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Abstract

The transportation industry is transforming the “Resource-efficient Europe”
initiative to promote economic progress, increase competitiveness, and deliver
high-quality mobility promotion services. This initiative encourages using locally
sourced renewable biofuels, such as biobutanol-based fuel, to reduce ecological
impact and increase renewable energy sources in overall energy consumption.
Researchers in Lithuania explore second-generation biodiesel mixtures and
biobutanol for further integration in the Lithuanian transport sector.

The quest for sustainable and environmentally friendly fuel alternatives for
internal combustion engines has led to exploring second-generation biofuels, such
as Hydrotreated Vegetable Oil (HVO) and biobutanol mixtures. This research
evaluates the energy and ecological impacts of substituting conventional diesel
with these biofuels in a compression ignition engine.

The experimental setup involved a 1.9 TDI engine type 1Z, operating at a
constant speed of 2000 rpm under varying loads and exhaust gas recirculation
(EGR) rates. Fuels tested included conventional diesel (D100), HV0O100, and
mixtures of HVO with 5%, 10%, and 20% biobutanol in percentage proportions
by volume (HVOBS5, HVYOB10, and HVOB20). Key parameters studied are brake
thermal efficiency (BTE), smoke emissions, NOx, CO, emissions, and particulate
number (PN). Theoretical investigations further analysed the correlation between
energy and ecological indicators across different fuel compositions.

The research showed that using HYO100 and its mixtures with biobutanol
greatly reduced the amount of smoke and CO; emissions compared to D100. The
emissions went down even more as the biobutanol concentration increased in
HVO. However, BTE showed a decrease with higher biobutanol concentration
under constant load conditions. Specifically, HYOB20 demonstrated a reduction
in BTE by approximately 1.4% compared to D100. NOx emissions were lowest
with HVO100, indicating a reduction in NOx generation through increased EGR
rates. Theoretical investigations underscored a strong correlation between
ecological and energy parameters, highlighting the potential of biofuel mixtures
to meet specified emission standards (Eur — Lex, 2019).

The usage of HVO and biobutanol in compression ignition engines presents
a promising avenue for improving ecological indicators without significantly
compromising energy efficiency. Nevertheless, the research identifies a need for
further research into the long-term effects of these biofuels on engine reliability
and performance. This research supports the transition towards alternative
renewable fuels, reducing smoke emissions and CO- levels, thereby contributing
to the global effort to combat climate change.



Reziume

Transporto sektorius pertvarkomas pagal iniciatyva ,,Tausiai isteklius naudojanti
Europa®, kuria skatinama ekonominé pazanga, didinamas konkurencingumas ir
ple¢iamos mobilumo paslaugos. Sia iniciatyva skatinama naudoti vietinés kilmés
atsinaujinancius biodegalus, tokius kaip biobutanolio pagrindu pagamintus
degalus, sumazinant transport priemony poveikj aplinkai ir siekiant, kad kuo
didesng¢ suvartojamos energijos dalj sudaryty i$ atsinaujinanciy Saltiniy gaunama
energija. Mokslininkai Lietuvoje tiria antros kartos biodyzelino miSinius ir
biobutanolj, kad juos integruoti Lietuvos transporto sektoriuje.

Tvariy ir aplinkg tausojanciy vidaus degimo varikliy alternatyviyjy degaly
paieskos paskatino tyrinéti antros kartos biodegalus, tokius kaip hidrinti augaliniai
aliejai (HVO) ir biobutanolio misiniai. Siame tyrime vertinamas jprasto dyzelino
pakeitimo S$iais biodegalais sléginio uzdegimo variklyje energinis ir ekologinis
poveikis.

Eksperimentuose naudotas 1,9 TDI 1Z tipo variklis, veikiantis pastoviu
2000 aps/min greiciu, esant jvairioms apkrovoms ir skirtingam iSmetamyjy dujy
recirkuliacijos (EGR) rezimui. Tirti degalai buvo jprastinis dyzelinas (D100),
HVO100 ir HVO miSiniai su 5 %, 10 % ir 20 % biobutanolio tirio (HVOBS5,
HVOB10 ir HVOB20). Pagrindiniai istirti parametrai yra: efektyvusis
naudingumo koeficientas (BTE), dumingumas, NOX, CO2 emisija ir kietyjy
daleliy skai¢ius (PN). Atliekant teorinius tyrimus analizuotas rysys tarp VDV
ekologiniy ir energiniy rodikliy esant skirtingiems degaly miSiniams.

Tyrimas parod¢, kad naudojant HVO100 ir jo miSinius su biobutanoliu
damingumas ir CO; emisija mazesni, nei naudojant D100. ISmetamyjy tersaly
kiekis mazgja, didinant biobutanolio koncentracija HVO degaluose. BTE
sumazeja esant didesnei biobutanolio koncentracijai ir pastovioms variklio
apkrovos salygoms. HVOB20 parodé, kad BTE sumazéjo mazdaug 1,4 %,
palyginti su D100. NOx emisija buvo maziausia naudojant HVO100, tai rodo, kad
padidinus EGR reZzimg susidaro maziau azoto oksidy. Teoriniy tyrimy rezultatai
atskleidé stipria ekologiniy ir energiniy parametry koreliacijg ir parodé, kad
biodegaly misiniai turi didelj potencialg ir gali atitikti keliamus emisijos
standartus (Eur — Lex, 2019).

HVO ir biobutanolio miSiniy panaudojimas sléginio uzdegimo vidaus
degimo variklyje yra perspektyvus biuidas pagerinti ekologinius rodiklius
nesumazinant energinio efektyvumo. Tyrimo metu nustatyta, kad batina toliau
tirti ilgalaikj $iy biodegaly poveikj variklio veikimo patikimumui. Siuo tyrimu
pagrindziamas peréjimas prie atsinaujinanciy alternatyviyjy degaly naudojimo,
mazinant dimingumg ir CO; i§metima, taip prisidedant prie pasauliniy pastangy
kovoti su klimato kaita.
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Notations

Symbols

BMEP — Brake Mean Effective Pressure (bar) (liet. vidutinis efektyvusis slégis);

BSFC _n — Brake Specific Fuel mass Consumption (g/kWh) (liet. lyginamosios efektyvios
degaly sqnaudos pagal masg);

BSFC v — Brake Specific Fuel volume Consumption (mI/kwh) (liet. lyginamosios
efektyvios degaly sqnaudos pagal tiirj);

BTE - Brake Thermal Efficiency (liet. efektyvusis naudingumo koeficientas);

LHV n — Lower Heating Value by mass (MJ/kg) (liet. masés Zemutinis Silumingumas);
LHV v — Lower Heating Value by volume (MJ/1) (liet. tiario Zemutinis Silumingumas);

Mg — Brake torque (Nm) (liet. sukimo momentas);

ROHR — Rate of Heat Release (liet. silumos issiskyrimo intensyvumas);

SOC - Start of Combustion (liet. degimo pradzios momentas);

SOI — Start of Injection (liet. jpurskimo pradzios momentas);

Tex — Exhaust gas temeperature (liet. ismetamyjy dujy temperatira);

A — Air excess ratio (liet. oro pertekliaus koeficientas);

72— Rotational speed of the crankshaft (rpm) (liet. variklio sukimosi daznis).

Abbreviations

AFR — Air—fuel ratio (liet. oro ir degaly santykis);
ATDC — After Top Dead Centre (liet. po virsutinio galinio tasko);
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BD20 - 20% n-butanol and 80% diesel by volume (liet. 20 % n-butanolio and 80 %
dyzelino pagal tirj);

BTDC — Before Top Dead Centre (liet. pries virsutinj galinj taskq);

BTL — Biomass to Liquids (liet. biomasés j skyScius technologija);

C/H — Carbon/Hydrogen ratio (liet. anglies ir vandenilio santykis);

CAD - Crank Angle Degree (liet. alkiininio veleno pasisukimo kampas);

Cl — Compression Ignition (liet. sléginis uzdegimas);

CO — Carbon monoxide (liet. anglies monoksidas);

CO; — Carbon dioxide (liet. anglies dioksidas);

D100 —-100% conventional diesel fuel (liet. jprastas dyzelinas);

ECU — Electronic computer unit (liet. variklio valdymo blokas);

EGR — Exhaust Gas Recirculation (liet. ismetamyjy dujy recirkuliacija);

ES — European Union (liet. Europos Sgjunga);

GHG — Greenhouse gases (liet. siltnamio efektq sukeliancios dujos);

HC — Hydrocarbons (liet. nesudege angliavandeniliai);

HRR — Heat release rate (liet. silumos issiskyrimo greitis);

HVO — Hydrotreated vegetable oil (liet. hidrintas augalinis aliejus);

HVO0100 — 100% hydrotreated vegetable oil (liet. 100 % hidrintas augalinis aliejus);
HVOB10 — 90% hydrotreated vegetable oil, 10% biobutanol (liet. misinys is 90 %
hidrinto augalinis aliejaus, 10 % biobutanolio);

HVOB20 — 80% hydrotreated vegetable oil, 20% biobutanol (liet. misinys is 80 %
hidrinto augalinis aliejaus, 20 % biobutanolio);

HVOB5 — 95% hydrotreated vegetable oil, 5% biobutanol (liet. misinys is 95 % hidrinto
augalinio aliejaus, 5 % biobutanolio);

LTC — Low Temperature Combustion (liet. Zemos temperatiiros degimas);

NO — Nitrogen monoxide (liet. azoto monoksidas);

NO; — Nitrogen dioxide (liet. azoto dioksidas);

NOx — Nitrogen oxides (liet. azoto oksidai);

0, — Oxygen (liet. deguonis);

OBD — On-board diagnostics (liet. jmontuojamoji diagnostikos jranga);

PM — Particulate matter (liet. kietosios dalelés);

PN — Particulate number (liet. kietyjy daleliy skaicius);

PODE3.4 — Polyoxymethylene dimethyl ethers (liet. polioksimetileno dimetilo eteriai);
prc— Turbocharger pressure (liet. turbinos pripitimo slégis);

RME — Rapeseed Oil Methyl Esters (liet. rapsy metilo esteris);

SB50 — 50% conventional diesel fuel, 50% sec-biobutanol (liet. 50 % jprastinis
dyzelinas, 50% sec-biobutanolis);

TB50 — 50% conventional diesel fuel, 50% tert-biobutanol (liet. 50 % jprastinis
dyzelinas, 50% tert-biobutanolis).
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Introduction

Problem Formulation

Following the European Climate Law (European, 2023) that aims to address
climate change and environmental degradation, it is crucial to implement rigorous
measures that involve legislative actions, technical advancements, and changes in
fuel policies. The Climate Neutral Europe framework, as outlined in the European
Green Deal Strategy (European, 2024), plays a crucial role in driving economic
progress and improving competitiveness by efficiently utilising resources,
specifically focusing on alternative renewable biofuels.

HVO and biobutanol fuel mixtures exhibit lower greenhouse gas (GHG)
emissions than traditional fossil fuels. The use of these fuels contributes to global
and regional goals of reducing CO- and other GHG emissions, thereby combating
climate change. The European Environment Agency reported (Environment,
2021) that in 2019, transport accounted for 25% of the carbon dioxide emissions
in the European Union, with motor travel contributing to 71.7% of this total. The
European Commission has put out legal proposals to achieve integration among
climate, energy, transport, and budgetary policy. European Green Deal strategy
(European, 2023) aims to achieve carbon neutrality by focusing on a 55%
reduction in carbon emissions by 2030 and a 90% reduction by 2040 compared to
1990 levels.



2 INTRODUCTION

In summary, using HVO and biobutanol fuel mixtures in internal combustion
engines is critical to achieving energy security, environmental sustainability, and
economic development. As the transportation sector seeks to reduce its
environmental impact, these renewable fuel mixtures offer a viable and efficient
solution.

Relevance of the Dissertation

The transition towards sustainable and environmentally friendly transportation
methods is a critical objective for mitigating the adverse effects of climate change
and reducing environmental pollution. Within this context, the relevance of using
fuel mixtures, specifically those combining HVO and biobutanol, in internal
combustion engines emerges as a potent strategy in the quest for greener
alternatives to conventional fossil fuels.

European Climate Law (European, 2023) sets a legally binding target of zero
net GHG emissions by 2050 and identified several principal sources of
environmental pollution, with energy production and transformation, the
utilisation of fossil fuels, and emissions from road transport and equipment
employing internal combustion processes being among the most significant
contributors. In light of this, the shift towards biofuels, such as HVO and
biobutanol, is not merely an alternative but a necessity for achieving a sustainable
and less pollutive future.

Integrating biobutanol into HVO fuel blends presents a promising approach
to entirely supplanting fossil diesel. This combination is particularly compelling
because it constitutes a bio-based solution that aligns with the European Union’s
stringent environmental policy objectives (European, 2024).

Finally, HVO and biobutanol fuel mixtures are useful in internal combustion
engines because they cut down on harmful exhaust emissions while still meeting
global environmental policy goals. Advancing research in this area will be pivotal
for realising the full potential of these biofuels, thereby contributing to a
sustainable and eco-friendly transportation future.

Research Object
The research object of the dissertation is the energy and ecological characteristics

of the compression ignition internal combustion engine operating with HVO-
biobutanol mixtures.



INTRODUCTION

Aim of the Dissertation

The dissertation aims to investigate the use of fuel mixtures of biological origin
consisting of HVO and biobutanol in compression ignition internal combustion
engines to determine energy and ecological characteristics.

Objectives of the Dissertation

The research concentrates on tackling the following precise and intricate elements
to accomplish the established aim:

1.

2.

3.

To investigate the HVO and biobutanol impact on the properties of fuel
mixtures and combustion process in an engine.

To investigate the energy efficiency and emissions of a compression
ignition engine running on HVO and biobutanol fuel mixtures.

To examine the influence of EGR and fuel injection time on the energy
efficiency and ecological indicators of compression ignition internal
combustion engines that use investigated fuel mixtures.

To evaluate the accuracy of experimental data from HVO and biobutanol
fuel mixtures operating compression ignition engines.

Research Methodology

To investigate the object, the following research methods were chosen:
— Classification to summarise previous studies focused on the utilisation of

biofuels in internal combustion engines by critically analysing their
advantages and limitations.

— Experience in conducting an error analysis to identify the root causes of

discrepancies that arose from using different biofuel mixtures in the
internal combustion engine experiments.

— Experimental to explore the added value of utilising HVO and biobutanol

fuel blends in enhancing the combustion efficiency, energy performance,
and ecological sustainability of internal combustion engines.

— Statistical data was obtained from the experiment for analysing and

evaluating the particular correlations associated with the usage of
biofuels in compression ignition internal combustion engines.



4 INTRODUCTION

Scientific Novelty of the Dissertation

The aspects of scientific novelty on the impact of employing different
compositions of secondary generation biofuels, namely HVO-biobutanol
(biobutanol concentration is till 20%, HVOB20), on the ecological and energy
indicators of a compression ignition internal combustion engine are as follows:
1. The original methodology was implemented to investigate the

properties of the fuel mixtures for the preparation of HVO and
biobutanol mixtures.

2. The substantial impact of SOI of the structured mixtures of HVO and
biobutanol on combustion efficiency and emissions was clarified.

3. The interaction between the biobutanol content of HVO fuel and EGR
(up to 30%) has been shown not to increase NOx emissions.

4. Pearson’s correlation approach was used to examine the association
between smoke and PN indicators in compression ignition engines.

Practical Value of the Research Findings

The significance of second-generation biofuels, such as HVO and biobutanol fuel
mixtures, lies in their stability within fuel mixtures and their cost-effectiveness.
These biofuels exhibit superior stability due to their refined production processes,
which minimise the presence of impurities and ensure consistent fuel quality.

Increasing the EGR rate up to 30% increases emissions while reducing the
negative impact on BTE and smoke emissions. Mixing biobutanol with HVO up
to 10% achieves a balance between lower emissions and combustion efficiency.
However, the use of biobutanol up to 20% results in a reduction of BTE.

To ensure optimum engine performance and efficiency, especially at various
engine loads and EGR rates, it is necessary to adjust the cyclic fuel injection to
compensate for the lower LHV of HVO and biobutanol mixtures compared to
D100. HVO effectively reduces NOx, CO; and particulate matter emissions by
improving combustion processes compared to conventional fossil fuels.
Biobutanol improves exhaust emissions by considering their impact on
combustion process efficiency and emissions such as HC.

In conclusion, the use of the HVO and biobutanol fuel mixtures represents a
sustainable path forward, harmonising environmental stewardship with economic
pragmatism. Their stability in fuel mixtures ensures reliable engine performance,
while their competitive pricing models, underpinned by advancements in
production technologies and supportive policies, make them a viable alternative
to traditional energy sources.
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Defended Statements

1. The proposed biofuel mixtures, which meet fuel quality standards, are
suitable for use in place of fossil fuels.

2. The decreased LHV of biobutanol results in an extended duration of
injection, leading to longer combustion and lower BTE.

3. By increasing the EGR rate, the increase in smoke is effectively
reduced by the addition of biobutanol in HVO fuel.

4. The analysed Pearson’s correlation coefficients and the relations
define the PN values from smoke emissions in a compression ignition
engine.

Approval of the Research Findings

The main results of the dissertation were published in six articles on the research
topic, four scientific journals indexed in the Clarivate Analytics Web of Science
databases with an Impact Factor.

The author gave two presentations at two international scientific conferences:

— The 12" International Conference TRANSBALTICA XII: Transportation
Science and Technology, 2021, Vilnius, Lithuania.

— The 12™ International Scientific Conference Transport Problems 2020,
2020, Katowice, Poland.

Structure of the Dissertation

The dissertation is organised into three chapters. The First Chapter presents the
potential of using HVO and biobutanol mixtures as an alternative to conventional
diesel fuel. This chapter finishes by establishing the primary purpose and tasks of
the current research.

The Second Chapter outlines the research methods used in the use of engine
and traction benches. The chapter discusses the used fuel mixtures’ physical-
chemical properties.

The Third Chapter presents research on ecological and energy indicators to
evaluate the impact of using HVO and biobutanol fuel mixtures on compression
ignition in internal combustion engines. The energy indicators BTE, BSFC, and
combustion parameters, such as SOI, SOC, and ROHR, as well as ecological
indexes like smoke, Nox, CO2, and PN, are contingent upon the particular fuel
combination used.
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The dissertation closes with general conclusions and recommendations of the
research results. It also provides a list of references and copies of the author’s four
scientific publications by the dissertation theme. The dissertation consists of 136
pages, 21 figures, three tables, and 32 references cited in the dissertation.
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Analytical review of scientific
publications considering the use of
diesel and biodiesels

This chapter presents the use of HVO and biobutanol mixtures to replace fossil
diesel. However, limited research poses questions about the combustion processes
involved. Using EGR systems efficiently decreases nitrogen oxide emissions in
mixtures with n-butanol blends.

This chapter formulates the main objective and tasks of the investigation. The
main research results of this chapter were published in the author’s publications
(Valeika et al., 2022; Valeika et al., 2023; Valeika et al., 2024).

1.1. Engine energy and ecological parameters using
various fuel mixtures

N-butanol is a biofuel derived from biomass and is considered a renewable energy
source. According to previous research, butanol has emerged as a highly advanced
alternative fuel option for utilisation in Cl engines. Including n-butanol in diesel
and bio-diesel mixtures resulted in a discernible influence on the combustion rate.
However, a marginal variation was observed in the combustion temperature. The
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introduction of n-butanol into the fuel led to a reduction in the size of soot
particles. Adding n-butanol resulted in an extended ignition delay period and
deceleration of the kinetic combustion phase, particularly noticeable under low-
load conditions. The obtained results support the assertion that n-butanol-diesel
mixtures while maintaining the same NOx levels, exhibit a reduction in particulate
matter and smoke emissions. However, it is important to note that the heat
efficiency of these mixtures is lower when compared to conventional diesel fuel.
Further investigations reveal that when the i-butanol concentration in diesel falls
below 17.5%, the combustion flame exhibits a reciprocating propagation pattern.
Conversely, when the i-butanol concentration exceeds 17.5%, the combustion
flame demonstrates a motion characterised by intermittent jumps and crawls (Xiao
etal., 2019). N-butanol and i-butanol properties are identical to those of
biobutanol.

Biodiesel, a first-generation biofuel, is largely acknowledged as the
predominant biofuel. The composition mostly comprises methyl or ethyl esters of
fatty acids, typically known as Fatty Acid Methyl Esters (FAME) or Fatty Acid
Ethyl Esters (FAEE). The second generation biofuels are only generated from
waste biomass or non-food ingredients. Biohydrocarbons represent a distinct
classification of biocomponents used in biofuels as an additive. The synthesis of
these compounds necessitates the application of catalytic oil hydrogenation
technology. This method involves the removal of oxygen and unsaturated bonds
from triglyceride structures, commonly referred to as HVO. The resultant
composition primarily comprises liquid paraffinic hydrocarbons. Algae is the
major source from which the third-generation biofuels are predominantly derived.
HVO significantly reduces carbon dioxide emissions by approximately 90%
compared to regular diesel. Furthermore, HVO demonstrates a decrease in
particulate matter emissions by approximately 30% and a reduction in nitric oxide
emissions by approximately 9% compared to conventional diesel fuel. Its primary
manufacturing source is vegetable waste, including residual portions of vegetables
and fruits and outdated margarine. HVO has the potential to be commercially
available in two forms: pure HVO100 or as a blend with regular diesel fuel, with
varying ratios such as HVO30, HVO50, and so on. In its unadulterated state, it
reduces around 90% of CO. emissions, as supported by references (Bharathiraja
et al., 2017; Vijayan et al., 2018).

