case six pieces, even slightly increases this point to the
value of 231.5°C. The graphs in Fig. 8 for acid and base
numbers also show that the effective microorganisms in the
form of ceramic tubes do not increase the acid number and
do not significantly reduce the base number of new oil. This
confirms that the best choice will be to add effective micro-
organisms to the new oil, but only in the form of ceramic
tubes.

3.0 1

) H Fresh oil
z 1 =70 H Fresh oil
g2 235
X I
i O 30 -

léh 2.0 Fresh oil fn 3.0 o ‘
5 15 | withem € 2 = Fresh oil
2 5ml 5 20 1 with EM 6
£ 1.0 o pcs.

! i 1.5 A
g .Fr‘ei‘h ol g 1.0 - Fresh oil
2 0.5 with EM 2L e
< 00 A 6 pcs g 05 o

' @ 0.0

Fig. 8. Acid and base number of fresh oil and fresh oil with EM in liquid
form and ceramics tubes
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In Fig. 9 is shown the oil flash point for fresh oil and
fresh oil with the addition of colloidal nanosilver and silver
solution. Regardless of the type of silver and its quantity,
very low flash point values were obtained, i.e. for colloidal
nanosilver 2.5 ml and 5 ml — 200°C and 198°C, respective-
ly, while for silver solution 2.5 ml and 5 ml — 207°C and
201°C compared to 213°C for oil without any additives.
The highest value of the flash point can be observed for the
silver solution of 2.5 ml, but this temperature level is still
unacceptable due to the fact that oil vapors may ignite in
such conditions when they come into contact with a flame.
Larger amounts of additives result in even lower flash point
values.

215 W M Fresh oil

210 M Fresh oil and silver

solution 2,5 ml

205 - M Fresh oil and silver
solutiin 5 ml

M Fresh oil and colloidal
nanosilver 2,5 ml

200

Flash point [°C]

195 A ) )
Fresh oil and collidal

nanosilver 5 ml

190 -

Fig. 9. Flash point oil of fresh oil and fresh oil with colloidal nanosilver
and silver solution

The acid and base number graphs presented in Fig. 10
confirm the negative effect of such an addition to the oil,
because the addition of silver, for example in the amount of
5 ml, increases the acid value and significantly reduces the
base number of new oil. This phenomenon occurs regard-
less of the type of silver added. Basically, adding silver to
new oil does not have any justification, because even before
pouring it in the internal combustion engine, we have much
worse properties than new oil, and the operation of engine
oil in difficult conditions will only accelerate its decompo-
sition.

4.0 M Fresh oil
3.0 i :l
- '| M Fresh oil Eﬂ 35
32.5 N % 3.0
M
%20 1 . ‘é" 2.5 Fresh oil
£ Freshoiland &£ 20 A and
= 1.5 4 colloidal i .
b [
2 1.0 nanosilver 5 -E 15 Ezlrizlsdiiller
g . ml . g 1.0 1 E ml .
€ 0.5 BFreshoiland g M Fresh oil
% silver 8 0.5 1 and silver
< 0.0 - solutons5ml © 0.0 - solution 5
ml.

Fig. 10. Acid and base number of fresh oil and fresh oil with colloidal
nanosilver and silver solution

Figure 11 shows the flash point for used oil without ad-
ditive and comparison with used oil with the addition of
effective microorganisms, the same as for fresh oil, i.e. in
liquid form and in the form of ceramic tubes. In order to
visualize, how much the flash point dropped for used oil,

the results were compared with the value for fresh oil. The
analysis of the graphs shows that, unlike for fresh oil, the
best results are obtained for oil with the addition of micro-
organisms in a liquid form, because the flash point of used
oil without any additives is 199°C (for fresh oil it is 213°C),
while with the addition of effective microorganisms in the
amount of 2.5 ml and 5 ml, respectively 203°C and 202°C,
and for effective microorganisms in the form of ceramic
tubes in the amount of 3 pcs and 6 pcs, respectively 197°C
and 198°C. This means that the effective microorganisms in
the form of ceramic tubes lower this flash point even more
compared to the original value.