The evaluation of emissions involved conducting experiments on mixtures of
HVO and i-butanol. The findings indicated a minor drop in NOx emissions and a
significant reduction in particulate matter compared to traditional diesel fuel. The
examination demonstrated that diesel-i-butanol mixtures (with i-butanol
comprising 30% of the diesel fuel by volume) exhibited higher NOx emissions
compared to conventional diesel fuel but lower levels of NOx emissions than
HVO-i-butanol mixtures (with i-butanol comprising 30% of the HVO fuel) (Xia
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et al., 2019). The disparities in NOx emissions between conventional diesel and
HVO are substantial. However, introducing i-butanol into HVO did not result in
any notable or consistent alterations in NOx levels. Consequently, conducting a
statistical evaluation of the obtained findings proves challenging. An observed
correlation exists between the rise in oxygen concentration in biodiesel and a
subsequent decrease in CO emissions. The experimental verification of this
phenomenon was attempted by Sayin et al. (2013) and Gumus et al. (2012). The
researchers employed various fuel types in their research, including traditional
diesel, pure biodiesel, and different combinations of diesel and biodiesel, denoted
as B100, B50, B20, and B5, where the numerical values represent the percentage
of biodiesel included in the diesel fuel. CO emissions were seen to reduce by
38.18%, 30.90%, 20.66%, and 13.55% at different engine loads when utilising
B100, B50, B20, and B5 fuels, respectively, compared to conventional diesel. The
findings of the research were derived from the observation that an increased
oxygen concentration in the utilised fuels enhanced both the combustion process
and its overall efficiency. Gharehghani et al. (2017) reported comparable findings.
The average reduction in CO emissions was seen when utilising several biodiesel
mixtures (B25, B50, B75, and B100), representing the percentage of biodiesel
content in diesel. CO emissions reductions were 5.2%, 11.2%, 22.5%, and 27%
for B25, B50, B75, and B100, respectively. The results are further supported by
increased oxygen content in the utilised fuel mixtures and a reduced duration of
the combustion process. The presence of oxygen in biodiesel leads to the oxidation
of carbon molecules, resulting in a decrease in CO emissions. The consideration
of fundamental fuel qualities, including viscosity and density, is crucial to
attaining thorough combustion, resulting in the production of CO,. Additionally,
the engine configuration and speed, air-to-fuel ratio, and SOl must be duly
acknowledged. Using traditional fossil fuels derived from hydrocarbons hinders
the targeted decrease in CO; emissions (Pillay et al., 2012).

Using biodiesel considerably reduces environmental pollution with
particulate matter; hence, its adoption as a substitute for fossil diesel is extremely
welcome. Even if RME is the major kind of biodiesel in Lithuania (Rimkus et al.,
2019; Zavadskas et al., 2019), trying out the second-generation biodiesel mixtures
BTL (Dimitriou etal., 2018; Gardezi etal., 2013), HVO (Aatola et al., 2008;
Bortel etal., 2019), and other mixtures with biobutanol be sensible. When
investing in and improving the technology for the manufacture of second-
generation biofuels, the progress of the process towards increased commercial use
is observed. This allows ceasing the use of first-generation biofuels altogether and
transitioning to second-generation biofuels. The biofuel business is unlikely to
experience major changes in the foreseeable future. The usage of first- and
second-generation biofuels will continue to trend, increasing the volume of the
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second-generation biofuels in line with the established environmental and
economic policy.

The studies demonstrated that mixtures of diesel and alcohol lower
particulate matter emissions (Rimkus et al., 2019). Ignition delays no longer occur
when employing n-butanol and diesel mixtures compared with conventional
diesel. Mixes of HVO and n-butanol (30%) lower particulate matter emissions
more than conventional diesel and HVO (Zéldy, 2019).

Conventional diesel and HVO were used to examine the size of PM and their
guantities. When utilising HVO, smaller particulate matter (below 50 nm) was
created, and PM emissions were similarly decreased. Other experiments
demonstrated that particulate matter emissions decreased with increasing
advanced injection timing; nonetheless, greater quantities of PM were created in
the application of pre-injection (pilot injection) than with the single injection
strategy (Huang et al., 2019).

The usage of i-butanol and diesel mixtures was seen to yield a substantial
decrease in soot emissions when compared to conventional diesel, maintaining the
same EGR rate. The reduction in soot emissions reached around 90% at a 30%
EGR flow rate, as reported in reference (Kumar & Saravanan, 2016).

Studies show that BD20 fuels increase cylinder pressure, heat release rate,
ignition delay, and combustion efficiency, while adding PODEj3.4 shortens ignition
delay, increases heat release, and improves combustion efficiency (Huang et al.,
2019). Diesel-butanol blends have lower BTE at light load and slightly higher
TB50, with lower calorific value and higher thermal efficiency. Diesel BTE
increases more than butanol blends as the load increases due to increased cylinder
temperature. However, butanol blends have higher BTE at 1.2 MPa loads than
D100, the highest TB50 (Pan et al., 2020).

After comparing the HRR of the fuels tested under different operating
conditions, it was found that butanol delays the ignition time. At a BMEP of
1.2 MPa, the heat release time of butanol blends is very close to diesel. Also, the
maximum HRR of the SB50 is about 1.5 times that of the D100 (Pan et al., 2020).

1.2. Publications on the influence of exhaust gas
recirculation on reducing pollution when an engine is
fuelled with various fuel mixtures

Experiments were conducted to investigate the effects of various EGR settings on
the combustion characteristics and emissions of diesel and n-butanol mixtures.
EGR affects particulate matter emissions. It is insignificant at below 10%. As
EGR rates increase, soot emissions decrease due to decreased total combustion
temperature and extended ignition delay. This phenomenon, known as EGR High
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Flow Low-Temperature Combustion (LTC), effectively inhibits the production of
nitrogen oxides and soot (Han et al., 2010).

When conventional diesel is blended with butanol, increasing the EGR rate
initially decreases the total particulate concentration of all evaluated fuel blends.
As the EGR rate continues to increase, the particulate concentration begins to
increase. The total mass concentration of particles begins to increase, and the
geometric diameter of the particles gradually changes and increases. Compared
with D100, BD20 had a smaller particle formation concentration peak and a
smaller particle geometric diameter.

The influence of the A and EGR on the initiation of combustion was found to
have negligible effects on both HVO and conventional diesel fuels.
Notwithstanding this lack of sensitivity, minor modifications in the premixed,
experimental combustion stage and its subsequent impact on mixture conditions
give rise to significant emission variations. The research revealed that when
employing high rates of EGR at 30% and 40%, the introduction of n-butanol into
diesel fuel at varying concentrations (ranging from 0% to 50%) had a significant
impact on the particle emission properties of the diesel engine. This effect was
observed across different EGR conditions and led to a notable reduction of
approximately 74% in the overall concentrations of n-butanol/diesel PM
compared to conventional diesel fuel. An investigation was conducted to compare
the effects of n-butanol and 2-butanol blended with diesel fuel at a volume ratio
of 20% on engine performance, focusing on the influence of fuel characteristics
and oxygenated structures. The research found that when EGR rates varied from
0% to 62%, butanol-diesel mixtures resulted in the lowest levels of soot emissions.
This effect was most pronounced at higher EGR flow rates, specifically those over
40% (Huang et al., 2016).

Using biodiesel in conjunction with 10% and 20% EGR resulted in mean
reductions of NOx emissions by 14.4% and 27.6%, respectively, compared to
scenarios where EGR was not employed. When subjected to high EGR rates,
conventional diesel fuel blended with varying proportions of butanol and pentanol
demonstrates favourable outcomes in terms of decreasing total hydrocarbon
content (THC). There was no discernible variation in NOXx levels since all fuels
exhibited equivalent emissions at a consistent EGR rate. B10P20 and B20P10 fuel
mixtures have been found to effectively mitigate both soot emissions and CO
emissions at varying EGR rates compared to conventional diesel. In summary,
B20P10 fuel has better combustion and emission characteristics, especially when
using a higher EGR rate (Liang et al., 2021). When the EGR rate surpasses 30%,
the ignition delay of B20P10 and B30 is observed to be shorter compared to that
of D100. This phenomenon is attributed to the presence of oxygen in biodiesel,
which enhances its combustion efficiency, particularly at elevated EGR flow
rates. High levels of EGR flow concurrently reduce NOx emissions and soot.
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However, it also leads to an increase in CO emissions and total hydrocarbons.
According to previous research, diesel engines may find three-component mixes
with medium EGR flow more appropriate, considering the EGR rate and fuel
attributes (Liang et al., 2021).

1.3. Conclusions of the First Chapter and formulation
of the dissertation tasks

1.

The use of HVO and biobutanol fuel mixtures (fuel additives) has
great potential to expand the use of biofuels and become a suitable
substitute for fossil diesel. Furthermore, it is important to note that the
fuel mixture consists entirely of biological components, aligning it
with the policy objectives set forth by the European Union climate law.
However, the limited scope of research in this area generates some
inquiries regarding the examination of the combustion process of these
fuels. The existing studies have predominantly concentrated on
summarising fuel consumption patterns and their environmental
impact. A thorough evaluation of the energy-environmental aspects
and combustion process analysis provide stronger evidence for using
these fuels in compression ignition engines without requiring further
modifications to the engine structure.

The shift towards substituting fossil fuels with renewable energy
sources is the paramount aspect of a comprehensive strategy for
achieving sustainable transportation. Currently, biofuels account for a
mere 4% of the global energy consumption in the transportation sector.
The HVO and biobutanol fuel mixtures, derived from abundant,
sustainable, and economical sources, are viable substitutes for fossil
fuels. This is a kind of biofuel that may be used in the transportation
system to meet sustainability requirements.

Based on the literature survey, the following tasks were formulated:

1.

2.

To investigate the HVO and biobutanol impact on the properties of
fuel mixtures and combustion process in an engine.

To investigate the energy efficiency and emissions of a compression
ignition engine running on HVO and biobutanol fuel mixtures.

To examine the influence of EGR and fuel injection time on the energy
efficiency and ecological indicators of compression ignition internal
combustion engines that use investigated fuel mixtures.

To evaluate the accuracy of experimental data from HVO and
biobutanol fuel mixtures operating compression ignition engines.



Research methodology of
hydrotreated vegetable oil and
biobutanol mixtures as fuels of

compression ignition engines

This chapter presents the research methodologies using engine and traction
benches. The chapter presents the physical-chemical characteristics of fuel and
fuel blends consisting of diesel, HVO and biobutanol. Additionally, a research
methodology is introduced to delineate the sequence of research activities. The
text provides detailed explanations of the engine and the traction stand, together
with the recorded parameters and their level of precision. The methodologies of
combustion analysis and Pearson’s correlation coefficient computation are
described. The main research results of this chapter were published in the author’s
publications (Valeika et al., 2021; Valeika etal., 2022; Valeika etal., 2023;
Valeika et al., 2024).

13
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2.1. Nomenclature of the research methodologies of
testing biobutanol and hydrotreated vegetable oil
fuel mixtures influence on compression ignition
engine

The experimental research aimed to ascertain the impact of biofuel mixtures listed
above on the energy and ecological indicators of the compression ignition internal
combustion engine. Figure 2.1 displays the research scheme.

Research of energy and ecological aspects of the compression ignition
internal combustion engine

—]
Experimental research at constant engine speed| | Analysis of the physical and chemical characteristics
and over a wide range of loads of fuel mixtures
|4| 1
Additional research on changing Experimental research over a wide
the EGR rate and SOI range of engine speeds
I
Additional research | —
of smoke and PN Corellation analysis of parameters researched at a

Corellation analysis of
smoke and PN

wide range of speeds

Fig. 2.1. Scheme of HVO and biobutanol fuel mixture research methodology

(compiled by the author)

The experimental studies were conducted in these phases:

1.

2.

To research the physical-chemical properties of HVO and biobutanol
fuel mixtures.

The energy and ecological indicators of a stationary compression ignition
internal combustion engine were examined at a constant engine speed of
2000 rpm, across a wide range of loads, using the intended fuel mixtures.
The EGR rate and start of injection (SOI) parameters were adjusted under
the specified conditions.

A traction stand was used to analyse the energy and ecological
parameters of the engine at various engine speeds.

Smoke determination was tested according to Regulation EB 595/2009
methodology; PN and smoke measurements were conducted using the
intended fuel mixtures.

The thorough analysis of the HVO and biobutanol fuel blends, as described
earlier, offers valuable insights into their viability as environmentally friendly
substitutes in compression ignition engines. These discoveries provide
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opportunities for future refinement of biofuel mixtures to improve engine
efficiency and minimise ecological consequences.

2.2. Analysis of physical-chemical properties of
biobutanol and hydrotreated vegetable oil fuel
mixtures

Experimental tests were performed using conventional diesel (D100), pure
hydrogenated vegetable oil (HV0100), mixtures of hydrogenated vegetable oil
and biobutanol (Table 2.1) in different proportions: 95% hydrotreated vegetable
oil and 5% biobutanol, 90% hydrotreated vegetable oil and 10% biobutanol, and
80% hydrotreated vegetable oil and 20% biobutanol by volume (referred to as
HVOB5, HVOB10, and HVOB20, respectively). Castor oil additive, accounting
for 5% of the total volume of biobutanol, was incorporated into biobutanol
mixtures to enhance lubricity. Physical and chemical characteristics of pure fuels
and fuel mixtures were analysed, and the findings were reported (Table 2.1). To
achieve the desired fuel qualities, HVO and biobutanol fuels used in the
experiments were blended immediately prior to their use. To mitigate the potential
influence of temperature variations on density, the fuels and components used in
the experiment were uniformly stored at identical temperatures prior to testing.

Table 2.1. Properties of 100% conventional diesel, HVO, biobutanol, castor oil, and fuel
mixtures used in experiments

Parameter Diesel HVO Biobutanol | Castor oil HVOB5 HVOB10 | HVOB20
Densityat | g354 | 780.0 810.0 964.0 780.4 782.4 786.4
15° C, kg/m
Cetane 51 70 18 28 67.3 64.6 59.3
number
Carbon 8620 | 8455 65.00 73.60 83.55 82.55 80.57
(% mass)
Hydrogen 13.80 15.45 13.50 11.55 15.34 15.24 15.03
Oxygen 0 0 2150 14.85 111 221 4.40
Kinematic
Viscosity, 35 3.289 227 128 323 318 3.08
40° C,mm?/s
AFR 14.79 15.18 11.30 11.91 14.98 14.77 14.38
LHV , MI/kg | 43.10 | 44.10 33.00 41.30 43.54 42.98 41.87
LHV ,, MJI | 36.09 34.17 26.73 30.81 33.98 33.63 32.93
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Prior to and during the experimentation, the fuels and their respective mixes were
consistently agitated to prevent stratification caused by varying densities and to
uphold the uniformity of the mixture. According to the fuel quality standard EN 1SO
3104:1996 the upper and lower limits for the kinematic viscosity at 40° C are set as 3
and 5 mm?s, respectively. The viscosity of the HVOB20 fuel combination is precisely
3.08 mm?/s. Increasing the concentration of biobutanol by more than 20 per cent in
HVO fuels exceeds the minimum limits of EN ISO 3104:1996 Table 2.3. describes
the equipment and performance conditions used for the experiments provided below.

Table 2.2 provides information on compression ignition internal combustion
engines, including their models and the specific conditions under which
experiments are conducted. The research was conducted at the Laboratory of
Transport Engineering and Logistics of VILNIUS TECH. A stationary research
bench was used in the laboratory, as depicted in Figure 2.2.

Table 2.2. The sequence of experimental research on internal combustion engines and
the test conditions

Test ) Used fuels
No Engine model Test mode an_d fuel
mixtures
1 Constant crankshaft speed, n = 2000 rpm, engine
1.9 TDI VW-Audi 1Z loads of 30 Nm, 60 Nm, 90 Nm and 120 Nm
66 kW (4000 rpm) Constant crankshaft speed, n = 2000, engine loads D100
2 182 Nm (2000 rpm) of 30 Nm, 60 Nm, 90 Nm and 120 Nm, at different HVO0100
EGR rates: 0%, 10%, 20%, 30% HVOB5
3 1.9 TDI ALH Smoke measurement, particulate concentration HVOB10
(Skoda Octavia) measurement HVOB20
4 66 kW (4000 rpm) External speed characteristic: torque/power —
210 Nm (1900 rpm) engine speed (n =1400 — 4600 rpm)

The engine crankshaft was connected to the load stand KI-5543. Fuel
consumption was measured using a fuel scale, and exhaust emissions were measured
using an AVL DiCom 4000 gas analyser and smoke meter. Smoke measurement was
performed by evaluating the decrease in light intensity caused by scattering and
absorption processes. The characteristics of the equipment are presented in Table 2.3.

The numerical analysis of the combustion process was conducted using AVL
BOOST software. The rate of heat release during combustion was calculated using
pressures in the cylinder measured during tests, air and fuel consumption,
properties of the fuel used, and engine parameters. The following combustion
process indicators were set: start of combustion, in-cylinder temperature, in-
cylinder temperature rise, and in-cylinder pressure rise. The mentioned
combustion process parameters helped to analyse environmental and energy
indicators using conventional diesel, hydrotreated vegetable oil, and hydrotreated
vegetable oil and biobutanol mixtures.
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Table 2.3. The laboratory equipment data used in bench experiments

Equipment Accuracy of measurement Purpose of use
Load bench KI-5543 1.2 Nm Brake torque
Scale SK-500 10g Fuel consumption
Air mass meter BOSCH HFM 5 <2% Air mass

VAG-COM diagnostic equipment

Fuel injection timing, the
start of injection (SOI)

Piezo pressure sensor AVL GH13P

+0.11 (%FCO)

In-cylinder pressure

Encoder A58M- F

0.1758 crank angle degrees

Crankshaft position

(CAD)

. . In-cylinder pressure and
Oscilloscope AVL DISTEST DPM 800 - CAD transmit
Delta OHM HD 2304.0, sensor TP704- +0.0002 MPa Intake pressure

2BAI
K type thermocouple £0.5% Intake air and the exhaust

gas temperature

AVL DiCom 4000 gas analyser

CO,, 0.1% vol.; CO,
0.01% vol.; HC, 1 ppm; NOy,
1 ppm; smoke, 0.01 m™*

CO,, CO, HC, NOy, smoke
absorption coefficient

6

E ]

Fig. 2.2. Experiment engine test scheme: 1 — engine, 2 — measurement output gauges,
3 —engine load unit, 4 — high-pressure fuel pump, 5 — scales, 6 — fuel tank,
7 — compressor, 8 — turbocharger, 9 — intercooler, 10 — exhaust gas analyser,
11 — smoke analyser, 12 — ECU, 13 — air mass meter, 14 —intake air temperature sensor,
15 — pressure sensor, 16 — temperature sensor, 17 — crankshaft position sensor,
18 — in-cylinder pressure sensor, 19 — exhaust pipe, 20 — EGR valve,
21 — EGR controller, 22 — air filter, 23 — oscilloscope, 24 — injector
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The VILNIUS TECH car traction stand MAHA LPS 2000 was used to widen
the area of research and assess the energy and ecological characteristics of the
engine throughout a wide range of engine rotated speeds. The research scheme is
depicted in Figure 2.3, the car traction stand is equipped with an electromagnetic
brake, measuring a maximum 6 kN attractive force and 260 kW maximum brake
power. The measurement error is + 2%.

The numerical analysis of the combustion process was conducted using AVL
BOOST software. The rate of heat release during combustion was calculated using
pressures in the cylinder measured during tests, air and fuel consumption,
properties of the fuel used, and engine parameters. The following combustion
process indicators were set: the start of combustion, in-cylinder temperature, in-
cylinder temperature rise, and in-cylinder pressure rise. The mentioned
combustion process parameters helped to analyse environmental and energy
indicators using conventional diesel, hydrotreated vegetable oil, and hydrotreated
vegetable oil and biobutanol mixtures.

Blower fan
Display

3 Smoke
Control unit ©

detector
Particle

counter

Fastenin

Test bench

Fig. 2.3. Car traction stand with particle counter and smoke detector equipment
(compiled by the author)

During the experimental tests, using ROSS-TECH VCDS car diagnostic
equipment, data reading was performed when connected to the OBDI|I link of the
electronic control unit to evaluate the following parameters: fuel consumption,
turbocharger pressure, and fuel injection time. This diagnostic equipment was
used to capture data at approximately every 2.5-second intervals.

Upon analysing the data from the engine’s ECU, it was observed that the
recorded data points were transmitted in distinct blocks and lacked precise
synchronisation in time. These data points include engine speed (rpm), cyclic fuel
quantity (mg/cycl), cyclic air mass (mg/cycl), fuel injection timing (BTDC),
turbocharger pressure (mbar), and fuel injection timing (mg/cycl).

During the research, the P-Trak ultrafine particle counter 8525 was
additionally used in the car traction stand (their description is given in (Rimkus
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etal., 2019)) to measure the concentration of particles with an aerodynamic
diameter of 0.02-1 um in the range of 0-500,000 units/cm?. Particulate matter
concentration was measured with the engine working at idle speed prior to the
smoke measurement.

The estimation of diesel car emissions was conducted through the use of two
distinct methodologies, namely, the measurement of exhaust gas smoke and the
assessment of particulate matter concentration. The smoke detector CET2200C
was used to measure smoke by determining the light absorption coefficient. This
coefficient indicates the extent to which light emitted from the meter source is
absorbed by the smoke emitted from the vehicle. The measurement limits of the
smoke meter range from 0 to 99.99 m, with an accuracy of 0.01 m™.

2.3. Combustion analysis methodology

AVL BURN program was used for combustion analysis (Theory “AVL BOOST
VERSION 2011,” 2011). The heat release rate was obtained from measured
cylinder pressure curves. Using the AVL BOOST combustion model, in-cylinder
pressure and temperature were calculated based on the heat release rate
determined during the analysis. The BOOST tool was based on the algorithms
used in the BOOST cylinder to fulfil this task.