Fresh oil
M Used oil
H Used oil with EM 2,5 ml

m Used oil with EM 5 ml

Flash point [°C]

M Used oil with EM 3 pcs

M Used oil with EM 6 pcs

Fig. 11. Flash point oil of used oil and used oil with EM in liquid form and
ceramic tubes

The acid and base numbers presented in Fig. 12 also
confirm that the use of effective microorganisms in liquid
form in the used oil gives better parameters, because effec-
tive microorganisms in the form of ceramic tubes increase
the acid number much more, while reducing the base num-
ber. This is very disadvantageous for the components of the
internal combustion engine.

w6 T . I 14 -‘ m Used oil

~ ] W Used oil > 12

I T .

o5 1] S

By w1 A

k3 H Used oil E 08 | B Used oil

o 3 1 with EM 5 with EM

£ 5 | 2,5 ml £ 06 1 2,5ml

2 U?'Ed oil 2 04 Used oil

z ! withEM6 g ] with EM

<0 pes a8 6 pcs
0 B

Fig. 12. Acid and base number of used oil and used oil with EM in liquid
form and ceramic tubes

Graphs for used oil without additives and with silver ad-
ditives as colloidal nanosilver and silver solution are shown
in Fig. 13. Their analysis shows that without any additives
the oil flash point is 199°C (for new oil it is 213°C) and the
oil with the 5 ml silver solution addition, for which the flash
point is almost 198°C, is the closest to this value.

Also for the amount of 5 ml, but this time for the colloi-
dal nanosilver, this point is 194°C. The smaller amount of
silver, i.e. 2.5 ml, significantly lowers the flash point to
a temperature of 186°C for colloidal nanosilver and 191°C
for silver solution. In general, the addition of silver does not
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improve the properties of the oil, so it makes no sense to
add such compounds to the used oil. It follows that in this
case both types of silver in this larger amount, i.e. 5 ml,
have the least negative influence on the flash point.

Fresh oil

220 '|"—

210 +1 M Used oil
(%)
o
€ 200 Used oil and colloidal
S nanosilver 5 ml
-‘cm“ 190 B Used oil and colloidal
o 180 nanosilver 2,5 ml

M Used oil and silver
170 - solution 5 ml

M Used oil and silver
solution 2,5 ml

Fig. 13. Flash point oil of used oil and used oil with colloidal nanosilver
and silversolution

The acid and base number graphs (Fig. 14) show that
better values were obtained for colloidal nanosilver in the
amount of 5 ml. This applies to both acid number and base
number. On the other hand, the addition of the silver solu-
tion resulted in the highest value of the flash point, but also,
unfortunately, a further increase in the acid number and a
decrease in the base number. This makes this additive un-
suitable for improving the properties of the oil, causing a
counterproductive effect. In general, the addition of silver
compounds does not have the beneficial effect of restoring
the original properties, preferably those of the new oil.

617 M Used oil
o0 -‘ sedel — 16 1 ® Used oil
=57 CEVE
g 3
%4 1.2 -
tén 4 Used oil and fo 1 .
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S < nanosilver 5
521 m € 06 1 |
< W Usedoiland 2 m
2 1 silver o 0.4 7 M Used oil and
S ) .
< solution 5 ﬁ 0.2 A silver

0 - ml o0 solution 5 ml

Fig. 14. Acid and base number of used oil and used oil with colloidal
nanosilver and silver solution

Figure 2 shows the color of the samples, which shows
that after adding microorganisms in a liquid form to the
new oil, they became an oil-water emulsion and in this form
are not suitable for use as a lubricating oil (there is probably
some decomposition and release of water bound in the oil
or a chemical reaction that resulted in the formation of such
a large amount of water, which is related to the composition
of the liquid additive of effective microorganisms).

The situation is different for the addition of microorgan-
isms in the form of ceramic tubes, in which the microorgan-
isms are bound and do not mix with the oil as in liquid
form. It follows that only effective microorganisms are
released into the oil, and due to the fact that they are not in

liquid form, the oil has a clean and clear appearance. Silver
solution and colloidal nanosilver were also added to the
fresh oil in the amounts of 2.5 ml and 5 ml.

These photos in Fig. 3 show that additives caused the
formation of a water-oil emulsion. In this form, the lubricat-
ing oil will not properly perform the tasks for which it was
intended.

In used oil additives were added after using the oil. Pre-
vious research show that better parameters for used oil are
obtained by adding EM in liquid form. The best additive for
new oil are effective microorganisms in the form of ceramic
tubes, and for used oil, the addition of effective microor-
ganisms in the liquid form works best. As for silver, they
adversely affect the parameters of both new and used oil.