The first law of thermodynamics for high-pressure cycle states that the
change of the internal energy in the cylinder is equal to the sum of piston work,
fuel heat input, wall heat losses and the enthalpy flow due to blow-by:

d(mc 'u) av dQF dQW deB
—:_pc-—+__ __hBB
do do da da da
dm, dm dm
-h — € . h—q. -f -—8& 2.1
Zda . Zda Oev ot (2.1)

The variation of the mass in the cylinder calculated from the sum of the in-
flowing and out-flowing masses, is shown in equation (2.2)

Y. (dmg)/ (do) = X (dmy) / (do) — X (dmg) / (der) — (dmgg ) / (de) + (dmg, ) / (dt),
(2.2)

where: (d(mc-u))/da — change of the internal energy in the cylinder; -pe(dV7da) —
piston work; dQs/da — fuel heat input; > (dQw /do;) — wall heat losses; hgs-(dmss
/do;) — enthalpy flow due to blow-by; m: — mass in the cylinder; u — LHV; pc —
cylinder pressure; V — cylinder volume; Qr — fuel energy; Qw — wall heat loss; a —
crank angle; hgg — enthalpy of blow-by; dmgg /do— blow-by mass flow; dmi — mass
element flowing into the cylinder; dme — mass element flowing out of the cylinder;
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hi — enthalpy of the in-flowing mass; he — enthalpy of the mass leaving the
cylinder; gev — evaporation heat of the fuel; f — fraction of evaporation heat from
the cylinder charge; me, — evaporating fuel.

The rate of heat release was only calculated during the high-pressure phase
with all valves closed, so typically, from the intake valve closed to the exhaust
valve opened.

2.4. Theoretical investigation of research errors

The primary objective of managing measurement results is to get the most precise
measurement outcome and assess its margin of error. The precision of the
measurement is contingent upon the quantity of experimental data, the charac-
teristics of the distribution of measurement errors, the methodology used for
measurement, the intricacy of the computation, and the desired expeditiousness in
presenting the outcomes.

The standard deviation is the square root of the variance and so computed by:

Zin=1( Yi— 7)2
Sy E— (2.3)

Note that y; — ¥ is the deviation of the i th value from the sample mean, so
the numerator is the sum of squared deviations (JCGM, 2008).

The standard error of a statistic quantifies the level of accuracy associated
with the statistic. The standard error of the mean quantifies the level of accuracy
in estimating the mean. The standard error of a difference in means quantifies the
level of accuracy in estimating the difference between means. A lower standard
error indicates a higher level of precision in the estimate. The standard error of the
mean (SEM) is computed as:

Sy
SEM =—L. (2.4)

n

The SEM is often denoted Sy to indicate that it is a standard deviation of the
mean .

In this case, uncertainties are used as an SEM indicator (JCGM, 2008).
Uncertainty refers to the discrepancy in estimating a parameter, such as the
average of a sample, the disparity in averages between two experimental
treatments, or the anticipated outcome given a certain alteration in the
circumstances (JCGM, 2008). Uncertainty is quantified using either the variance
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or its square root, known as the standard deviation. The standard deviation of a
statistic is usually referred to as a standard error.

2.5. Methodology for the calculation of the Pearson’s
correlation coefficient

Several coefficients are appropriate under different circumstances. Among them,
one the Pearson’s product-moment correlation coefficient is used the most
frequently.

The Pearson’s correlation coefficient measures linear relationships between
two variables. The ox and oy are the standard deviations of two random variables,
Xand Y, respectively. Then, the Pearson’s product-moment correlation coefficient
between the variables (Bowerman & O’Connell, 1997) is as follows:

pxy =(cov(X.Y))/ (oxoy) =(E((X —E(X))(Y =E(Y)))/ (ox0v), (25)

where E(X, Y) denotes the expected value of the variable and cov(X, Y) means
covariance.

The interval data comes from paired observations, and the variables are
normally distributed (Weisberg, 2014). The data does not contain any extreme
values which are apt to affect the result.

The covariance matrix of linear regression is calculated by:

{COV(BO,BO) COV(E’O’BI):|62L >in X (2.6)
Cov(B.Bg) Cov(By.Bi) |

SXX
The correlation between any two parameters is:

o{B1b;) = Cov(p by 1 Cov(B By fCov(Bib) | )

For a particular value x,, the 100(1-a)% confidence interval for the mean
value of y at x = x; is:

§/it(a/2’n*_l) = Sy\L+ (L7 ) + (p —X)2 / SXX). 2.8)

X 1

Assuming the pair of variables (X, Y) follows the bivariate normal
distribution. Examine the correlation between the two variables using a
confidence ellipse (Press, 1992). The confidence ellipse is centred on (X,Y), and
the major semiaxis a and minor semiaxis b equal:
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2
a:c\/(o§< +63 +\/(c5§( —0\2() +4r2c%c%)12; (2.9)

2
b:c\/(csg( +6% —\/(Gg( —c%) +4r2c% 3 )/ 2. (2.10)

For a given confidence level of (1-a), the constant c is:
1) Confidence ellipse for the population mean:

c= \/((Z(n ~1)/n(n-2))(a@Em 1), (2.11)
2) Confidence ellipse for prediction:
c= \/(Z(n +1)(n-1))/ (n(n-2)) o) 1), (2.12)
The inclination angle of the ellipse is:
B=(1/ 2arctan(2r /oy o3 )/ (6% ~o3). (2.13)

Calculations have been conducted according to Formula (2.5-2.13), and the
results are shown in Figures 3.13-3.15. Overall, Pearson's product-moment
correlation coefficient is a reliable statistical tool used to evaluate linear
correlations between variables. Its effectiveness is backed by extensive
computations and graphical representations. The findings provide a strong basis
for comprehending the complex relationships between paired observations and
allow for precise predictions using confidence ellipses.

2.6. Conclusions of the Second Chapter

1. The precise ratios of HVO and biobutanol fuel blends were carefully
chosen based on their favourable physical-chemical characteristics.
The careful selection of this approach serves as the foundation for
the research's goal to enhance engine efficiency and minimise
ecological consequences. This showcases the potential of these
biofuel blends as feasible substitutes for sustainable energy
solutions.

2. Experimental research of HVO and biobutanol fuel mixtures
involved selecting, classifying, and approving techniques for energy,
combustion, and ecology changes in compression ignition engines.
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3.

4.

The obtained experimental results confirmed the reliability and
validity of the theoretical investigation data.

Pearson’s correlation method was used to estimate the parameters of
the test results and to establish the interdependence between them,
allowing the approximation of continuous data on engine
performance by quantifying linear correlations.






Experimental results of a
compression ignition engine fuelled
with hydrotreated vegetable oil and

biobutanol fuel mixtures

This chapter presents an analysis of ecological and energy indicators conducted
to investigate the effects of employing HVO and biobutanol fuel mixtures on
compression ignition in internal combustion engines. The start of injection was
regulated by ECU, according to the provided engine manufacturer’s algorithm.
Energy indicators BTE, BSFC and combustion characteristics, including SOI,
SOC, ROHR and the ecological factors, including smoke, NOx, CO,, and PN,
depend on the specific fuel mixture used. The correlation parameters for engine
parameters using various fuel mixtures have been reported. The main research
results of this chapter were published in the author’s publications (Valeika et al.,
2021; Valeika et al., 2022; Valeika et al., 2023; Valeika et al., 2024).

25



26 3. EXPERIMENTAL RESULTS OF A COMPRESSION IGNITION ENGINE...

3.1. Compression ignition engine energy and
ecological indicators

The tests were performed at the Laboratory of Transport Engineering and
Logistics of Vilnius Gediminas Technical University (VILNIUS TECH) in 2020-
2022. The Investigation methodology is presented in the Second Chapter. The first
part of this subsection researched and described combustion and energy
indicators of CI. The second part detailed results and description of ecologic
characteristics research on CI engines

During research, the engine speed and load remained constant. Variations
were observed in ecological and energy indicators, as observed in experimental
research conducted on a CIl engine fuelled by several mixtures, namely,
conventional diesel D100, HVO100, HVOB5, HVOB10, and HVOB20.
Experimental trials were performed under the condition of a consistent rotated
speed of the crankshaft, denoted as n = 2000 rpm. Engine loads of 30 Nm, 60 Nm,
90 Nm, and 120 Nm were deliberately chosen to replicate engine speeds
approximately equivalent to 50 km/h, 80 km/h, 100 km/h, and 110 km/h,
respectively. Additionally, different rates of EGR were employed, specifically
0%, 10%, 20%, and 30%.

3.1.1. Research on the combustion and energy characteristics
of the compression ignition engine

The research compares ignition timing and ignition delay between D100 and
HVOBZ20 fuels, focusing on the difference in brake mean effective pressure and
exhaust gas recirculation rate (Fig. 3.1). Indicators of the combustion process were
determined based on the experimental data and using the AVL BOOST program.
D100 fuel had 2.4 CAD BTDC ignition timing, and HYOB20 had 0.2 CAD BTDC
timing, resulting in a 2.2 CAD delay.

The start of injection was regulated by ECU, according to the provided
engine manufacturer’s algorithm. The start of combustion values varied between
D100 and HYOB20. HYOB20 had a significantly higher combustion delay than
D100 due to the elevated cetane number. The biobutanol ratio increased ignition
delay values, with HVOB20 showing the highest value at approximately 4.2 CAD
ATDC. SOI values for D100 and HVOB20 increased with an EGR rate from 0%
to 30%, resulting in varying ignition timings. HVO100 usage reduced delay time
by 1.3 CAD, while delay values showed mild incremental tendencies as the EGR
rate increased.
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Fig. 3.1. SOI, SOC and combustion delay depending on fuel composition
at different EGR rates

The shown ROHR values were compared to those of conventional diesel
(Fig. 3.2). When the EGR rate was increased to 30%, more intense ROHR changes
were as follows: during the premixed combustion phase, the use of EGR at a rate
of 30% resulted in comparison to the absence of EGR (0%). The ROHR in D100
had a 16% drop, whereas it decreased 13% in HY0100. In HVOBS, it declined
by 2%; in HYOBL10, it decreased by 20%; and in HYOBZ20, it decreased by 21%.
The variation in ROHR values during the controlled combustion phase reduced as
the EGR rate increased to 30%. Specifically, in D100, the value fell by 4.8%.
Similarly, HVO100 declined by 12%, HVOB5 by 10%, HVOB10 by 7%, and
HVOB20 by 4.6%.

At EGR 0% and engine load 0.4 MPa (Fig. 3.3), the BTE value decreased by
approximately 1.4%, with a BTE value ranging from ~0.301 to ~0.297 when
HVOB20 was used and compared to D100. When the EGR rate in HVO fuel
varied from 0% to 30%, it affected BTE in engine load variations. When EGR was
set to 0%, HVO100 had a 0.2 to 0.4% higher BTE than D100. However, the trend
in BTE decreases when transitioning from a 5% biobutanol concentration to a 20%
concentration. For comparison, EGR 30% and EGR 0% BTE values decrease by
4% with HYOB20 compared to D100.

This situation can be explained by lower HVO and biobutanol LHV v values
(MJ/l) (Table 2.1): D100 36.09 MJ/I, and with HVO100 ~5%, HVOB5 ~6%,
HVOB10 ~7%, and HYOB20 ~9% less compared to D100. LHV v difference
compared to LHV ,, was determined by fuel density, which was ~ 7.5%, ~7.0%,
~6.5%, and ~6.0% lower for HV0100, HVOB5, HVOB10, and HVOB20,
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respectively, compared to D100. Caused by lower LHV v under different engine
loads and with changing EGR rates, BSFC v values of HV0O100, HVO and
biobutanol blends were in all cases higher compared to D100.
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Fig. 3.2. ROHR depending on fuel composition
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Fig. 3.3. Dependence of brake thermal efficiency on fuel composition
and the engine load at different EGR rates
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The research findings indicate that the BSFC_n of the CI engine is
consistently lower when using HVO100 fuel compared to D100 fuel, regardless
of the engine load and EGR rate. This is seen in Figure 3.4. The inclusion of
biobutanol (increased from 10% to 20%) in HVO resulted in a greater BSFC_n,
compared to D100. The findings from the fuel research (Table 2.1) indicate that
the lower heating value of HV0100 by mass (MJ/kg), referred to as LHV_, was
2.3% more than that of D100. Lower LHV , values corresponded to greater
BSFC_m values. The LHV_p, of the HVOBS fuel mix was just 1% higher, whereas
the LHV_n value of HVOB20 was 2.8% lower compared to D100. When
analysing the relationship between the change in BSFC_r, and D100, it was noted
that the consumption of HVO100 fuel reduced by about 2.5% at BMEP 0.4 MPa
and EGR 0%, however, for HVOB20, it rose by approximately 5% (from
~266 g/kWh to ~279 g/kWh). When the EGR rate was set at 30%, the BSFC_j, of
HVO0100 fuel was reduced by about 2%. When HVOB5 fuel was used, the
BSFC_, was the same as that of D100 fuel. However, when HVYOB20 fuel was
used, the BSFC_, rose by approximately 4.5% (from ~277 g/kWh to ~290 g/kwWh)
compared to conventional diesel. At BMEP of 0.4 MPa, the BSFC_n, values
showed an increase when comparing the values of EGR at 30% and EGR at 0%.
The D100 value rose by 4%. Additionally, when using HYO100 fuel, the increase
was 5%, and when using HVOB20 fuel, the increase was 4%. The alteration in
BSFC m was influenced by both LHV , and the braking thermal efficiency of the
engine running cycle (Fig. 3.3), which is contingent upon the combustion process.
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Fig. 3.4. Dependence of BSFC by mass on fuel composition
and the engine load at different EGR rates
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The car traction stand data shows that over the entire engine speed range,
replacing conventional diesel with HVO and biobutanol mixtures results in a
reduction in engine power (Fig. 3.5) up to 20% (with 20% biobutanol). To
maintain the manufacturer’s rated power, the cyclic injection volume should be
increased according to the formula:

v BTEmix Voyei(otoo) - LHW (o100)
el LHW (mix) - BTEpi00

: (3.1)

where: BTE,
diesel cyclic fuel injection volume, ml; LHV, 0 — conventional diesel lower

— fuel mixture brake thermal efficiency; Vi — conventional

heating value by volume, MJ/I; LHV, ;) — fuel mixture lower heating value by

volume, MJ/I; BTE,,,— conventional diesel brake thermal efficiency.

Analysing a broad spectrum of engine rotated speed, it was discovered that
the BTE value of HVO100 exhibited an approximate increase of 26% compared
to D100, within the engine speed range of 1500 rpm to 4500 rpm (Fig. 3.5). At
1500 rpm, an increase in biobutanol concentration in HVO fuel improved BTE by
19% to 22% compared to D100.
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Fig. 3.5. Dependence of brake thermal efficiency on fuel composition
at different engine speeds
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However, a 20% biobutanol concentration resulted in a 3.5% decrease in BTE
value compared to D100. The influence of biobutanol on BTE decreased as engine
speed rose. At 4500rpm, the BTE of D100 decreased by 4.4%. Increasing
biobutanol concentration in HVO from 5% to 20% resulted in a noticeable
decrease in BTE value. HYOB20 also showed a 20% decrease in BTE value. The
incorporation of hydrogenated vegetable oil and different mixtures of HVO and
biobutanol, along with an increase in engine rpm, demonstrates a noticeable
negative effect of biobutanol on BTE.

3.1.2. Research on the ecologic characteristics of the
compression ignition engine

The use of HVO100 and mixtures of HVO and biobutanol resulted in a
progressive reduction in smoke levels, as depicted in Fig. 3.6. Based on the
analysis of the EGR impact, the usage of HVO100 and HVO/biobutanol fuel
mixtures exhibited reduced smoke emissions in comparison to D100 under similar
load and EGR conditions. The experiment revealed that when the EGR rate was
raised from 0% to 30% under a consistent engine load BMEP, there was a
noticeable rise in smoke emissions.
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Fig. 3.6. Dependence of smoke on fuel composition and engine load
at different EGR rates
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This is attributed to a reduction in O levels and an increase in CO, and H2O
vapour within the cylinder. At a consistent engine load of 0.4 MPa and EGR off,
the smoke emissions of HVO100 exhibited a reduction of around 29% (from
~0.13m* to ~0.02m™) compared to D100. Similarly, HYOB20 showcased a
substantial decrease of almost 80%.

The EGR rate significantly impacts Smoke emissions at a pressure of

0.4 MPa. An increase in EGR rate results in a six-fold increase in smoke emissions
when using conventional diesel. However, when using hydrotreated vegetable oil
and biobutanol mixtures, smoke output decreases by approximately 57% (from
~0.93m* to ~0.4mt, when BMEP 0.4 MPa, EGR 30%), compared to D100. This
suggests that HVO and biobutanol mixtures improve smoke reduction
performance when combined with a lower EGR rate, while a greater EGR rate
reduces the beneficial effects of biobutanol on smoke reduction.
The experimental research found that D100 had the highest levels of NOx
emissions, while HVO100 had the lowest levels (Fig. 3.7). When biobutanol
concentration in HVO fuels was increased, NOx emissions increased across all
engine loads and EGR rates, but NOx emissions were not higher than with D100.
Comparing NOx emissions between HVO100 and mixtures with biobutanol and
D100 at a BMEP of 0.4 MPa and an EGR rate of 0%, HVO100 showed a 7%
(from ~3.32 g/kWh to ~3.08 g/kWh) reduction in NOx emissions.
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Fig. 3.7. Dependence of NO, emissions on fuel composition and engine load
at different EGR rates
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The reduction of nitrogen oxide emissions is achieved by increasing the EGR
rate (Fig. 3.7), which involves reintroducing carbon dioxide, water vapour, and
other combustion byproducts into the cylinder. This process decreases combustion
intensity and temperature, reducing nitrogen oxide generation. At an EGR level
of 30%, HVO100 and HVOB20 fuels showed a 22% and 12% NOx emission
reduction, respectively.

CO: is a significant environmental parameter contributing to the greenhouse
effect and is formed through the combustion of hydro-carbons used as fuel. The
carbon content in the fuel and the quantity consumed influence CO, emissions.
The research found that substituting D100 with HVO100 resulted in a variation in
engine load and reduced CO; emissions by 2 to 3% when the EGR rate was set at
0% (Fig 3.8). Increasing the concentration of biobutanol in HVO from 5% to 20%
also decreased CO, emissions, with HYOB20 exhibiting a decrease from 2.4% to
6.4% compared to D100.
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Fig. 3.8. Dependence of CO, emissions on fuel composition and engine load
at different EGR rates

Under conditions of a consistent engine load, where the BMEP is maintained
at 0.4 MPa, and the EGR s set at 30%, it was observed that the CO, emissions in
HVO100 were reduced by around 3.2%. Similarly, in HVOB20, the CO;
emissions decreased by approximately 7.8% (from ~955 g/kWh to ~880 g/kWh)
compared to D100. The findings from the CO; investigation indicate that
including a maximum of 20% of HVO in fuel leads to a reduction in CO;
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emissions. Despite the observed reduction in CO; values when using HVO100
and HVO biobutanol mixtures, a rise in CO; emissions occurs when the EGR rate
is raised from 0% to 30%. This is attributed to a drop in the engine’s BTE (Fig. 3.3)
and an increase in BSFC_pn (Fig. 3.4).

The experimental research findings demonstrated that across various engine
loads and varying EGR rates, the HC emissions in HVO100 were consistently
lower than those in D100 (Fig. 3.9). This may be attributed to the decreased C/H
ratio and reduced fuel mass consumption of HY0100. Introducing biobutanol into
HVO at an EGR rate of 0% resulted in an elevation in HC emissions across all
engine loads. The use of the HYOB20 fuel mix resulted in elevated HC emissions
in comparison to traditional diesel fuel. Lower fuel viscosity may be linked to HC
emissions.
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When elevating the EGR rate from 10% to 30%, the emission of HC
decreases due to the improved evaporation of fuel, resulting from its injection of
higher temperature. When HVO100 is used instead of D100, HC emissions are
consistently reduced. Nevertheless, the introduction of biobutanol into HVO and
raising the biobutanol content to 20% leads to an increase in HC emissions across
all engine loads, albeit the emissions remain below those of D100. Under a
constant engine load of 0.4 MPa and EGR off, the emissions of HC) from
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HVO0100 fall by about 30% (from ~0.33 g/kWh to ~0.23 g/kWh) compared to
D100. However, while using HYOB20, the HC emissions are around 1.6% higher
than those of D100. When examining the impact of EGR on HC emissions at a
BMEP of 0.4 MPa, it was seen that raising the EGR rate resulted in a drop in HC
emissions. Specifically, when comparing an EGR rate of 30% to an EGR rate of
0%, the following reductions were observed: D100 reduced by 13%, HV0100
decreased by 0.5%, and HVOB20 decreased by 17%.

The findings derived from the research provide a basis for substantiating the
potential of second-generation biofuels, considering their impact on smoke
emissions and particulate matter concentration. Upon analysing the data on smoke
levels (Fig. 3.10), a clear reduction in smoke was observed in comparison to
regular diesel.

The presence of oxygen in biobutanol initiated the enhancement of the
combustion process. However, the inclusion of biobutanol at concentrations of up
to 5% did not significantly impact smoke values. An intriguing phenomenon was
observed when evaluating smoke emissions using diesel fuel after experiments
involving bio-fuel mixtures.
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Fig. 3.10. Scattering of smoke readings using different
biofuel mixtures

The use of biofuel mixtures facilitates the purification of the exhaust system
by decreasing smoke emissions. Overall, the use of biofuel mixtures significantly
reduces smoke in vehicles. Specifically, the impact of fuelling diesel (D100 After
Tests) in comparison to D100 exhibited a reduction of 18%.
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Fig. 3.11. Scattering of PN readings using different biofuel mixtures

The analysis of the overall concentration of PN, ranging from 0.02 to 1 pm,
yields contrasting findings compared to the assessment of smoke. The fuel that
yielded the greatest PN value was HVO 100 (Fig. 3.11). However, the presence
of biobutanol reduces the concentration of particles, leading to two primary
hypotheses. HVO’s physical properties are enhanced by the addition of biobutanol
to its chemical reactions, resulting in a reactive fuel additive with volatile and
efficient evaporation characteristics. This makes it suitable for stable mixes with
reduced stratification tendencies, as supported by HVOB20 findings indicating
the greatest particle dispersion per cubic centimetre. However, diesel and biofuel
mixtures do not show significant differences in particle concentrations. Therefore,
increasing biobutanol content increases particle dispersion and potentially
generates minute particles.

3.2. Assessment of errors in results from
experiments and a theoretical perspective

Analysis of errors (Figs. 3.12.-3.14., 3.15.-3.18.) demonstrated a relationship
between the concentration of biobutanol in HVO mixtures and the errors in energy
and ecological parameters, except for smoke during engine testing.

As a result of the enhanced evaporation of biobutanol, there was an increase
in the formation of PN, leading to a corresponding rise in errors of ~14%. As the
concentration of biobutanol increased, there was a corresponding increase in the
occurrence of larger HC errors, respectively, ~5%, ~7% and ~14%. Similarly, the
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inaccuracies in exhaust gas temperature rose as the absolute value of this
parameter grew.
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Fig. 3.16. Results of the theoretical research: environmental indicators (CO, CO5)

The evaluation of NOx errors demonstrates a correlation between rising
biobutanol content and greater temperature trends. The improved combustion
process in biobutanol is attributed to the extra oxygen it contains. This extra
oxygen enhances both BTE and prc errors by ~11% and ~5%. However, it
simultaneously decreases CO, errors, respectively, by ~2%, ~7%, and ~12%, and
CO errors, respectively, by ~7%, ~9%, and ~13%. As the absolute values of the
parameter grow, the decreased calorific value of bio-butanol leads to an increase
in BSFCy, errors increased by ~6%. Similarly, mistakes in the BMEP indicator
exhibit a contrasting pattern.
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Fig. 3.17. Results of the theoretical research: environmental indicators (PN
concentration on the car traction stand)
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Fig. 3.18. Results of the theoretical research: environmental indicators (smoke)

During the evaluation on the traction bench, a noticeable diminishing
tendency was observed as the content of biobutanol increased. However, this
inclination was not detected while assessing smoke errors on the engine bench
stand. No discernible patterns of change were seen in the errors of other indicators
(P, SOI) when the biobutanol concentration increased.

3.3. Establishing the correlation between
compression ignition engine parameters

The experimental researchshowed that fuel mixtures of HVO and biobutanol may
have a substantial effect on engine performance and emissions, with clear
relationships identified across several factors. These results emphasise the
capacity of these biofuels to function as sustainable substitutes, providing
opportunities to decrease environmental harm and comply with emission
requirements.

The results were separated into parts:

1. Correlation between ecological and energy engine values; then there was
the wide engine speed range.
2. Correlation between the smoke and Particular Number values.

The experiment analysed the interdependence characteristics of different fuel
sources using biofuels and their mixtures and conventional diesel fuel as a
benchmark for comparative comparison. Correlation dependencies were used to
evaluate the effects of biobutanol concentrations on the strength of dependency,
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allowing for a more accurate of the patterns of co-variation and correlations
between variables. The dependencies are visually represented in Fig. 3.19 and
Fig. 3.20. Upon careful examination of Fig. 3.21. (a and b), it is evident that
various fuel types lead to the creation of unique inter-parameter connection
patterns that are similar to those found before.
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Fig. 3.20. Correlation parameters of engine parameters
using HVOB20 fuel
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The efficiency ratio is a crucial factor in determining the efficiency of a
vehicle. It is closely linked to factors, such as rotated speed, power, engine speed,
power and SOI, fuel consumption, and the reciprocal impacts of fuel and air
masses. A strong correlation exists between engine rotated speed, power and SOI.
Biofuels, either in their pure form or mixed with other substances, show a
significant correlation between engine load, fuel quantity, and air quantity.

A robust correlation dependency was seen when comparing based on
Pearson’s correlation coefficients. Significant correlation values were found
between D100 (Fig. 3.21.a), HVOBS5, and HVOB20 (Fig. 3.21.b), indicating a
close relationship. However, HYO100 fuel exhibited a somewhat weaker but still
notable correlation.
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Fig. 3.21. Correlation between smoke and PN parameters using different fuels:
a) D100; b) HVOB20

However, the differences between different biofuels were below 10%,
indicating autonomous correlations regardless of the biofuel classification. The
combination of HVO-biobutanol fuel mixtures has the potential to decrease smoke
emissions. The legislation prohibits operating vehicles exceeding permissible
smoke emission limits, particularly for older diesel vehicles with EURO 4 and
lower emissions standards (Eur — Lex, 2019). Following the implementation of
new EURO 6B and anticipated EURO 7 regulations, particle concentration and
actual PN have significant importance.

3.4. Conclusions of the Third Chapter

1. The observed levels of smoke were the highest when using D100. The
use of HVO100, due to the reduced C/H ratio, led to a significant
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reduction of smoke by around 40%. The addition of biobutanol further
enhanced these reductions.

2. Atahigher EGR rate (30%), the NOx emission was significantly reduced
(~35%) and the increase in the biobutanol concentration in the mixture
did not have a significant effect on the increasing NOx emission, since
the high amount of recirculated CO. gas significantly lowered the
combustion temperature and inhibited the combustion-improving effect
of the oxygen in the biobutanol.

3. When EGR 0% from HVO100, HC emissions decreased by ~30%
compared to D100; from HVOB5 — by ~21%; and from HVOB10 - by
~3.7%. With HVOB20, they were ~1.6% higher compared to D100. The
rise in CO and HC emissions resulted from the introduction of
biobutanol, which reduced the viscosity of the fuel mixture. This led to
fuel droplets reaching the periphery of the combustion chamber, where
they were inappropriately mixed with air and did not burn properly.

4. The addition of biobutanol to HVO fuel mixtures increases PN and HC
errors by approximately ~14%, respectively, due to increased
evaporation. This increases NOx, BTE, and prc errors by around ~11%
and ~5%, respectively. However, CO, and CO errors decrease. As the
amount of biobutanol in HVO fuel mixtures rises, the lower heating
values fall. This causes BSFC p, errors to rise by about 6%.

5. Increasing the concentration of biobutanol does not have an impact on
the strength of the relationship between smoke and PN indicators.
Replacing diesel with biofuels, the correlation between smoke and PN
indicators decreases by 45% based on the evaluation of Pearson’s
correlation coefficient.






General conclusions

Replacement of D100 with HYO100 and biobutanol mixtures delayed SOI
because of differences in fuel density, viscosity, and compressibility.
Biobutanol’s longer ignition delay is due to lower cetane number, higher
latent heat of vaporisation, and auto-ignition temperature, resulting in higher
maximum ROHR in the premixed combustion phase. However, due to a
~20% shorter HVO100 ignition delay, mixtures with biobutanol HVOBS5,
HVOB10 and HYOB20 had ROHR, which was, respectively, ~29%, ~19%,
and ~5.5% lower in premixed combustion phase compared with D100
(~37 JICAD). During the controlled combustion phase, the maximum
ROHR increased by 6%, 8%, 5%, and 3%, respectively, due to the reduced
LHV_yvalue and longer injection timing compared to D100 (~32 JJCAD).

BSFC using HVY0100 was lower by ~2.5%; LHV_n was 2.3% higher
compared to D100. Adding biobutanol to HVO, the fuel mixture’s LHV_n,
decreases, and BSFC_p with HVOB20 is higher by ~ 5% (from
~266 g/kWh to ~279 g/kwWh) compared to D100. When assessing the
BSFC_v change, HVO100 increased by ~ 5% (from ~318 ml/kWh to
~335 ml/kWh), and HVOB20 — by ~12% compared to D100 due to
LHV_y of HV0100, which is ~5% less compared to D100. HYO100 BTE
was 0.2-0.4% higher as the concentration of biobutanol in HVO fuel
increased (from 5% to 20%), and the BTE values decreased by 0.1-0.4%
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compared with D100. Increasing the EGR rate decreased the BTE of all
fuels; however, increasing the biobutanol concentration from 10% to
20% at EGR 30% stopped the decrease in BTE.

The substitution of D100 with HVO100 decreased smoke by
approximately 11%. Furthermore, the addition of 5%, 10%, and 20%
biobutanol to HVO reduced smoke by about 57% (from ~0.93m™ to
~0.4m1), respectively, compared to D100. Reduction may be attributed
to a decreased C/H ratio of the HVO and biobutanol rise in oxygen
concentration within the mixture. Raising the engine load demonstrated
the positive effect of biobutanol on reducing smoke emissions. Raising
the EGR 30% rate resulted in a smoke rise by ~40% due to the lower
combustion temperature and lower AFR.

The higher cetane number of HVO reduces ROHR intensity and
combustion temperature, reducing NOx emissions by 17-20% over the
entire engine load range, comparing HVO100 to D100. Adding up to 20%
of biobutanol to HVO lowers the cetane number of the fuel mixture,
increases the oxygen concentration and increases the intensity of ROHR
and the combustion temperature. At EGR 30%, the addition of biobutanol
to HVO by 5%, 10%, and 20% increased NOx emissions, respectively,
by 6%, 4%, and 12% compared to HVO100 (~1.62 g/kWh), but the
values were lower than that for D100 (~2.05 g/kWh).

Replacing D100 with HYO100 reduced CO; emissions by up to 3% and
HC by ~30%. CO; emissions for HYOB20 were lower by up to 6.4%,
and HC was ~1.6% higher compared to D100; this was impacted by
decreased C/H ratio, which was 6.25 in D100, and 5.47 in HVO100
(12.5% lower compared to D100). The rise in HC emissions resulted from
the introduction of biobutanol, which reduced the viscosity of the fuel
mixture. This led to fuel droplets reaching the periphery of the
combustion chamber, where they were inappropriately mixed with air
and did not burn properly. When increasing EGR rate is up to 30%, CO,
emissions increase because of increasing BSFC values. HC emissions
decreased by 13% with D100 and with HVYOB20 — by 17% (up to
0.19 g/kWh). Although EGR reduces the combustion temperature and
worsens combustion, the oxygen in biobutanol maintains the combustion
improvement effect (increases the combustion temperature), thus
reducing HC emissions.

Pearson’s correlation coefficients show a strong correlation (0.87 ...0.99
when biofuel mixtures were used) between smoke and PN indicators in
the tested compression ignition engines. After the use of biofuels, the
dependence of the correlation between smoke and PN decreased by 45%
compared to conventional diesel.
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1. Introduction

Environmental problems have led to the development of second-generation biofuel
production from non-food biomass. The said lignocellulose raw materials are their by-
products, such as sugar cane flour, cereal straw, deforestation waste, municipal waste,
and vegetative grasses, also fast-growing forests [1]. In order to reduce particulate matter
emissions from diesel engines, it is important to develop new fuels, new injection strategies,
and highly performing after- treatment devices, ie., diesel particulate filters [2,5] Devices
that measure particulate matter emitted by cars are currently being renovated [4.5]. The
European Union regularly updates permitted pollutant emissions and their limit values [4].
Some countries try to switch from diesel to electric cars as soon as possible due to stricer
restrictions on emissions imposed by legislation [6,7].

The EU White Paper and the Europe 2020 Strategy laid down therein provides for
the flagship initiative “Resource-Efficient Europe™ and the energy efficiency plan of 2011,
the main aim of which is to create conditions for promoting European economic progress,
increasing competitiveness, providing high-quality mobility services, and making much
mome efficient use of resources [8-10]. This is the way to increase competitiveness and
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provide high-quality services and to use resources much more efficiently [11]. This means
that the transport sector must use more renewable biofuels of local origin and reduce
negative impact on the environment [12]. Moreover, fuels containing biobutanol would
be in line with these aims, as their further processing into fuels would increase the share
of renewable energy sources in the total energy consumption [13,14]. The use of biodiesel
allows significant reduction in environmental pollution with particulate matter [15,16];
thus, its use as a substitute for fossil diesel is very welcome [17]. Even though RME is the
dominant type of biodiesel in Lithuania [18,19], trying out second-generation bio-diesel
blends (biomass to liquid (BTL) [20,21], hydrogenated vegetable oils (HVO) [22,23], and
other blends with biobutanol would be rational. When investing in and improving the
technology for the production of second-generation biofuels, the progress of the process
towards increasing commercial use can be observed. This would allow stopping the
use of first-generation biofuels altogether, switching to second-generation biofuels. The
biofuel industry is unlikely to undergo radical changes in the near future. The use of first-
and second-generation biofuels will continue to trend, increasing the amounts of second-
generation biofuels in line with the established environmental and economic policy [24,25].

Butanol can be of petroleum origin, which is labelled i-bubanol (iso-butanol), and
of biological origin (also labelled n-butanol or 1-butanol). N-butanol is one of the most
effective additives for reducing NOy in diesel during combustion [26]. Additionally, a
recluction in sool emissions has been observed when mixing diesel with n-butanol [27].
Increasing n-butanol volume in diesel increases NOx emissions [28]. Exhaust Gas Recircu-
lation (EGR) systems help to reduce NOyx emissions [29,30]. Tests have been performed
with diesel and n-butanol blends using different EGR parameters and analysing exhaust
gases [31-33]. Cetane number and stability of biodiesel (methyl esters of vegetable oils)
are lower compared with HVO (hydrotreated vegetable oil). When adding n-butanol and
ethanol to diesel in tests of fuel blends in diesel engines [34], n-butanol showed better
results due to a higher cetane number, density, and viscosity. The assessment of homo-
geneity of the blends revealed that n-butanol mixes with diesel without any additional
solvents, unlike ethanol [35,36]. The conducted tests revealed that blends of diesel and
alcohol reduce particulate matter emissions [18,37,38]. Ignition delays no longer occur
when using n-butanol and diesel blends compared with pure diesel. Using blends of HVO
and n-butanol or n-butanol blends (of 30%) reduces particulate matter emissions compared
with pure diesel and HVO [13,39].

The use of HVO and n-butanol blends can be concluded to render the best results,
including the cetane number, start of combustion, and oxygen content [40-42].

In the assessment of emissions, results of tests of HVO-i-butanol blends revealed a
slight decrease in NOx and a high reduction in particulate matter compared with conven-
tional diesel [43]. The analysis of conventional diesel, diesel-i-butanol, and HVO-i-butanol
mixtures revealed higher NOx emissions in diesel-i-butancl blends (with i-butanol ac-
counting for 30% in diesel) compared with conventional diesel but lower NOx emissions
than that of HVO-i-butanol (with i-butanol accounting for 30% in HVO) [44]. Differences
in NOy emissions of pure diesel and VO are sufficient, and adding i-butanol in HVO
did not lead to any significant and consistent changes in NOy; thus, statistical assessment
of the results received is complicated [45,46]. The increase of oxygen concentration in
biodiesel leads to lower CO emissions [47]. Sayin et al. and Gumus et al. tried to prove
this phenomenon experimentally [48,49]. The researchers used conventional diesel, pure
biodiesel, and blends of diesel and biodiesel: B100, B50, B20, B5 (the figures mean percent-
age biodiesel content in diesel). At various engine loads, CO emissions decreased by 38.18,
30.90, 20,66, and 13.55%, respectively, using B100, B50, B20, B5 compared with conventional
diesel. The results of the research were based on the fact that a higher oxygen content in
the used fuels improved the combustion process and its completeness. Gharehghani et al.
presented similar results [50]. CO emissions using B25, B50, B75, and B100 (the figures
mean percentage biodiesel content in diesel) decreased by an average of 5.2, 11.2,22.5, and
27%, respectively. Higher oxygen content in the fuel blends used and shorter combustion



AUTHOR’S PUBLICATIONS COLLECTION

55

Energies 2021, 14, 3939

30f29

process also confirm the results obtained. Oxygen contained in biodiesel oxidises with
carbon molecules thus reduced CO emissions [26]. Basic fuel properties, such as viscosity
and density, become important in order to achieve complete combustion, which would
generate CO,; also, the structure of the engine, engine speed, air-to-fuel ratio, and start of
injection (SOI) must be taken into account. The use of conventional fossil hydrocarbon-
based fuels would not allow achieving a reduction in CO; emissions [51]. Many research
reports show that CO; emissions decrease using biodiesel compared with diesel. This is
due to the low carbon content in biodiesel [52,53].

The conducted research with bicdiesel with added alcohel demonstrated a decrease in
HC emissions. HC emissions decreased by adding 15% and 20% of n-butanol and pentanol
compared with biodiesel without alcohol. This is said to come as a result of increased
oxygen content in fuels. On the other hand, the addition of alcohols led to fuel droplets of
a larger diameter, resulting in ignition delay, which may increase HC generation during
combustion. It has been argued that alcohol as an additive in biodiesel must be considered
comprehensively [27].

Pirjola and a team of other researchers presented research resulls stating that a change
in engine load and speed demonstrates the dependence of emissions on the said parameters.
The highest content of pollutants is achieved with the engine idling, while the lowest
pollutant levels are reached at the engine load of 50%. A further increase of engine load
leads to increasing pollutant emissions [43].

Conventional diesel and HVO were used in the analysis of the size of particulate
matter (PM) and their amount. When using HVO, smaller particulate matter (below 50 nm})
was generated, and PM emissions were also lower [43,54]. Other studies revealed that
particulate matter emissions decreased with increasing duration of the pre-injection interval;
however, higher volumes of PM have been generated in application of pre-injection ratio
compared with the single injection condition. Research of a different nature allowed staling
that mixing n-butanol in diesel increased the duration of the ignition delay phase, leading
to a better mixing of air and fuel blend during the ignition delay phase and lower PM
emissions during combustion [32].

N-butanol had an impact on the combustion speed in diesel and bio-diesel blends,
while the combustion temperature differed slightly. Having added N-butanol to the fuel
resulted in a smaller diameter of soot particles [55]. N-butanol increased the duration of the
ignition delay and slowed down the combustion phase, which was especially evident at low
loads. The results achieved allow stating that with NOx staying the same, n-butanol-diesel
blends reduce particulate matter content and smoke, but heat efficiency also decreases
compared with pure diesel [33]. More detailed studies show that during combustion,
when the i-butanol ratio in diesel is below 17.5%, the combustion flame propagates back
and forth, while with i-butanol ratio above 17.5%, the combustion flame propagatesina
jumping-crawling motion [56].

When using HVO-n-butanol and i-butanol blends, no significant changes were ob-
served in the heat release rate at low and high engine loads; thus, the obtained results
of fuel blends can be compared based on the measurement uncertainty [39]. The results
received when using blends of diesel and n-butanol revealed that brake thermal efficiency
(BTE) decreased significantly at low engine loads, but an increase of about 7.08% was
observed at high engine loads [57]. The comparison of diesel and HVO-brake-specific
fuel consumption (BSFC) revealed that HVO fuel consumption decreased by 1% at low
rotational speed, which is an insignificant result; meanwhile, BSFC increased when using a
diesel with n-butanol and i-butanol blend [38]. A 10% i-butanol content (in the diesel-i-
butanol blend) demonstrated an increase in BTE (brake thermal efficiency) and a decrease
in BSFC (brake-specific fuel consumption), which is assumed to be due to decreased in-
jection pressure [58]. Additionally, when using this fuel blend, exhaust gas temperature
(EGT) was lower compared with that of conventional diesel [59].

In summary, biobutanol and HVO blends can be said to be very promising and can
completely replace fossil diesel. In addition, such a fuel mix is 100% biological; thus, it is
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in line with EU policy objectives. However, a relatively small field of research on these
fuels raises a number of questions about the analysis of its combustion process, as the
conducted research has mostly focused on summarizing characteristics of fuel consumption
and environmental properties. A comprehensive assessment of hoth energy-environmental
and the combustion process analysis would allow for a better substantiation of the use of
such fuels in compression ignition engines, without any additional medifications in the
engine structure and with biobutanol concentration ranging from 0% to 20% in terms of
volume in fuel blends with HVO.

2. Equipment, Methodology, and Fuel

Tests were conducted using the 1.9 TDI diesel engine (type 1Z) equipped with an
electronic control unit BOSCH VP37. Test engine had a rotary fuel pump and a turbocharger.
Selected technical data of the 1.9 TDI engine are shown in Figure 1.

Parameter

* Power * 66 kW (4000 rpm)

* Torque * 182 Nm (2000-2500 rpm)

* Piston diameter, mm ® 79.5 mm

e Piston stroke, mm ® 95.5 mm

¢ Copression ratio * 195

 Displacement * 1896 cm?

* Number of cylinders * 4/OHC

¢ Fuel injection  Direct (single)

* Nozzle type * Hole-type

* Nozzle opening pressure ® 190 bar

* Nozzle and holder * Two spring
assembly

® Cooling system * Liquid cooling

Figure 1. The main parameters of the test engine (1.9 TDI type: 17)).

Figure 2 presents fundamental data of the measurement equipment used in this research.

Configuration of the test stand is shown in Figure 3. The engine crankshaft was
coupled with the eddy current brake. Fuel consumption was measured with the fuel
scale and emissions sampled with the AVL DiCom 4000 gas analyser and smoke opacity
meter. Smoke measurement is performed by determining the extinction of a light beam by
scattering and absorption.