6. Conclusions

The article presents research of flash points for new and
used oil with the addition of effective microorganisms and
silver solution. Additionally, the acid and base numbers for
selected mixtures were presented in order to confirm the
obtained results.

This work shows the variation in the value of the oil's
flash point after adding to fresh and used oil effective mi-
croorganisms in liquid form and in the form of ceramic
tubes. In addition, silver solution and colloidal nanosilver
were added to fresh and used oil in the same proportions as
for effective microorganisms. Each sample of pure oil and
oil with additives were tested three times. However, the
article presents the average result for each case.

Analyzing the results obtained, it can be seen, that for
fresh oil the flash point is 213°C. On the other hand, adding
of the effective microorganisms to the oil in the amount of
2.5 ml causes the flash point to be lowered to 200°C, while
the greater amount of liquid additive, i.e. 5 ml, lowers this
value further to 199°C. It follows that effective microorgan-
isms in liquid form have a very negative effect on the oil
properties, so they should not be added to the new oil. The
situation is different in the case of microorganisms in the
form of ceramic tubes. Three pieces of ceramic tubes has no
effect on the oil, because the flash point value is at the same
level as for oil without the addition of microorganisms. A
larger number of ceramic tubes, i.e. in this case six pieces,
even slightly increases this point to the value of 231.5°C.

The acid and base number charts also confirm that add-
ing effective microorganisms to the new oil in the form of
ceramic tubes is the best choice.

Regardless of the type of silver and its quantity, very
low flash point values were obtained, i.e. for colloidal na-
nosilver 2.5 ml and 5 ml — 200°C and 198°C, respectively,
while for silver solution 2.5 ml and 5 ml — 207°C and 201°C
compared to 213°C for oil without any additives. The high-
est value of the flash point can be observed for the silver
solution of 2.5 ml, but this temperature level is still unac-
ceptable due to the fact that oil vapors may ignite in such
conditions when they come into contact with a flame. Larg-
er amounts of additives result in even lower flash point
values. Basically, adding silver to new oil does not have
any justification, because even before pouring it in the
internal combustion engine, we have much worse properties
than new oil, and the operation of engine oil in difficult
conditions will only accelerate its decomposition.
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The acid and base number diagrams only confirm the
negative effect of such an oil additive, because the addition
of silver increases the acid value and significantly lowers
the base value of the new oil. This phenomenon occurs
regardless of the type of silver added.

In order to visualize, how much the flash point dropped
for used oil, the results were compared with the value for
fresh oil. For fresh oil, the best results are obtained for oil
with the addition of microorganisms in a liquid form, be-
cause the flash point of used oil without any additives is
199°C (for fresh oil it is 213°C), while with the addition of
effective microorganisms in the amount of 2.5 ml and 5 ml,
respectively 203°C and 202°C, and for effective microorgan-
isms in the form of ceramic tubes in the amount of 3 pcs and
6 pcs, respectively 197°C and 198°C. This means that the
effective microorganisms in the form of ceramic tubes lower
this flash point even more compared to the original value.

The acid and base number presented in the graphs also
confirm that when microorganisms are applied to used oil,
better parameters are obtained for oil in the liquid form of

this additive, because in the ceramics form they increase the
acid number much more, while lowering the base number,
which is very unfavorable for internal combustion engine
components.

Then an analysis was made for used oil without addi-
tives and with silver additives as colloidal nanosilver and
silver solution, where without any additives the oil flash
point is 199°C (for new oil it is 213°C) and the oil with the
5 ml silver solution addition, for which the flash point is
almost 198°C, is the closest to this value.

Also for the amount of 5 ml, but this time for the colloi-
dal nanosilver, this point is 194°C. The smaller amount of
silver, i.e. 2.5 ml, significantly lowers the flash point to a
temperature of 186°C for colloidal nanosilver and 191°C for
silver solution. In general, the addition of silver does not
improve the properties of the oil, so it makes no sense to
add such compounds to the used oil. It follows that in this
case both types of silver in this larger amount, i.e. 5 ml,
have the least negative influence on the flash point.

Nomenclature

ASTM American Society for Testing and Materials
Co, carbon dioxide
EM effective microorganisms

ISO
TBN

International Organization for Standardization
total base number
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