Experimental tests were conducted at a constant crankshaft rotation speed of n = 2000 rpm.
These revolutions were set closest to the most economical operating mode of a laboratory
engine (1.9 TDI, type 1Z). During the tests, engine loads of 30 Nm, 60 Nm, 90 Nm, and
120 Nm were selected, simulating engine speeds of ~50 km/h, ~80 km/h, ~100 km/h, and
~110 km/h at the said loads.
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* Load bench KI-5543

* Scale SK-500

* Air mass meter BOSCH
HFM 5

* VAG-COM diagnostic
equipment

* Piezo pressure sensor
AVL GH13P
* Encoder AS8M- F

* Oscilloscope AVL
DISTEST DPM 800

* Delta OHM HD 2304.0,
sensor TP704-2BAl

* K type thermo couple

* AVL DiCom 4000 gas
analyser

Accuracy of

measurement

*1.2Nm
«10g
. <2%

* $0.11 (%FCO)

* 0.1758 crank angle
degrees (CAD)

.-
* £0.0002 MPa

* +0.5%

* CO,, 0.1% vol.; CO,
0.01% vol.; HC, 1 ppm;
NOx, 1 ppm; smoke,
0.01m

Tigure 2. Laboratory equipment.

Purpose of use

* brake torque
« fuel consumption
* air mass

* Fuel injection timing,
the start of injection
(so1)

* In-cylinder pressure

* Crankshaft position

« in-cylinder pressure
and CAD transmit
* intake air pressure

« intake air and the
exhaust gas
temperature

* CO,, CO, HC, NO,,
smoke absorption
coefficient

Figure 3. Engine test equipment. 1-engine, 2-measurement output gauges, 3-engine load unit, 4-high pressure pump,
5-scales, 6-fuel tank, 7-compressor, 8-turbocharger, 9-intercooler, 10-exhaust gas analyser, 11-smoke analyser, 12-electronic
control unit, 13-air mass meter, 14-intake air temperature sensor, 15-pressure sensor, 16-temperature sensor, 17-crankshaft

position sensor, 18-in-cylinder pressure sensor, 19-exhaust pipe.



58 AUTHOR’S PUBLICATIONS COLLECTION

Energies 2021, 14, 3939 6 0f 29

Experimental tests were conducted with the engine running on conventional diesel
fuel (labelled D100), hydrotreated vegetable oil {labelled HVO100), hydrotreated vegetable
oil, and biobutanol blends of 95/5, 90/10 and 80/20 (% vol/% vol) (labelled HVOBS,
HVOB10, and HVOB20). An amount of 5% of castor oil was added to fuel blends with
biobutanol for better lubrication. Selected physicochemical properties of base fuels were
tested and the results are listed in Table 1.

Table 1. Properties of 100% pure diesel, hydrotreated vegetable oil, biobutanol, and castor cil.

Parameter Diesel Hydrotreated Vegetable Oil Biobutanol Castor Oil
Density at 15 °C, kg/m‘* 830.4 780.0 810.0 964.0
Carbon content, % m/m 86.20 84.55 65.00 73.60
Hydrogen content, % m/m 13.80 1545 13.50 11.55
Oxygen content, % m/m 0 0 21.50 14.85
St;)i(‘hiom(rtrir AFR 14.79 1518 11.30 19

Cetane number 51 70 18 28

Lower heating value, M]/kg 43.1 441 33.0 413
Lower heating value, MJ /1 36.09 3417 2673 39.81
Purity, % N/A N/A 99.5 100

Orlean Lietuva,
Lithuania

Carl Roth GmbH, Biochemlit,

Neste, Finland Germany Lithuania

Manufacturer, country

In order to maintain the accuracy of the tests, the fuels used and their additives were
kept at the same temperature to avoid differences in temperature and density that can be
affected by temperature. Fuel blends (hydrotreated vegetable oil and biobutanol) were
mixed on the day of the study just before use. They were stored at the same temperature
and mixed to avoid delamination of components and to maintain homogeneity of the blend
for different densities. The properties of fuel blends used during tests are presented in
Table 2.

Table 2. Properties of fuel mixtures.

Properties HVOB5 HVOB10 HVOB20
Density at 15 °C, kg/’ m? 7804 782.4 786.4
Carbon content, % m/m 83.55 82.55 80.57
Hydrogen content, % m/m 1534 15.24 15.03
Oxygen content, % m/m 111 221 4.40
Stoichiometric AFR 14.98 14.77 14.38
Cetane number 67.3 64.6 59.3
Lower heating value, M] /kg 4354 4298 41.87
Lower heating value, MJ /1 33.98 33.63 3293

The numerical analysis of the combustion process was conducted using AVL FIRE
software. The rate of heat release (ROHR) during combustion was calculated using cylinder
pressures measured during tests, air and fuel consumption, properties of the fuel used, and
engine parameters. The following combustion process indicators were set: start of combus-
tion (SOC), in-cylinder temperature, in-cylinder temperature rise, and in-cylinder pressure
rise. The said combustion process parameters helped to establish environmental and
energy indicators using conventional diesel, hydrotreated vegetable oil, and hydrotreated
vegelable oil and biobutanol blends.
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3. Research Results and Discussion

Graphs illustrating changes in environmental and energy indicators are presented
based on the results of the experimental research of CI engine running on conventional
diesel D100, HVO100, and HVOB5, HVOB10, HVOB20 blends. The discussion of the said
indicalors and trends of their changes are presented based on the properties of the fuel used,
the numerical analysis of the combustion process, and conclusions of other researchers.

3.1. Combustion Indicators

Experimental research was conducted at a constant engine crankshaft speed of
n = 2000 rpm and three different engine loads (Mp = 30 Nm, Mp = 60 Nm, Mg = 90 Nm, and
Mp =120 Nm), which correspond to the brake mean effective pressure BMEP = 0.2 MPa,
BMEP = 0.4 MPa, BMEP = 0.6 MPa, BMEP = 0.8 MPa.

Figure 4 illustrates the rate of heat release. According to the presented graph, under
the same brake mean effective pressure of fuels and their blends, the start of combustion
(SOC) varies: D100 ~0.7 CAD ATDC; HVO100 ~0.3 CAD BTDC; HVOB5, HVOB10, and
HVOB20 ~0.1 CAD BTDC. The start of injection (SOI) in this mode of engine operation
was set at ~4 CAD BTDC. The duration of the ignition delay phase of the said fuels also
differed: D100 ~4.7 CAD ATDC; HVO100 ~3.7 CAD ATDC (which is 1 CAD less compared
with D100); HVOB5, HVOB10, and HVOB20 ~3.9 CAD ATDC (which is 0.8 CAD less
compared with D100). The analysis of combustion duration (CD) revealed that the longest
combustion duration was with pure diesel: D100 ~50.7 CAD; HVO100 ~4.2 CAD less
compared with 1D100; and CD decreased respectively when adding biobutanol: HVOB5-
~4.3 CAD less, HVOB10- ~3.9 CAD less, and HVOB20- ~5.2 CAD less. The maximum
ROHR value was achieved in premixed combustion phase when using pure diesel at
5CAD ATDC-35.0 [/CAD. When using hydrotreated vegetable oil (HVQ), the maximum
ROHR value was at 3 CAD ATDC-21.5 J/CAD (a decline of ~39%), while having added
in HVO biobutanol at 5, 10, and 20%, the maximum ROHR decreased respectively in the
premixed combustion phase at 4 CAD ATDC by ~28, ~21, and ~10% when comparing with
pure diesel. When using pure diesel (0100), the maximum ROHR value in the controlled
combustion phase was 32.4 ] /CAD at 10 CAD ATDC. When using HVO, the maximum
ROHR value in this phase was 34 /CAD at 9 CAD ATDC (an increase of ~4.9%). Having
added biobutanol to HVQ, the value of ROHR in the controlled combustion phase was the
following: HVOB5-an increase of ~5.9% at 9 CAD ATDC; HVOB10-an increase of ~6.8%
at 10 CAD ATDC; HVOB20-an increase of ~5.4% at 9 CADD ATDC; and the said ROHR
value was compared with pure diesel. A growth in the controlled combustion phase when
increasing biobutanol concentration improved soot oxidation but had a negative impact on
the energy efficiency of the engine [60]. ROHR significantly decreasing in the premixed
combustion phase reduced the intensity of NOx generation [61].

The maximum temperature rise value can be achieved with conventional diesel
~53° K/CAD, at 4 CAD ATDC) (Figure 5). When using HVO100, the maximum tem-
perature rise decreased by ~22% at 8 CAD ATDC compared with conventional diesel.
Additionally, HVOBS dropped by ~24% 8 CAD ATDC, HVOB10 by ~19% at4 CAD ATDC,
and HVOB20 by ~4% at 4 CAD ATDC. With increasing biobutanol concentration in HVQ, a
difference in the temperature rise in the premix combustion phase was observed to decrease
compared with conventional diesel and came close to the value of the reference fuel. These
trends are in line with previously published works by the authors [12,62].

The assessment of the in-cylinder temperature graph (Figure 6) revealed that when
increasing biobutanol concentration in HVO, the in-cylinder temperature in the controlled
combustion phase also increased. The highest temperature of HVO100 was 1392 K, D100-
1400 K, and HVOB20-1424 K. With increasing biobutanol concentration in HVO, the
combustion process was also longer. This is why the temperature and the pressure of
turbo-compressor increased during compression, emitting more energy along with exhaust
gases, but resulting in better soot combustion.
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Figure 4. Rate of heat release in-cylinder depending on fuel composition.
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Figure 5. Temperature rise in-cylinder depending on fuel composition.

The highest in-cylinder pressure rise in the premix combustion phase was reached
when using pure diescl: ~0.21 MPa/CAD, (Figure 7). The pressure rise of I1VO100 in the
premix combustion phase declined by ~48%, with HVOB5 decreasing by ~30%, HVOB10
by ~30%, and HVOB20 by ~11%. The greatest in-cylinder pressure rise was reached with
D100, [IVOB10, and 11VOB20 fuel blends at 4 CAD ATDC, with 1IVO100 and 11IVOB5 fuel
blend at 3 CAD ATDC. When increasing biobutanol concentration in HVO, the pressure
risc also increased, but the result was not higher than that of conventional diesel.
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Figure 6. In-cylinder temperature depending on fuel composition.
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Figure 7. Pressure rise in-cylinder depending on fuel composition.

Figure 8 illustrates the in-cylinder pressure graph. When using conventional diesel
(D100), the highest in-cylinder combustion pressure was ~7.68 MPa. When using HVO100,
the maximum combustion pressure decreased to ~7.59 MPa. When increasing biobutanol
concentration in ITVQ), the maximum combustion pressure of [ IVOB20 fuel blend increased
to ~7.78 MPa (~1.3% more compared with conventional diescl). When using diescl, the
highest combustion pressure was reached at ~9 CAD ATDC, and when using HVO and its
blends with biobutanol it was 1 CAD later.
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Figure 8. In-cylinder pressure depending on fuel composition.

Figure 9 presents the dependence of the temperature of emissions on the engine load
measured in the experimental research. The temperature of emissions of 12100 and HVO100
fuels was observed to be almost the same at changing engine loads (BMEP = (0.2 MPa;
0.4 MPa, 0.6 MPa, and 0.8 MPa). Increasing the biobutanol concentration in ITVO from
5% to 20% decreased the temperature of exhaust emissions in the range of 0.5% to 1.5%.
Fxhaust temperature depends on .LHV value—with decreasing I.HV, exhaust temperature
also decreases (to supply the same amount of fuel in the cylinders per cycle) [61]. Having
added biobutanol to HVO in the research, the value of LHV decreased compared with
HVO100 (Tables 1 and 2); however, more fuel was supplied (Figure 11) because the engine
generated equal power. Having performed similar fuel tests, Yilmaz et al. concluded that
blends of biodiesel and n-butanol rendered lower exhaust gas temperatures because of
lower density of n-butanol and cetane number compared with diesel or biodiesel. Moreover,
n-butanol mixed into fuel blends increases the oxygen content of the fuel, which improves
and speeds up the combustion process, which lowers the exhaust gas temperature [63].
This is confirmed by ROHR (Iigure 4), which shows that by increasing the concentration
of biobutanol in the mixture, energy is released more intensively during the premixed
combustion phase and that the amount of energy released decreases during the controlled
combustion phase and later controlled combustion phasc.

liigure 10 illustrates the dependence of the turbocharger pressure on engine load.
Turbocharger pressure of D100 and HVO blends with biobutanol (HVOB5, HVOB10, and
HVOB20) increased or decreased by no more than 0.5% at the designated engine loads.
When using HVO fucl, this indicator increased and was about 1% higher in all engine
modes compared with D100. The trend of a change in the turbocharger pressure was
found to be similar to that of BT of the engine (Figure 13), while values of brake thermal
cfficiency of HIVOB5, HVOB10, and HVOB20 were determined to be similar to those of
D100. The value of brake thermal efficiency of HVO100 was about 0.5% higher compared
with conventional diesel. Inergy efficiency of the engine running on HVOB5, HVOB10,
and I1VODB20 blends and the amount of encrgy emitted to the exhaust and cooling system
was similar to that of D100.
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Figure 9. Dependence of exhaust temperature on fuel composition and engine load: (a) summary of results; (b) accuracy

and errors of measurements.
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3.2. Energy Indicators

Figure 11 illustrates the dependence of brake specific fuel mass consumption on
fuel composition (BSFC ) and the engine load. The conducted research determined
the brake specific fuel mass consumption (BSFC by mass) of the compression ignition
engine and revealed that at different engine loads, comparative HVO100 consumption
in terms of mass was about 2.3-2.8% lower compared with D100, while consumplion of
HVOB5 BSFC was lower by 0.8-1% compared with D100. The results of the fuel stucy
(Tables 1 and 2) revealed that compared with conventional diesel, the density of HVO100
was 7.5% lower, but its lower heating value (LHV) was 2.3% higher than that of D100.
The assessment of HVOBS fuel density revealed that its density was 7.0% lower and that
the lower heating value (LHV) was 1% higher compared with that of 19100. Higher LHV
resulted in lower values of BSFC by mass. However, it was also observed that when
increasing the concentration of biobutanol in HVO (from 10% to 20%), BSFC by mass also
started increasing: HVOB10 by 0.5-0.6% and HVOB20 by 3.2-3.4% compared with D100,
According to the obtained fuel study results (Tables 1 and 2), HVOB10 density was 6.5%
lower compared with conventional diesel, and lower heating value (LHV) was 0.3% lower
than that of D100. The analysis of HVOB20 fuel blend revealed that its density was 6.0%
lower, and that LHV was 2.8% lower compared with that of D100.

Huang et al. obtained similar research results when assessing BSFC, when BSFC by
mass values increased in 70% conventional diesel and 30% n-butanol fuel blends. This
can be explained by lower density of n-butanol and lower cetane number compared with
diesel [64]. Xiao et al. conclude that in blends of biodiesel and n-butanol (adding up to 30%
of n-butanol by mass), BSFC results are higher than those of conventional diesel because
of a lower calorific value of biodiesel and n-butanol [65]. In the analysed case, the cetane
number in biobutanol was 2.5 times lower than that of conventional diesel and 4 times
lower than that of HVO (Table 1), while the cetane number of fuel mixtures HVOBI10 and
HVOB20 was lower than that of D100 (Table 2).

Dependence of brake specific fuel volume consumption (BSFC y) and the engine load
is presented in Figure 12. The results presented in this figure look absolutely different
compared with Figure 11; however, the assessment of LHV in terms of volume (M]/1),
which are presented in Tables 1 and 2, revealed that these values (M]/1) have tended to
decrease: HVO100 about 5%, HVOB5 6%, HVOB10 7%, and HVOB20 9% lower compared
with conventional diesel. Figure 12 illustrates this trend. Decreasing LHV value (M]/1) in
fuels or their blends leads to increasing brake specific fuel volume consumption. The great-
est difference in BSFC _y was observed using HVOB20, where an increase was consistent at
different engine loads: 9% compared with D100.

Another analysed energy indicator parameter was brake thermal efficiency—BTE
(Figure 13). The comparison of HVO100 and D100 fuels at different loads revealed an
increase in BTE of 0.1-0.6%. With increasing biobutanol concentration in HVO (from 5%
to 20%), BTE value starts decreasing compared with 12100: HVOBS 0.1-0.2%, HVOB10
0.2-0.3%, and HVOB20 0.3-0.4%. A decrease in BTE with blends with HVQO and biobutanol
was minor (1% difference in BTE was not achieved compared with D100). The obtained
research results allow concluding that biobutanol additive of up to 20% by volume in HVO
does not have any material impact on energy efficiency of the combustion process.

A decrease in LHV of fuel blends can be explained by the fact that the addition of
n-butanol allows reducing fuel viscosity, improving injection and providing more oxygen in
the combustion cylinder to improve chemical energy of fuel by turning it into useful engine
work [66]. Studies conducted by other researchers rendered different results. Pan et al.
used blends of biodiesel and 2-butanol in a CI engine in their research and discovered that
BTE decreased at low engine loads but increased by about 7.08% at high engine loads [57].



AUTHOR’S PUBLICATIONS COLLECTION

Lnergies 2021, 14, 3939 140f 29
360
1 -=-D100
340 +-HV0100
HVOBS5
320
~-HVOB10
300 -~-HVOB20
=
E 280
=
L)
; 1260
a
240
220
200
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
BMEP, MPa
(a)
3554 - .
L =
£ 2654
3 %l =
o — . G2
& 5 —_
@ 35 = 2
2554 . $
i — ==
328 250
DIO0  HVO100 HVOBS HVOBI0  HVOB20 D100 HVOI00  HVOBS  HVOBIO  HVOE20
1 2
246 234+
2444 232
24011 228
é = § 2264
B9 - 2 =
37 ] o
23 i ] ol &
2324
230 [ = s
228 218 ——
D100 KVO100  HVOBS  HVOBIO  HVOB20 D100 HJO00  HVOBS  HVOBIO  HVOB20
3 4

(b

Figure 11. Dependence of BSFC by mass on fuel composition and the engine load: (a) summary of results; (b) accuracy and
crrors of measurements.



AUTHOR’S PUBLICATIONS COLLECTION

67

Lnergies 2021, 14, 3939 15029

450
-=-D100
1 »HVO100
HVOBS
400
-HVOB10
--HVOB20
=
; 350
£
5
O
&
@ 300
250
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
BMEP, MPa
@)
450+ 0
50 ; 5 —
140 )
E . ! W ey
(2 4304 3 == 5 —— *
3azo- g320
4004
D0 HVOIOD  HVOBS  HUOBI0  HVOB2D D100 HVO100  HVOBS  HVOBIO  HYOE20
1 2
315 305
£ 300]
205 25
=
= == -
P a =="1
5,295 — £ 285+ . .
20 t 2804
@ @
285 215
280 E=EES 270
==
275 265
260 .
DI00  HVOW0 HVOBS  HVOBIO  HVOB20 D100 HVO100  HVOBS  HVOBTO  HVOBZ0

3 4
(®)
Figure 12. Dependence of BSFC by volume on fuel composition and the engine load: {a) summary of results; (b} accuracy

and errors of measurements.



68

AUTHOR’S PUBLICATIONS COLLECTION

Lnergies 2021, 14, 3939

0.38
-=-D100 4
-+ HV0100
0.36
HVOB5
-*-HVOB10
0.34
-=-HVOB20
g 0.32
)
0.30
0.28 e
4
m
0.26 m
/
0.24 i oo os
0.10 0.60 0.70 0.80 0.90
0282 0328
0.250 0328
024 = _— . X
= w
dol= . u ey
0.244 - 0.320 — ! ;
02424 02184
D100 HVO100 HVOBS HVOB10  HVOB20 D100 HVD100 HVOBS  HVOB10 HWOB20
1 2
0.3584 0.3754
o35 0374
e 03734 -
= 035§ E
E 03724 "
03544 L.
03N
03534 .
03852 0.370
0100 HVO100 HVOBS HVOB10  HVOB20 D100 HVO100  HVOBS HVOB10  HWOB20
3 4

(b

Figure 13. Dependence of brake thermal efficiency on fuel composition and the engine load: (a) summary of results;

(b) accuracy and errors of measurements.



AUTHOR’S PUBLICATIONS COLLECTION

69

Energies 2021, 14, 3939

17 of 29

3.3. Environmental Indicators

One of the key environmental indicators found during the research was carbon dioxide
(COy) content in the exhaust gas. Carbon dioxide is an environmental parameter emitted in
complete combustion process when oxygen for a complete combustion process is enough.
CO;y conlent can also increase with increasing content of carbon in fuel molecules [67].
The substitution of conventional diesel by HVO100 reduces CO; emissions by 3.5-6.7%
(Figure 14). The use of HVO and biobutanol fuel blends (with biobutanol concentration of
5-20%) did not result in any material changes in CO, emissions; CO, values of fuel blends
were close to HVO100: 3.3-6.8%. The assessment of the obtained CO, research results
allows stating that hiobutanol additive of up to 20% by volume in HVO does not have any
significant impact on CO; emissions.

Bandbafha et al. explained a reduction in carbon dioxide compared with conventional
diesel. They say that biodiesel has a lower elemental carbon to hydrogen ratio (C/H) than
conventional diesel, so CQy emissions from air combustion will be lower than those of
diesel [61].

Figure 15 presents the results of the study of carbon monoxide (CO). The obtained
results revealed a significant difference in CO at BMEP of 0.2-0.6 MPa when comparing
HVO100, HVO, and biobutanol fuel blends with D100. Having increased the engine load
(BMEP 0.8 MPa), CO values became the same. The HVO100 CO value at BMEP 0.2 MPa
was 50% lower, and at BMEP 0.6 MPa it was 6% lower compared with D100. An increase
of biobutanol concentration in HVO (from 5% to 20%) led to a decrease in CO value at
BMEP 0.2 MPa: HVOBS was 51%, and HVOB20 was 51%, compared with D100. Having
increased engine load to BMEP 0.4 MPa, CO values of HVO100, HVOB5, HVOB10, and
HVOB20 became the same. With the engine running at BMEP 0.8 MPa, CO values of all
fuels used and their blends were the same. CO emissions are affected by different engine
operating conditions. The engine load has been proven to have a significant effect on CO
emissions. Higher load values are associated with reduced CO emissions [68]. The cylinder
temperature was also experimentally proven to increase when moving from low to high
loads, which allows for a better combustion and thus reduces CO emissions [69].

Studies of physicochemical properties of fuels (Table 1) revealed the ratio of masses of
carbon and hydrogen C/H was 6.25, fuel HVO100 was 5.47 (12.5% lower), and HVOB20
was 5.36 (14.2% lower). CO reduction in the use of pure HVQ and blends of HVO with
biobutanol can be explained by a lower C/H ralio. Researchers Bandbafha et al. concluded
that CO emissions decreased using biodiesel due to a lower carbon-to-hydrogen ratio
compared with diesel. CO can also decrease due to a higher oxygen content in the fuel
mixture [26].

The composition of fuel and fuel blends (Tables 1 and 2) allowed determining that sto-
ichiometric air—fuel ratio (AFR) for D100 was 14.79 kg, HVO100 was 15.18 kg (2.6% more),
and HVOB20 was 14.38 kg (2.8% less). Having added biobutanol and castor oil in HIVO,
air-to-fuel ratio decreased. The said reduction of AFR was due to oxygen (Op) content in
biobutanol and castor oil (O).

The use of HVO100 and blends of HVO and biobutanol led to a gradual decrease in
smoke (Figure 16). The obtained research results revealed that HVO100 smoke value was
22-33% lower compared with D100, while smoke values of HVO and biobutanol blends
had a tendency to decrease: HVOBS from 39% to 45%, HVOBI10 from 45% to 55%, and
HVOB20 from 50% to 64%, compared with conventional diesel. Researchers Imdadulas
and others used n-butanol and biodiesel mixtures at different proportions and observed
a decrease in smoke compared with conventional diesel [35]. Additionally, researchers
Imtenan et al. confirmed that oxygen contained in alcohols, such as n-butanol, used in
combination with biodiesel reduces smoke emissions [69].
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Figure 14. Dependence of CO;, emissions on fuel composition and engine load: (a) summary of results; (b) accuracy and
errors of measurements.
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Figure 15. Dependence of CO emissions on fuel composition and engine load: (a) summary of results; (b) accuracy and
errors of measurements.
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Figure 16. Dependence of smoke on fuel composition and the engine load: (a) summary of results; (b) accuracy and errors
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In a compression ignition engine, the air intake system operates with excess air, result-
ing in unburnt hydrocarbons (HC) and thus low emission concentrations [70]. Figure 17
shows the results of studies of unburnt hydrocarbon (HC) at different engine loads. The
obtained results revealed that the concentration of HVO100 is 36-43% lower depending on
the engine load compared with conventional diesel. However, having added biobutanol to
HVO, HC concentration increased steadily depending on biobutanol concentration. With
biobutanol concentration of 5% (HVOBS) it was 28-34%, while adding biobutanol 10%
(HVOB10) HC concentration it was 6-8% lower compared with D100. However, increasing
the concentration of biobutanol in HVO fuel to 20% resulted in a higher concentration of
unburned hydrocarbons than in conventional diesel: 12-39%.

Hosseinzadeh et al. explained the increase in HC concentration having added biobu-
tanol. Studies revealed that adding alcohol in biodiesel resulted in lower HC emissions.
HC emissions also decreased mixing in biodiesel 15% and 20% of n-butanol compared with
biodiesel without alcohols. This was due to increased oxygen content in the fuel. On the
other hand, the addition of alcohols resulted in an increase in the diameter of fuel droplets,
which in turn led to an increase in the ignition delay, which can increase HC formation
during combustion. The use of alcohols as additives in biodiesel needs to be assessed
comprehensively [26].

HC emissions can also be associated with a lower fuel viscosity. Farayedhi et al. say
that lower viscosity fuels create smaller droplets in the injection process. These smaller
fuel droplets reach the cylinder walls due to a weaker mixing of fuel and air mixture near
the walls, which causes a quenching effect, thus increasing the emission of unburned fuel
(HC) [71].

Combustion temperature and oxygen unused during combustion have the greatest
impact on the formation of nitrogen oxides (NOx). In experimental studies, NOx emissions
were the highest in D100 and the lowest in HVO100 (Figure 18). Increasing biobutanol
concentration in HVO fuel leads to a steady decrease in NOx emissions at all engine load
modes compared with D100. The comparison of NOx emissions of HVO100 and D100
revealed that having substituted the fuel with HVO100, NOx emissions decreased by
17-20% (Figure 18). The decrease in NOx emissions can be explained by lower ROHR
intensity (Figure 4) and a smaller temperature rise (Figure 5). Vojtisek et al.,, having
conducted similar studies, also state that NOx emissions were similar when comparing
HVO with n-butanol and i-butanol blends with pure HVO, but in both cases they were
lower than that of pure diesel [39].

Mixtures of HVO and biobutanol used in the study contain oxygen (Table 2). When in-
creasing the volume of biobutanol, oxygen concentration increases as well. The comparison
of NOy emissions in VO and biobutanol blends with D100 revealed that NOy emissions
increased when increasing the biobutanol volume from 5% to 20% in HVO fuels. In HHVOBS,
NOx emissions decreased by 16-18% compared with D100, in HVOB10 by 14-17%, and in
HVOB20 by 13-14%. Addition of oxygen to the fuel also demonstrated conflicting results.
Having conducted research with biodiesel and n-butanol {with n-butanol accounting for
30% in the volume of biodiesel), Prabu et al. state that NOy emissions decreased compared
with diesels without alcohols. This phenomenon can be justified by a decrease in the com-
bustion temperature [72]. However, results of research conducted by Tmdadulas et al. [35]
revealed that using oxygen additives, such as n-butanol in biodiesel, rendered an opposite
effect, with no reduction in NOx emissions. These conclusions were justified by the fact
that alcohols used as an additive in biodiesel reduced the cetane number.
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Figure 17. Dependence of HC emission on fuel composition and the engine load: (a) summary of results; (b) accuracy and

errors of measurements.
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Figure 18. Dependence of NOx emission on fuel composition and the engine load: (a) summary of results; (b) accuracy and
errors of measurements.
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4. Conclusions

Experimental studies and numerical analysis of the combustion process of pure con-
ventional diesel (ID100), hydrotreated vegetable oil (HVQ100), and hydrotreated vegetable
oil and biobutanol mixtures (HVOB5, HVOBI10, and HVOB20) with different engine loads
have resulted in the following conclusions:

1. Comparing fuels HVOBS, HVOB10, and HVOB20 with D100, LHV (M]/1) values
decrease by ~5.85%, 6.81%, and 8.75%, respectively. When using hydrotreated veg-
etable oil and biobutanol mixtures, due to the oxygen in the biobutanol, the other
stoichiometric AFR parameter was: HVOBS ~1.28% higher compared with D100
(HVO100 stoichiometric AFR parameter was ~2.64% higher compared with D100, so
in this case HVOBS fuel mixture is stoichiometric and AFR is ~1.32% higher compared
with HVO100), and HVOB10 and HVOB20 are lower (0.14% and 2.77%) compared
with D100.), and HVOBI0 ~0.14% and HVOB20 ~2.77% lower compared with D100.

2. Theignition delay phase duration of the mentioned fuels and their mixtures at the
brake mean effective pressure value of 0.4 MPa was different: D100 ~4.7 CAD ATDC,
HVO100 ~3.7 CAD ATDC (which is 1 CAD less compared with D100), HVOBS,
HVOBI10, and HVOB20 ~3.9 CAD ATDC (which is 0.8 CAD less compared with the
D100). Comparing the maximum ROHR at premixed combustion phase, value 12100
at 5 CAD ATDC-35.0 J/CAD with hydrotreated vegetable oil (HVO), the maximum
ROHR value at 3 CAD ATDC was 21.5 J/CAD lower (red uction ~39%). The maximum
ROHR at 4 CAD ATDC value was reduced by adding 5%, 10%, and 20% of HVO
addative in the premixed combustion phase respectively, compared with pure diesel
by ~28%, ~21%, and ~10%. Comparing the maximum ROHR value at controlled
combustion phase using D100 32.4 J/CAD at 10 CAD ATDC with HVO-34 J/CAD
at 9 CAD ATDC was an increase in HVOBS ~5.9% at 9 CAD ATDC, an increase in
increase ~4.9%). The HVOB10 at 10 CAD ATDC and HVOB20 increases of ~6.8% and
~5.4% compared with D100 at 9 CAD ATDC. Comparing the maximum ROHR at
controlled combustion value phase using D100 32.4 J[/CAD at 10 CAD ATDC with
HVO-34]/CAD at 9 CAD ATDC was increased ~4.9%. The ROHR value of controlled
combustion phase when biobutanol was added to HVO was an increases using the
fuel mixtures HVOB5 ~5.9% at 9 CAD ATDC, HVOBI0 ~6.8% at 10 CAD ATDC and
HVOB20 ~5.4% at 9 CAD ATDC compared with 12100.

3. As the concentration of biobutanol in HVO fuel increases, the temperature rise in
premix combustion phase difference decreases and approaches the value of D100 fuel.
The maximum temperature rise value was reached with D100 ~53° K/CAD, at 4 CAD
ATDC). Using HVO100, the maximum fuel temperature rise is reduced by ~22% at
8 CAD ATDC compared with conventional diesel. Decreases respectively: HVOB5
~24% 8 CAD ATDC, HVOB10 ~19% 4 CAD ATDC, and HVOB20 ~4% at 4 CAD ATDC.
The same trend of the results was obtained according to the in-cylinder pressure rise
indicator. As the concentration of biobutanol in HVO fuel increases, the pressure rise
increases, but the value does not reach higher than 12100: the maximum in-cylinder
pressure rise during the premix combustion phase was achieved using pure diesel
~0.21 MPa/CAD. HVO100 fuel premix combustion phase pressure rise is reduced by
~48%. HVOB5 ~30%, HVOB10 ~30%, HVOB20 ~11%.

4. Regarding brake specific fuel mass consumption on fuel composition (BSFC_m)
and the engine load, at different engine loads, the HIVO100's relative fuel mass
consumption by mass is less than 2.3-2.8% compared with D100, and the value of the
fuel mixture HVOB5 BSFC by mass is less than 0.8-1% compared with D100. However,
the density of HVO100 is 7.5% lower compared with conventional diesel, but the
lower heating value (LHV) is 2.3% higher than that of D100, and when evaluating
the HVOBS fuel mixture, the density is 7.0% lower, and the lower healing value
(LHV) is 1% higher compared with the D100. The higher LHV value results in lower
BSFC by mass values. Additionally, with increasing biobutanol concentration in HVO
fuel (from 10% to 20%), BSFC by mass starts to increase: HVOB10 by 0.5-0.6% and
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HVOB20 by 3.2-3.4% increase compared with D100. The density of HVOBIQ is 6.5%
lower compared with conventional diesel, and the lower heating value (LHV} is 0.3%
lower than D100; the density of HVOB20 fuel mixture is 6.0% lower, and the LHV
value is 2.8% lower compared with D100. Estimation of brake specific consumption
by volume gave different results, but there is a dependence on LHV by volume (M]/1).
As the value of LHV by volume (M]/1) decreased in fuels and their mixtures, the
brake specific fuel volume consumption increased: HVO100 about 5%, HVOB5 6%,
HVOB10 7%, HVOB20 9% less compared with D100.

5. Based on the results of the research, it can be stated that biobutanol, as an additive
up to 20% by volume, in HVO fuels does not significantly affect the energy efficiency
of the combustion process. The increase in BTE was 0.1-0.6% at different loads
comparing HVO100 and D100. As the concentration of biobutanol in HVO fuel
increases (from 5% to 20%), the BTE values decrease compared with 1D100: HVOB5 by
0.1-0.2%, HVOB10 by 0.2-0.3%, and HVOB20 by 0.3-0.4%. The reduction in BTE with
HVO and biobutanol fuel blends is small (no 1% BTE difference compared with D100
is achieved).

6. Interms of ecological parameters, biobutanol as an additive up to 20% by volume in
HVO fuels does not have a significant effect on CO; emissions. Replacing HVO100
with D100 reduced CO; emissions by 3.5-6.7%. Using mixtures of HVO and biobu-
tanol fuels (5% to 20% biobutanol concentration), COs concentration does not decrease,
although the C/H ratio decreases because the BTE effect was not positive. Due to
its oxygen, biobutanol reduces CO emissions at low loads and lower combustion
temperatures. However, throughout the load range, HC concentrations increase due
to the change in fuel droplets due to biobutanol.

7. Replacing diesel D100 with H100 fuel reduces the smoke at various loads by 22-33%;
increasing the biobutanol concentration reduces the smoke by 50-64%. The main
influence is the decreasing C/H ratio and the increasing oxygen concentration in
the fuel. Compared with D100, H100 reduces NOx emissions in the entire load
range by 17-20%, as the higher cetane number reduces the intensity of ROHR and
the combustion temperature. The addition of biobutanol to HVO fuel increases
NOx emissions by up to 20% (decreases the cetane number of the fuel mixture,
increases oxygen concentration, and this increases ROHR intensity and combustion
temperature), but nitrogen oxide emissions remain 13-14% lower compared with
pure diesel.

8. Replacing pure diesel with a mixture of 100% renewable fuel (hydrotreated vegetable
oil and biobutanol up to 20%) can significantly improve the engine’s environmental
performance without compromising energy efficiency. However, additional studies
are needed to assess the effect of fuel on engine reliability and reliability.
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Nomenclature

BMEP Brake mean effective pressure (bar)

BSFC ,x  Brake specific fuel mass consumption (g/kWh)
BSFC v Brake specific fuel velume consumption (mL/kWh)
BTE Brake thermal efficiency

LHV Lower heating value (M]/kg)

ROHR Rate of heat release (] /CAD)

Mg Brake torque (Nm)

m/m Mass ratio

n Rotational speed of the crankshaft (rpm})
o/ Volumetric ratio

Abbreviations

ATDC After top dead centre
BTDC Before top dead centre

BTL Biomass to liquid fuel

B5 5% biodiesel, 95% diesel
B20 20% biodiesel, 80% diesel
B25 25% biodiesel, 75% diesel
B50 50% biodiesel, 50% diesel
B75 75% biodiesel, 25% diesel
B100 100% biodiesel

CAD Crank angle degree

C/H Carbon/hydrogen ratio
CI Compression ignition
co Carbon monoxide

COy Carbon dioxide

D100 100% conventional diesel fuel
ECU Electronic control unit
EGR Exhaust gas recirculation
EGT Exhaust gas temperature
ES European Union

HC Hydrocarbons

HVO Hydrolreated vegetable oil

HVOB5  95% hydrotreated vegetable oil, 5% biobutanol
HVOBI10  90% hydrotreated vegetable oil, 10% bicbutanol
HVOB20  80% hydrotreated vegetable oil, 20% biobutanol
HVO100  100% hydrotreated vegetable oil

NOx Nitrogen oxides

Oy Oxygen

PM Particulate matter

RME Rapeseed methyl ester

sOC Start of combustion

SOI Start of injection

TDI Turbocharged direct injection
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ARTICLE INFO ABSTRACT

Keywords: The use of the second-generation biodiesel has become an increasing priority in the modern world, and adding a
(‘:“"‘h“-‘”“" - biobutanol additive further improves the engine’s 1| istics. As bi degrades lubri-
Conveationalidlesel cation characteristics of a fuel blend, HVO and biobutanol blends were supplemented with up to 5% castor oil in
oy the rescarch (o form a three-component fuel blend. This blend increases NOx emissions in proportion to the
;'{fg““ Reency increase of the biobutanol concentration in the fuel blend. The most widely used method of reducing NOx

emissions in modern moltorisation is the use of EGR. Thereflore, this article analyses not only the impact of
different LGR rates on both envi and cnergy characteristics of the engine. Using various LGR rates with
HVO and biobutanol mixtures, the rate of heat release (ROHR) in premixed combustion phase decreased, but in

Pollutant emissions

al dicsel. A

controlled combustion phasc it inercased in the convergenee of its value o that of conventi
decrease in BTE values was also observed with HVO and biobutanol mixtures, increasing EGR rate. When
increasing EGR rate of HVO and biobutanol, BSFC increased both in terms of volume and mass; Smoke, HC and

NOX, €O and CO; emissions also decrease with VO and bi mixtures with
diesel.
[41.
7 e Gt The trend towards replacing fossil fuels with renewable materials is a
key part of an integrated to transport sustainability. The share

of biofuels in global energy consumption in the transport sector is
currently a mere 4 % [5].

Butanol, which is procluced from readily available, renewable and
cost-effective sources, is also an alternative to fossil fuels. Butanol is a
biofuel that can be used in transport infrastructure to meet sustainability

Biofuels are consiclered a viable alternative to traclitional fossil fuels.
Recently, biofuel production technologies have improved rapidly, and
four generations of biofuels have been developed or oftered [1]. First
generation biofuels are fuels derived from such sources as starch, sugar,
animal fats and vegetable oils. Second generation biofuels are made X " 2 X
from cellulose biomass and inedible materials. Third generation biofuels needs. Currently, the most promising source is lignocellulosic materials,

are biofuels produced by algae. With fourth generation biofuels, the aim the main component of organic waste from agriculture, forestry and
is to produce and store GO, at all stages of production [2]. industry. Agricultural and industrial wastes and lignocellulosic wood

aggregates are reliable and sustainable sources for butanol production

In order to overcome severe limitation of first-generation biofuels,

second generation biofuels have been oftferecl. These biofuels are pro- (el 'n o . . " L e ’
duced from inedible raw materials such as maize pulp and wheat straw. i is a biol e Lr blOi}lel [7,8]. Bl!mncl 19 .the
Currently, the cellulosic bioethanol industry is still in its initial phase, as most developed alternative fuel that can be used in Compression Ignition

maize grain dominates bioethanol production in the USA. The country (D engines [9): 08 renevvf':\ble (subsﬁtute fordienel, n-b\‘nanol has
has set a plan to produce up to 16 billion gallons of second-generation properties close to those of diesel [10]. A 40 % n-butanol mixture vol-

biotuels by 2022 [3]. This technology is promising because the cost of ume share in diesel was found to recluce NOx and soot emissions [11].
biomass in the supply chain can be reduced, as the price of inedible 1€ use of i-butanol with blends of diesel and biodiesel revealed that an

crops, such as maize silage, is much lower than the price of maize grain increase in n-butanol effectively reduces NOx emissions [12], while the

* Corresponding author.
E-mail addresses: gintaras.valeika@vilniustech It (G. Valeika), jonas.matijosius@vilniustech.It (J. Matijosius), alfredas.rimkus@

dilniustech It (A. Rimkus),

hutps://doi.org/10.1016/j.cnconman. 2022116198

Received 21 May 2022; Received in revised form 27 August 2022; Accepted 30 Angust 2022
Available online 21 September 2022

0196-8904,/€ 2022 Elsevier Lid. All rights reserved.



file:///C:/Users/User/Downloads/(https:/doi.org/10.1016/j.enconman.2022.116198)

AUTHOR’S PUBLICATIONS COLLECTION

83

G. Valeka et al Energy Conversion and Managemerit 270 (2022) 116198
Nomenclature GI Compression Ignition
co Carbon monoxide
BSFCy  Brake Specific Fuel volume Consumption (ml/kWh) CO, Carbon dioxide

BTE Brake Thermal Efficiency
LHV Lower Heating Value (MJ/kg)
HHY Higher Heating Value (MJ/kg)

ROHR  Rate of Heat Release (J/CAD)

My Brake Torque (Nm)

n Rotational speed of the crankshaft (xpm)
A Air excess ratio

Abbreviations

ATDC After Top Dead Centre

BTDC Before Top Dead Centre

BIL Biomass to Liquid Fuel

B5 5 % biodiesel, 95 % diesel
B20 20 % biodiesel, 80 % diesel
B25 25 % biodiesel, 75 % diesel
B50 50 % biodiesel, 50 % diesel
B75 75 % biodiesel, 25 % diesel
B100 100 % biodiesel

CAD Crank Angle Degree

D Combustion Duration

C/H Carbon/Hydrogen ratio

100 % conventional diesel fuel
ECU Engine Conmrol Unit
EGR Exhaust Gas Recirculation

EGT Exhaust gas temperature
ES European Union
HC Hydrocarbons

HVO Hydroueated vegetable oil

95 % hydrotreated vegetable oil, 5 % biobutanol
HVOB10 90 % hydrotreated vegetable oil, 10 % biobutanol
HVOB20 80 % hydrotreated vegetable oil, 20 % biobutanol
HVO100 100 % hydroueated vegetable oil

NO. Nitrogen oxides

[o>% Oxygen

PODE  Polyoxymethylene dimethyl ethers
PM Particulate matter

RME Rapeseed Methyl Ester

SOC Start Of Combustion

SO1 Start Of Injection

DL Turbocharged Direct Injection

TDC Top Dead Cenue

use of 20 % isobutanol with biodiesel lead to a reduction of brake
thermal efficiency (BTE) and NOx of 12 % [13]. The use of no more than
40 % n-butanol in diesel increases the combustion rate, and the engine
power does not decrease [14,15].

The analysis of the impact of butanol isomers on PM emissions
allowed determining that at medium and high loads, PM emissions of a
butanol and diesel blend were lower than of pure diesel. As the n-butanol
content of diesel i soot and CO emissi di d, but HC

The analysis of the cyclic energy distributions of the fuel mass by
different EGR rates and fuels revealed that NB30 has the lowest pro-
portion of soot and CO emission energy and the highest heat release rate
[25].

However, the impact of EGR on soot emissions is complex [26].
Initially, when the EGR rate is less than 40 %, EGR levels have a minor
impact on soot emissions. However, if the EGR rate exceeds 40 %, soot

emissions increased [16]. The analysis of PM emissions from diesel and
n-butanol/diesel blends showed that blended fuels reduced the total PM
emissions and the geometric mean diameter [17].

In terms of hydrotreated ble oil (HVO) NOx ernissi these
fuels do not have the harmnful effects of ester-type biodiesel or the ten-
dency to increased NOx emissions and sedimentation. HVO has a higher
cetane number than conventional diesel and consists of straight chain
paraffinic hydrocarbons free of aromatics, oxygen and sulphur. CO2
emissions from HVO range from 80 % to 40 % of conventional COz
emissions from conventional diesel [18 20].

The energy efficiency of an engine can be improved by using HVO
121]. With pilot injection, the reduction in combustion noise and the
impact of the cetane number were less noticeable [22],

The studies conducted with diesel and butanol show that at constant
EGR rates, a comparison of D100 and BD20 fuels reveals that for BD20,
the average cylinder pressure and heat release rate peaks increase, the
ignition delay becomes longer, and the combustion efficiency decreases.
The addition of (Polyoxymethylene dimethyl ethers (PODE) 3-4) o
BD20 results in a shorter ignition delay, higher peak heat release and
mean cylinder pressure values, higher brake thermal efficiency and
combustion efficiency, and higher BSFC | 23],

When analysing the impact of EGR rates (0-40 %) on the combustion
and emi ch eristics of n-butanol/diesel/PODE 3-4 blends in a
low temperature combustion mode in a diesel engine, the results
revealed that compared to D100 (conventional diesel), at a constant EGR
rate, the average cylinder pressure increased, and the heat release rate of
BD20 (20 % butanol and 80 % diesel by volume) and the ignition delay
was higher, while BTE increased. For BD20 blended with PODE 3-4, the
ignition delay was shorter, while the BTE and combustion efficiency
increased [24].

show a significant increase as the EGR rate increases and
reaches the maximum value at approximately 50 % EGR. Soot emissions
then begin to decline sharply as the EGR rate continues to increase. This

in soot should be d with a reduction in the
overall combustion temperature and a prolonged ignition delay at high
EGR flow rates, so the use of high EGR rates can simultaneously inhibit
NOx and soot formation. This concept is called EGR High Flow Low
Temperature Combustion (LTC) [27].

The impact of air excess ratio (A) and EGR on the onset of combustion
isminor for both HVO and conventional diesel. Despite this insensitivity,
small changes in the premixed, test combustion phase and the resulting
effect on mixture conditions lead to large differences in emissions |28].

Tt was found that at high EGR rates (30 % and 40 %), the effect of
mixing n-butanol with diesel (0...50 %) on the particle emission char-
acteristics of the diesel engine under different EGR conditions resulted in
an obvious reduction of the total n-butanol/diesel PM concentrations by
~ 74 % compared to conventional diesel. A comparison of n-butanol, 2
butanol blended with diesel at the volume of 20 % was made (o inves-
tigate the impact of fuel properties and oxygenated structures on engine
performance in different ways. At EGR rates ranging from 0 % to 62 %,
the results showed that butanol-diesel blends produced the lowest soot
emissions, especially at high EGR flow rates (greater than40 %) [29].

The use of i-butanol and diesel blends was found to significantly
reduce soot emissions at the same EGR rate compared to pure diesel
(~90 % reduction at 30 % EGR flow rate) [30].

When using conventional diesel with butanol, increasing the EGR
rate leads to the total particulate concentration for all tested fuel blends
decreasing at first and increasing later on. The total particle mass con-
centration remained stable initially and then increased sharply, while
the particle geometric diameter changed slowly initially and then
increased rapidly. Compared to D100, the peak value of the particle
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Table 1 Table 2
‘The main parameters of the test engine (1.9 TDI VW-Audi 12). Laboratory equipment.
Parameter Value Equipment Accaracy of measurement Purpose of ase
Compression ratio 195 VAG-COM diagnostic  — Fudl injection riming,
Number of clinders 4/0HC equipment the start of injection
Powet 66 kW (4000 tpm) (son
Displacement 1986 e’ AVL DiCom 4000 gas €02, 0.1%vol.; €0, 0.01%vd.; €02, €O, HG, NOX,
Piston diameter 79.5 analyser HC, 1 ppm; HOX, 1 ppm; smoke,  smoke absorption
Piston stroke 95.5 0.01m-1 coefficient
Torque 182 Nm (2000-2500 tpm) Oscill oscope AV In-cylinder pressure
Nozale and holder assembly Two spring DiSTEST DPM 800 and CAD transmit
MNozade opening pressure 190 bar Encoder A58M- F 0.1758 crank angle degrees Crankshaft position
HNozde type Hole-type (caD)
Fud injection Ditect (single) Piezo pressute sensor 011 (%FCO) In-cylindet pressure
Gooling system and type Liquid cooling AVL GH13P
Air mass meter <2% Air mass
BOSCH HM 5
concentration of BD20 nu tion and the geometric diameter of the Ktype thermo couple = 0.5% Intake air and the
particles decrease. Adding PODE 3-4 to BD20 resulted in a decrease in exhaust gas
the peak value of the nucleation particle number concentration initiall i
P 5 g P £ ¥ Load bench KI-5543 1.2 Nm Brake torque
followed by an increase in the number of particles and a further decrease Delta OHM HD. 4 0.0002 MPa Intake ait pressure
in the geometric diameter of the particles. At average or low EGR rates, 2304.0 sensot
the ratio of the small particle number concentration (up to 25 nm) to the 2
A 7 st 10g Fud consumption
total particle number concentration was significant for each of the four
fuels. At high EGR rates, the ratio of concentration of the number of
small particles (up to 25 nm) to the total number of particles decreased
significantly [23,31]. Table 3} A i o
The use of biodiesel with 10 % and 20 % EGR led to average NOy ~ Properties of 100% pure diesel, hy vegetable oil, and
emission reductions of 14.4 % and 27.6 %, respectively, compared to oetyr il
those when no EGR was used [32,33]. The use of EGR (0-15 %) and the Parameter Diesel Hydrotreated Biobatanol  Castor oil
SOl ina direct injection engine rurming on a diesel/n-butanol blend was Vepsakleoll
found to result in no change in BTE, however it reduced total emissions. Density at 15 C, 30.4 780.0 610.0 964.0
Therefore, the use of a proper EGR flow could help to reduce NOx keg/m’ 3
= £ 2 A Cetane number 51 70 18 28
and s £ ble mmhus[}on conditions, However, nsoiaie Sona 300 s 500
EGR flow and increases dueta viscosity @ 40
excessive gas mixing and a higher specific heat capacity atmributable to °C, mm®/s
CO, and water vapor in the EGR [34]. Hash point, °C 60.5 67.0 35.0 220.0
At high EGR rates, conventional diesel with different ratios of c‘:‘d m_‘l“ a =B =2 =7 L
butanol and pentanol shows advantages in reducing total hydrocarbon b;m R
content (THC). No significant difference in NOx was observed, with all Sulfur content, 7.3 79 0 0
fuels demonstrating the same emissions at constant EGR rate. B10P20 mg/kg
and B20P10 can not only reduce soot emissions but also carbon mon Ash corcent; a a 0 9
2 R s 3 Water content, 50 7.0 100 0
oxide (CO) emissions at different EGR rates compared (o conventional pid 34
diesel. In summary, B20P10 fuels can be concluded to have better Hement 86,20 84.55 65.00 73.60
combustion and emission characteristics, especially at relatively high composition:
EGR rates [35]. (% mass):
When the EGR rate exceeds 30 %, the ignition delay of B20P10 and H‘:"’"" - _— % -
g , s 3 B ydrogen . 55
B30 is shorter (ha}'n that of D100, bnraus.c biodiesel contains oxygen and Oxygen o ° 21.50 1485
burns better at high EGR flow rates. High EGR flow reduces NOx and Stoichionietric 1479 1518 11.30 11.91
500t emissi i Iy, but i CO and THC emissions.
Depending on the EGR rate and fuel properties, three-component blends UW:" 'W*’ﬂlﬂl; 43.10 4410 33.00 41.30
i 5 % . 3 : . value, M)/
with medium EGR flow may bg mor? su-ltable for diesel engllnes- [35]. Yowec biating o S — _—
The use of second-generation biodiesel such as HVO in internal value, MIA
combustion engines has been increasing. Therefore, adapting the engine Higher heating 46.40 47.20 35.60 4515
itself to this type of fuel, in particular its blends with different alcohols, value, Mi/kg
becomes important, as it allows to improve environmental indicators of “'52“"‘ “;‘;“‘1“3 SEEy Sea 2888 bt
LheAe!‘lgmeA Different ‘EGR mlemlu-es are used to reduce 1||ttug§11 oxide P i O Neste, Finland Cadl Roth BiGHEHIIL
emissions, but the literature review reveals that such studies have country Lietuva, GrbH, Lithuania
mainly been carried out with blends of first-generation biodiesel with Lithuania Germany

various alcohols. Therefore, this study analysed in detail the impact of
EGR rate on the performance of an internal combustion engine using
different blends of second generation (HVO) and butanol fuels.

2. Materials and methods
The tests were conducted using a 1.9 TDI (Turbocharged Direet In-

jection) diesel engine with an Elecmronic Control Unit (ECU). The test
engine was equipped with a BOSCH VP37 rotary fuel pump with two

springs hole type nozzle injectors. Table 1 presents the engine charac
teristies. Exhaust gas recirculation (EGR) control was discormected from
the ECU, controlling the EGR rate using an EGR controller - pulse width
modulator. The engine test equipment is described in Table 1, while
Table 2 illustrates the test scheme.

Experimental tests were carried out using five different fuels and
blends: conventional diesel (labelled as D100), pure hydrotreated
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Table 4

Properties of fuel mixtures.
Properties HVORS HVOB10 HVOB20
Density at 15 °C, kg/m® 780.4 782.4 786.4
Cetane number 67 64 59
Kinematic viscosity @ 40 °C, mm®/s 3.75 4.35 5.50
Hash point, °C 65.5 64.5 62.0
Cold filter plugging point, °C 20 =22 —24
Sul phur content, mg/kg 6.7 6.3 56
Ash content, % 1] 0 o
Water content, mg/kg 8.0 85 85
Hement composition: 83.55 82.55 80.57

(% mass): Carbon

Hydrogen 15.34 15.24 15.03
Oxygen 111 221 4.40
Stoichiometric AFR 14.98 14.77 14.38
Lower heating value, MJ/kg 43.54 42.98 41.87
Lovwer heating value, MJA 33.98 33.63 3293
Higher heating val ue, MJ/kg 16.62 46.04 14.88
Higher heating val ue, MIA 36.38 36.02 35.29

vegetable oil (labelled as HVO100), hydrotreated vegetable oil and
biobutanol mixtures: 95/5, 90/10 and 80,20 (% vol/% vol), and blends
(labelled as HYOBS, HVOB10 and HVOB20). For better lubricity, castor
oil (accounting for 5 % of biobutanol volume) was added as an additive
to biobutanol blends. Properties of pure fuels were analysed and are
presented in Table 3,

Engines were tested at the loads of 30 Nm, 60 Nm, 90 Nm, and
120 Nm. The selected engine load simulates engine rurming at speeds of
~ 50 km/h, ~80 kin/h, ~100 kan/h, and ~ 110 kin/h. Experimental
Lests were conducted by setting a fixed engine shaft speed of n = 2000
1pm. At this shaft speed, the maximum torque of the engine being tested
was reached, and the engine operated at the maximum cost efficiency.
Tests were carried out at different EGR rates (0 %, 10 %, 20 %, 30 %).
The EGR rate is determined by estimating the mass of intake air and is
controlled by an EGR controller,

To ensure fuel properties, the fuels used (HVO and biobutanol) were
blended on the day of the tests, just before their use. The fuels used were
stored at the same temperature before testing to avoid the impact of
temperature differences on density. Before and during the tests, the fuels
and their blends were continuously stirred to avoid layering of the
components due to different d and to maintain the i

of the mixture. The properties of the fuel mixtures used in the tests are
presented in Table 4.

Numerical analysis of the combustion process was performed using
AVL BURN software. The start of combustion (SOC), the combustion

Energy Conversion and Maragement 270 (2022) 116196

duration (CD), the rate of heat release (ROHR), the in-cylinder tem-
perature and temperature rise, in-cylinder pressure and pressure rise
were determined using the AVL BURN software based on the pressure in
the cylinder measured during tests, air and fuel consumption, properties
of the fuel used and other engine parameters [36,37]. The above pa
rameters of the combustion process help to explain environmental and
energy indicators using the conventional diesel, hydrotreated vegetable
oil and biobutanol mixtures.

3. Results and discussion

The graphs of change of environmental and energy indicators are
presented based on the experimental research results, using conven-
tonal diesel D100, HVO100 and HVOBS5, HVOB10, HVOB20 blends in
the above - mentioned laboratory compression ignition (CI) engine. The
indicators obtained and the change rends were described based on the
characteristics of the fuels used, the numerical analysis of the combus-
tion process and the findings of other researchers.

3.1. Combustion indicators

The experimental research was conducted at constant engine
crankshaft speed n = 2000 rpm and at four different engine loads (Mp =
30 Nm, Mp = 60 Nm, Mp = 90 Nm and Mg = 120 Nm), which correspond
to the brake mean effective pressure BMEP = 0.2 MPa, BMEP = 0.4 MPa,
BMEP = 0.6 MPa, BMEP = 0.8 MPa, also setting different EGR rates: 0 %,
10 %, 20 % and 30 %. (See Iig. 1).

Tig. 2 illustrates the start of injection (SOI), start of combustion
(SOC) and combustion delay. According to the graph, brake mean
effective pressure (0.4 MPa) of fuels and fuel blends was the same at EGR
0 %. SOT in this engine operating mode was different: D100 ~ 2.4 Crank
Angle Degree (CAD) Before Top Dead Cenmre (BTDC), HVO100 ~ 0.8
CAD BTDC, HVOBS ~ 0.9 CAD BTDC HVOB10 ~ 0.6 CAD BTDC,
HYOB20 ~ 0.2 CAD BTDC (which is a 2.2 CAD delay compared to
D100). SOI was controlled by the engine’s ECU. It is likely that different
SOIs were received due to different physico-chemical properties of fuel.

The fuel viscosity impacted the injection rate by affecting both the
net hydraulic force and the viscous friction force at the leakage passage
[38]. The SOCs were also different: D100 ~ 2.1 CAD Afier Top Dead
Centre (ATDC), HVO100 and HVOBS ~ 2.7 CAD ATDC, HVOB10 ~ 3.2
CAD ATDC, HVOB20 ~ 3.8 CAD ATDC (which is a 1.7 CAD delay
compared to D100). The combustion delay phase duration for the above
fuels was different: D100 ~ 4.5 CAD, HVO100 ~ 3.5 CAD, HVOB5 ~ 3.6
CAD, HVOB10 ~ 3.8 CAD and HVOB20 ~ 4.0 CAD. Using HVO100,

Fig. 1. Engine test equipment. 1 - engine, 2 —
measurement output gauges, 3 - engine load unit, 4

high pressure fuel pump, 5 - scales, 6 - fuel tank, 7
— compressor, 8 — turbocharger, 9 — intercooler, 10 —
exhaust gas analyser, 11 - smoke analyser, 12 —
ECU, 13 - air mass meter, 14 —intake air tempera-
ture sensor, 15 — pressure sensor, 16 — temperature
sensor, 17 — crankshaft position sensor, 18 — in-
cylinder pressure sensor, 19 — exhaust pipe, 20 —
EGR valve, 21 - EGR controller, 22 - air filter, 23 —
oscilloscope.
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--D100
~-HV0100

HVOBS

Crank angle, CAD
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—~-HVOB20
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EGR, %

Fig. 2. SOI, SOC and combustion delay depending on EGR rate.

combustion delay was shorter by 1.0 CAD compared to D100 due to a
higher cetane number of HVO. Increasing the ratio of biobutanol in-
creases the ignition delay due to a lower cetane content, higher latent
heat of vaporization and auto-ignition temperature compared to HVO,
but the ignition delay of HVOB20 is 0.5 CAD shorter compared to D100.
According to the graph, at EGR 30 %, the start of combustion is as fol-
lows: D100 ~ 2.6 CAD ATDC, HV(100 ~ 3.0 CAD ATDC, HVOBS ~ 3.1
CAD ATDC, HVOB10 ~ 3.4 CAD ATDC, HVOB20 ~ 4.2 CAD ATDC.
Increasing the EGR rate from 0 % to 30 % shows a trend of SOC delay.
Different start of injection (SOI) was obtained in this engine operating
mode: D100 ~ 2.3 CAD BTDC, HVO100 ~ 0.7 CAD BTDC, HVOBS5 ~ 0.6
CAD BTDC, HVOB10 ~ 0.5 CAD BTDC, HVOB20 ~ 0.3 CAD BTDC. The
SOI values obtained by increasing the EGR rate from 0 % to 30 %
remained constant, varying over a small range. The delay times for the
above fuels slightly increased due to a decrease in oxygen concentration:
D100 ~ 4.9 CAD, HVO100 ~ 3.6 CAD, HVOBS ~ 3.7 CAD, HVOB10 ~
3.8 CAD and HVOB20 ~ 4.5 CAD. But with HVO100, compared to D100,
the delay time was 1.3 CAD shorter, and with the increase in the ratio of

l, delay values i HVOB20 delay was 0.4 CAD shorter
compared to D100. Delay values vary within a small range with
increasing EGR ratio from 0 % to 30 %, but there was a trend of a slight
increase.

Rate of Heat Release is presented in Fig. 3a, with even brake mean
effective pressure (0.4 MPa) of fuel and fuel blends at EGR 0 %. The
analysis of fuel combustion duration (CD) revealed that pure diesel had
the longest combustion duration: D100 ~ 57 CAD, HVO100 was ~ 0.5
CAD less compared to D100). CD decreased slightly with the addition of
biobutanol: HVOB5 ~ 1 CAD less, HVOB10 ~ 2 CAD less and HVOB20
-~ 3 CAD less. The maximum ROHR value in the premixed combustion
phase was achieved using pure diesel at 6 CAD ATDC - 37.0 J/CAD.
When using HV0100, the maximum ROHR value was achieved at 7 CAD
ATDC - 22 J/CAD (a decrease of ~ 40 %), HVOBS value at 6 CAD ATDC
—26.5 J/CAD (a decrease of ~ 29 %). Having added 10 % and 20 % of
biobutanol to HVO, the maximum ROHR in the premixed combustion
phase was achieved at 7 CAD ATDC, and decreased respectively
compared with pure diesel, ie. ~ 19 % and ~ 5.5 %. A significantly
decreasing ROHR in the premixed combustion phase reduced combus
tion temperature and the intensity of NOX generation [32]. When using
pure diesel (D100), the maximum ROHR value in the controlled com-
bustion phase was 31.5 J/CAD at 10 CAD ATDC. When using HVO100,
the maximum ROHR value in this phase was 33.5 J/CAD (an increase of

~ 6 %) al 12 CAD ATDC. Having added biobutanol to HVO, the ROHR
value in the controlled combustion phase was: HVOBS - an increase of
~ 8 % at 12 CAD ATDC, HVOB10 - an increase of ~ 4.8 % at 12 CAD
ATDC, HVOB20 - an increase of ~ 3.2 % at 13 CAD ATDC, the said
ROHR value was compared to pure diesel. The increase of biobutanol
concenmration in the controlled combustion phase improves soot
oxidation, but has a negative impact on engine energy efficiency [40].
‘The graph presented in Fig. 3d illustrates that fuels and their mix-

tures have the same brake mean effective pressure (0.4 MPa) at EGR 30
%. The analysis of combustion duration (CD) rendered varying results:
D100 ~ 76.5 CAD, HVO100 - ~3.5 CAD higher compared to D100.
Respectively, the CD increased slightly by adding biobutanol: HVOBS
was ~ 7.5 CAD higher, HVOB10 - ~7 CAD higher and HVOB20 - ~1
CAD lower. The assessment of combustion duration does not allow
detenmnining a clear wend when considering all fuels comprehensively.
However, when comparing each fuel or blend separately, there isa clear
trend of increasing CD with increasing biobutanol concentration, while
when inereasing the EGR rate, the CD increases to 30 %. The CO; gas and
water vapour contained in EGR inhibit combustion and itlasts longer. In
the premixed combustion phase, the maximum ROHR value was 31.0 J/
CAD using pure diesel at 8 CAD ATDC. Hydrotreared vegetable oil
(HVO) had a maximum ROHR value at 8 CAD ATDC — 25 J/CAD (~20
% reduction), HVOBS at 9 CAD ATDC — 26 J/CAD (~-16 % reduction),
HVOB10 at 7 CAD ATDC — 24 J/CAD (~24 % reduction), and HVOB20
at 8 CAD ATDC — 26 J/CAD (~16 % reduction). When using pure diesel,
the maximum ROHR value for controlled combustion phase was 30 J/
CAD at 12 CAD ATDC. When using HVO, the maximum ROHR value in
this phase was 29.5.J/CAD at 12 CAD ATDC (a ~ 2 % reduction). Having
added biobutanol to HVO, ROHR in the controlled combustion phase
was the following: in case of HVOB5 — an increase of ~ 1.5 % at 13 CAD
ATDC, in case of HVOB10 —an increase of ~ 1.5 % at 13 CAD ATDC, and
in case of HVOB20 — an increase of ~ 3 % at 10 CAD ATDC. The said
ROHR value was compared to pure diesel. Having increased EGR rate to
30 %, the following ROHR change mends were observed: in the pre-
mixed combustion phase, EGR 30 % compared to EGR 0 % (Fig. 6a, b, ¢,
d): ROHR in D100 decreased by 16 %, in HVO100 - it decreased by 13
%, in HVOBS — it decreased by 2 %, in HVOB10 - it decreased by 20 %,
and in HYOB20 - it decreased by 21 %. The difference in ROHR values in
the controlled combustion phase decreased with EGR rate increasing to
30 %: in D100, the value decreased by 4.8 %, and respectively: HVO100
~ by 12 %, HVOBS5 - by 10 %, HVOB10- by 7 %, and HVOB20 - by 4.6 %.
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Fig. 3. Rate of in-cylinder heat release depending on fuel composition at different EGR rates,

The peak heat release rate and the in-cylinder temperature decreased
with increasing the EGR rate, and the combustion phase was delayed,
because with increasing the EGR rate, the volume ratio of CO, was
increased in the cylinder, which diluted the mixture and reduced the
chemical reaction rate. Moreover, CO, is s triatomic molecule and has a
relatively high specific heat capacity, which means that an increase of
the average in-cylinder temperature was limited with increasing the
EGR rate [11].

The maximum temperature rise value can be achieved with con-
ventional diesel (BMEP 0.4 MPA, EGR 0 %) ~ 54°K/CAD, at 6 CAD
ATDC) (T'ig. 4a). When using HVO100, the maximum temperature rise
decreased by ~ 40 % at 6 CAD ATDC compared to conventional diesel.
Also, HVOB5 dropped by ~ 31 % 6 CAD ATDC, HVOB10 - by —~ 24 % at
7 CAD ATDC and HVOB20 — by ~ 4 % at 7 CAD ATDC. Increasing the
biobutanol concenmration in HVO, the difference in the temperature rise
in the premix combustion phase decreased compared to conventional
diesel, and when the biobutanol concentration in HVC reached 20 %,
the temperature rise difference was up to 4 % lower than in conventional
diesel.

Having increased EGR rate to 30 % (I'ig. 4d,) temperature rise values
were different. Conventional diesel values in these conditions were ~
49°K/CAD at 7 CAD ATDC). When using HVO100, the i

temperature rise decreased by ~ 36 % at 7 CAD ATDC compared to
conventional diesel. Meanwhile HVOBS dropped by ~ 33 % 6 CAD
ATDC, HVOB10 - by ~ 22 % at 7 CAD ATDC and HYOB20 - by ~ 14 %
at 8 CAD ATDC, Having increased the EGR rate to 30 %, a steady
decrease in the maximum temperature rise difference was observed
(ig. 64, b, ¢, d) because the EGR gas suppress more intensive combus-
tion more effectively. When increasing biobutanol concentration in HVO
at EGR 30 %, the temperature rise difference in the premix combustion
phase decreased compared to conventional diesel, as a higher EGR in-
tensity due to high CO» content had a greater impact on the significant
increase in ROHR due to the biobutanol properties. The comparison of
EGR 30 % and EGR 0 % in terms of the temperature rise in the premix
combustion phase revealed the following: with D100 — it decreased by 9
%, HVO100 - by 6.5 %, HVOB5 — by 10.5 %, HVOB10 — by 11.5 %, and
HVOB20 — by 19 %. However, when biobutanol concentration in
HVO100 reached 20 %, the temperature rise difference was 14 % lower
than in case of conventional diesel.

The in-cylinder temperature graph (Annex 1) at BMEP 0.4 MPA and
EGR 0 % reveals that in-cylinder temperature in the controlled com-
bustion phase and differences in the in-cylinder temperature between
different fuels and their mixtures used were minor and almost the same.
Lower were observed in HVOB20 compared to D100.
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Fig. 4. In-cylinder rise

When increasing EGR rate to 30 % (Annex 1a, b, ¢, d), in-cylinder
temperature values changed, leading to significant differences. It was
observed that increasing the biobutanol concentration in HVO, the in-
cylinder temperature increased in the conwmolled combustion phase.
The main reason for the increase in combustion temperature is the ox-
ygen d in the biob 1, which imp. the combustion
process, especially at high EGR conditions [42]. The highest tempera-
ture of HVO100 was 1297 K, with D100 it was 1275 K, and in case of
HVOB20 -1316 K. In-cylinder temperature in the controlled combustion
phase at EGR 30 %, compared to EGR 0 %, decreased with all fuels and
their mixtures: in D100 - by 7.5 %, and, respectively, in HVO100 — by
5.5 %, in HVOBS - by 6.5 %, in HVOB10 -by 7.5 %, and in HVOB20 - by
4.1 %. An increase of the biobutanol concenmration and EGR rate in HVO
fuels increases the length of the combustion process, which improves
soot combustion. Delayed combustion results in more energy being
expelled with exhaust gases, which increases the inflation pressure,
leading to increasing pressure (Fig 5d) and temperature during the
compression stroke.

AUBMEP = 0.4 MPa and EGR 0 %, the highest in-cylinder pressure
rise in the premix combustion phase was achieved using conventional
diesel ~ 0.18 MPa/CAD at 6 CAD ATDC (Annex 2a). In HVO100, the
pressure rise in the premix combustion phase declined by ~ 77 % at 5
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on fuel at different EGR rates.

CAD ATDC, in HVOB5 — by ~ 66 % at 6 CAD ATDC, in HVOB10 - by ~
61 % at 7 CAD ATDC, and in HVOB20 - by ~ 33 % at 7 CAD ATDC. At
the same load, when increasing the EGR rate up to 30 %, similar trends
in values were observed, but differences in the in-cylinder pressure rise
between the fuels used and their blends declined. The highest value was
also achieved with conventional diesel — ~0.13 MPa/CAD at 7 CAD
ATDC. The HVO100 fuel pressure rise respectively decreased by ~ 62 %
at5 CAD ATDC, in case of HVOBS - by ~ 61 % at 6 CAD ATDC, in case of
HVOB10 - by ~ 46 % at 6 CAD ATDC, and in case of HVOB20 - by ~ 45
% at 7 CAD ATDC. The comparison of the received results at EGR 0 %
and EGR 30 % (Annex 2d) revealed a steady remaining trend, with
conventional diesel demonstrating the highest pressure rise. When using
HVO fuels and increasing biobutanol concentration in them, the pres
sure rise increased. This can be explained by a lower cetane number,
which results in a longer delay phase. Comparing EGR 30 % with EGR 0
%, for all fuels and fuel blends, the in-cylinder pressure rise in the pre-
mix combustion phase decreased: D100 - by 28 %, and, respectively,
HVO0100 —by 20 %, HVOBS - by 25 %, HYOB10 - by 20 %, and HYOB20
- by 33.5 % (Fig. 5, b, ¢, d).

Using conventional diesel, when EGR 0 %, the highest combustion
pressure in the cylinder was ~ 7.3 MPa, and in case of HVO100, the
maximum combustion pressure decreased to ~ 6.75 MPa (Armex 2a).
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Fig. 5. In-cylinder pressure rise on fuel at different EGR rates,

When increasing biobutanol concentration in HVO, the maximum
combustion pressure of the HVOB20 fuel mixture increased to ~ 6.8
MPa (~7% less compared to conventional diesel). Conventional diesel
had the highest and HVO100 — the lowest value. When using the HVOBS
fuel mixture, the pressure value increased compared to HV0100, while
further increasing biobutanol concentration, the pressure, though
slightly, decreased steadily. This can be explained by different amounts
of fuel supplied to maintain a constant torque, and the combustion
process itself was different under these conditions when using different
fuel mixtures, as different fuels contain different amounts of oxygen. The
comparison of results revealed that at 30 % EGR, the highest combustion
pressure in the cylinder was obtained with D100 ~ 6.1 MPa. With
HVO0100, the maximum combustion pressure decreased to ~ 6.0 MPa.
Inecreasing the biobutanol concentration in the HVO fuel resulted in a
further decrease in the maximum combustion pressure of the HVOB20
fuel blend, but the decrease was insignificant — ~5.8 MPa (~5% less
compared to conventional diesel). At EGR 30 % (Fig. /d), the trend of
change was the same. Conventional diesel once again had the highest
value, while using HVC100 and further adding biobutanol, the values
decreased compared to HVO100. Adding from 5 % to 20 % of bio-
butanol, in-cylinder pressure values changed slightly. When comparing
EGR 30 % with EGR 0 %, in-cylinder pressure gradually decreased using
all fuels and their blends: D100 decreased by 16 %, and, respectively,
HVO100 - by 11 %, HVYOBS5 - by 15 %, HYOB10 - by 15 %, and HVOB20
~ by 14 % (Annex 2a, b, ¢, d).

Tig. 6 presents the dependence of the exhaust temperature (Te,) on

the engineload measured during experimental research. With increasing
engine load (BMEP = (0.2 MPa; 0.4 MPa, 0.6 MPa and 0.8 MPa), tem-
perature of exhausts of the used fuels and their mixtures was observed to
increase, and EGR rate increased as well. This is due to the increase in
the intake air volume and the temperature of the mixture fed to the EGR,
but the combustion of biobutanol is faster than that of the HVO, and it
ends faster, The increasing concentration of biobutanol in the mixture
with HVO Tex has litde effect atlow loads. However, at higher loads and
higher EGR rate, the oxygen d in the biob 1 P

for lower excess air, accelerating combustion and reducing Tex. The
comparison in percentage terms at BMEP 0.4 MPa, and comparing EGR
30 % with EGR 0 %, Tex increased steadily: in D100, it increased by 15
%, in HVO100 - by 15 %, in HVOBS5 - by 14.5 %, in HVOB10 - by 14 %,
and in HVOB20 - by 13.5 %, respectively (Fig. 6a, b, ¢, d).

With the engine running on D100 and HVO blends with biobutanol
(HVOBS5, HVOB10 and HVOB20), the turbocharger pressure increased
steadily with increasing engine load (Fig. /). At BMEP 0.4 MPa, in the
range from EGR 0 % to EGR 30 %, D100, HVO100, HVOB5, HVOB10 and
HYOB20 values were almost the same in the said range. The results are
more significant when considering a change in the turbocharger pres
sure with changing EGR rate. With EGR rate changing from 0 % to 30 %,
the turbocharger pressure with D100 decreased by ~ 8 %, in case of
HVO100, HVOBS and HVOB10 it decreased by ~ 9 %, and with
HVOB20, it decreased by ~ 8 % (ig. 7a, b, ¢, d), because EGR led to
decreased engine volumetric efficiency, which in wrn reduced the
exhaust gas flow. Biobutanol was observed to reduce turbocharger
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pressure at higher loads and higher EGR rate, because the oxygen con-
tained in bis ion, which decreases due to the
lower air content in the cylinder and in turn reduces exhaust gas energy.

3.2. Energy indicators

The brake specific fuel mass consumption (BSFC by mass) of the
compression ignition engine determined during the research shows that
at different engine loads and with changing EGR rate, the fuel mass
consumption in terms of mass of the HV0O100 is always lower compared
to D100 (Fig. 8 a, b, ¢, d). Having added biobutanol to HVO, BSFC , was
higher in HVOBS compared to HV(100 under all engine loads and all
EGR rates. When increasing biobutanol concentration in HVO fuel (from
10 % to 20 %), BSFC n, increased compared to D100, The fuel research
results (Tablel and Table 2) revealed that the lower heating value of
HVO100 by mass (MJ/kg), (LHV 1) was 2.3 % higher than that of D100.
With decreasing LHV ,, value, higher BSFCy, values were obtained.
LHV ;, of HVOBS5 fuel blend was by a mere 1 % higher, LHV y, of
HVOB10 — 0.3 % lower, HVOB20 LHV y, value — 2.8 % lower compared
to D100. When comparing the change in BSFC ,, with D100, it was
observed that HVO100 fuel mass consumption decreased by ~ 2.5 % at
BMEP 0.4 MPa and EGR 0 %, in case of HVOB5 — it decreased by ~ 0.3
%, with HVOB10, it increased by ~ 1.5 %, and with HVOB20 —by ~ 5 %.
At EGR 30 %, BSFC_m of HVO100 fuel decreased by ~ 2 %, with HVOBS
it was equal to that of D100, with HVOB10 it increased by ~ 2 %, and
with HVOB20 — by ~ 4.5 % compared to diesel. With BMEP 0.4 MPa,

and engine load at different EGR rates.

BSFC yy, values increased when comparing EGR 30 % and EGR 0 %
values: D100 increased by 4 %, and, respectively: with HVO100 - by 5
%, with HVOB5 - by 4.8 %, with HVOB10 - by 4 %, and with HVOB20 -
by 4 %. A change in BSFC y,, was determined not only by LHV g, but also
the engine operating cycle brake thermal efficiency (Fig. @), which de-
pends on the combustion process.

Results of the dependence of brake specific fuel volume consumption
(BSFC v) and the engine load differed compared to BSFC m (Fig. 8a, b, ¢,
d, Annex 3a, b, ¢, d). This can be explained by lower HVC and bio-
butanol LHV values by volume (MJ/1) (Iable 3 and Table 4): D100
36.09 MJ/1, and with HVO100 ~ 5 %, HVOB5 ~ 6 %, HYOB10 ~ 7 %,
and HVOB20 ~ 9 % less compared to D100. Different trends in the
change of LHV y compared to LHV ,, were determined by fuel density,
which was ~ 7.5 %, ~7.0 %, ~6.5 %, ~6.0 % lower for HVO100,
HVOBS, HVOB10 and HVOB20, respectively, compared to D100, Due to
lower LHV y under different engine loads and with changing EGR rate,
BSFC y values of HVO100, HVO and biobutanol blends were in all cases
higher compared to D100, When assessing the BSFC y change, under a
fixed engine load (BMEP 0.4 MPa) and EGR 0 %, HVO100 increased by
~5 %, HVOBS - by ~ 7 %, HVOB10 - by ~ 9 %, and HVOB20 - by ~ 12
% compared to D100. At EGR 30 %, the BSFC v indicator for HV0O100
fuel increased by ~ 6 %, with HVOB5 - by ~ 7.5 %, with HVOB10 - by
~ 9 %, and with HVOB20 - by ~ 11 % compared to D100, We see that at
higher biobutanol concenmations (HVOB20), a BSFCy increase was
lower, because oxygen concentration increased in fuel partially com
pensates for the reduced air content in the engine cylinder due to EGR.
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At BMEP 0.4 MPa, BSFC y values increased when comparing EGR 30 %
and EGR 0 %: in case of D100, they increased by 4 %, and, respectively:
with HV0O100 —by 5 %, with HVOBS - by 4.8 %, with HVOB10 —by 4 %,

and with HYOB20 - by 4 %.
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Tig. 12 illustrates that the engine load changes in the 0.2 MPa - 0.8
MPa interval with EGR rate changing from 0 % to 30 % (Fig. 9). AtEGR
rate of 0 %, the brake thermal efficiency (BTE) value of HVO100 was 0.2
... 0.4 % higher compared to that of D100. Increasing the concentration
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of biobutanel in HVO fuel from 5 % to 20 % shows a downward trend in
BTE compared to D100. However, at higher EGR rates, the effect of
biobutanal on the thermal efficiency of the engine was reduced or even
improved. A percentage change in BTE at constant engine load BMEP =
0.4 MPa, EGR 0 %, BTE value of D100 was 0.315, and with HV0100 it
increased by ~ 0.4 %. Having increased the biobutanol concenuation in
HVO from 5 % to 20 %, the BTE value started Lo decrease compared to
D100: with HVOBS5 - by ~ 0.7 %, with HVOB10 - by ~ 1.3 %, and with
HVOB20 - by ~ 1.7 %. Compared to EGR 30 %, D100 BTE value was
0.299, with HYO100 it decreased by ~ 0.5 %, and, respectively: with
HVOBS - by ~ 1.1 %, HVOB 10 and HVOB20 - by ~ 1.4 % compared o
D100. When using HVO and biobutanol fuel blends, BTE reduction was
slight, below 1.5 %, compared to D100. The assessment of the impact of
EGR onBTE, at BMEP 0.4 MPa revealed that BTE values decreased when
comparing EGR 30 % and EGR 0 %: with D100, it decreased by 4 %, and,
respectively: with HV0100 - by 5 %, HVOBS5 - by 4.6 %, with HVOB10 -
by 4 %, and with HYOB20 — by 4 %.

Other studies have shown an increase in the BTE value of blends,
which explains that adding n-butanol canreduce fuel viscosity, improve
injecdon, and provide more oxygen to the combustion cylinder by
converting the chemical energy of the fuel to useful engine performance
[43]. However, in our research, the main component of fuel blends,
HVO which had a lower viscosity compared to conventional diesel and
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and engine load at

could improve injection quality insignificantly, but
increased oxygen concentration and improved combustion. Using blends
of biodiesel and 2-butanol in the CI engine, Pan. et al. found that BTE
decreased at low engine loads, but increased by ~ 7 % at high engine
loads [39]. Our study revealed a negative impact of biobutanol on BTE,
but it was observed that with the engine running at higher loads, when
increasing the EGR rate, an increase of the biobutanol concentrarion in
HVO from 10 % to 20 % does not reduce BTE. When using diesel-butanol
blends, under low loads, BTE is lower (about 31 %), while the conven
tional diesel and tert butanol blend (TB50) has a slightly higher BTE
(only 32.5 %). TB50 has a lower calorific value, requires more fuel in-
jection at the same load and increases blend concentration. It reduces
incomplete combustion and has slightly higher thermal efficiency than
other fuels. An increase in the load from 0.4 MPa to 1.0 MPa increases
BTE of test fuels, with diesel showing a larger increase in BTE than
butanol blends, and ¢ i diesel and sec-br 1 blend (SB50)
showing a relatively small increase. This is mainly due to the cylinder
temperature rising as the load increases, which creates favourable
conditions for fuel and air to mix and burn. As the load continues to
increase up to 1.2 MPa, the BTE of butanol blends is higher than (100 %
conventional diesel fuel) D100, with a maximum BTE of up to 42 % for
IB50 and a 3 % increase compared to D100 [44,45],

3.3. Environmental indicators

Carbon dioxide (CO2) contained in exhaust gases is one of the key
environmental indicators identified in research. Carbon dioxide is an
important parameter in the environment that causes the greenhouse
effect. This compound forms by the combustion of fuel-forming hydro
carbons when there is sufficient oxygen for a complete combustion
process, CO, emissions depend on the carbon content of the fuel and the
amount of fuel used. Having replaced D100 with HVO100, when the
engine load varies from 0.2 to 0.8 BMEP (Fig. 10) and when the EGR rate
is 0 %, CO, emissions decline by 2...3 % (Fig. 10). When increasing
biobutanol concentration in HVO from 5 % to 20 %, fuel blend CO»
emissions were lower, respectively: HVOB5 2.7 ... 5.2 %, HVOB10 3.4
6.1 %, and HVOB20 2.4 ... 6.4 % compared to D100. Bandbarha et. al.
explain a reduction in carbon dioxide compared to conventional diesel.
They state that biodiesel has a lower el 1 carbon to gen ratio
(C / H) than conventional diesel, which results in lower CO, emissions
compared to diesel [46,47]. Studies of the chemical-physical properties
of the fuel used (1ablel) determined that the Carbon/Hydrogen ratio
(C/H) ratio in D100 was 6.25, and in HVO100 - 5.47 (12.5 % lower).
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The addition of biobutanol further reduced the C/H ratio.

At a constant engine load BMEP = 0.4 MPa and EGR 30 %, CO,
emissions in HVO100 decreased by ~ 3.2 %, and, respectively, in
HVOB5 —by ~ 7 %, inHVOB10 - by ~ 7.5 %, and in HYOB20 - by ~ 7.8
% compared to D100. The received CO, research results allow stating
that the use of up to 20 % of HVO in fuel decreases CO, emission. Even
though when using HVO100 as well as HVO biobutanol blends CO,
values decrease, when increasing EGR rate from 0 % to 30 %, CO,
emissions increase because of decreasing engine’s BTE and increasing
BSFC .

At different engine loads and changing EGR rate, CO emissions in
HVO100 are lower in all cases compared to D100 (Fig. 1 1). The reduc-
tion in CO using pure HVO can be explained by a lower C / H ratio, a
simpler molecular structure of HVO and a better combustion. Engine
load has been shown to have a significant impact on CO emissions.
Higher load values are associated with lower CO emissions [29]. It has
also been experimentally shown that the in-cylinder temperature in-
creases fromlow load to high load, which allows for a better combustion
and thus a reduction of CO emissions [18]. Having added biobutanol to
HVO at EGR 0 %, CO emissions show a negligible downward uend
compared to HVO100 at different engine loads. Bandbafha et. al.
concluded that CO emissions from biofuels decrease due to a lower
carbon-hydrogen ratio of biodiesel compared to diesel, and CO may also
decrease due to z higher oxygen content in the fuel mixture [49].

An increase of EGR rate from 10 % to 30 % shows an increase in CO
emissions without reaching values higher than D100 (Tig. 11).

At a constant engine load of 0.4 MPa, with EGR 0 %, CO values of
HVO100 decrease by ~ 10.5 %, HVOB5 — by ~ 13 %, HVOB10 - by ~ 14
9, and HVOB20 — by ~ 13 % compared to D100, while with EGR 30 %,
CO values are different: HVO100 ~ 9.5 %, HVOBS ~ 2.2 %, HVOB10 ~
2 %, and HYOB20 — 4 % lower compared to D100, It was observed
that by increasing the EGR rate to 30 %, worse HYO combustion leads to
increasing CO emissions, but they remain ~ 10 % lower compared to
conventional diesel. The addition of biobutanol at a high EGR rate (30
%) increases CO emissions compared to HVO100 due to increased fuel
consumption, but with HVO and 5 ... 10 % biobutanol blends, CO
emissions are lower than those when the engine is running on D100 fuel.

A compression ignition engine with a turbocharger operates with
excess air, resulting in low emissions of unburnt hydrocarbons (HC)
[50]. The experimental research results revealed that at different engine
loads (BMEP) and changing EGR rate, HC emissions in HVO100 were
lower in all cases compared to D100 (Fig. 12) due to a lower C/H ratio
and lower fuel mass consumption. The addition of biobutanol to HVO at
EGR 0 % increased HC emissions at all engine loads. The use of HVOB20
fuel blend led to higher HC emissions compared to conventional diesel.
HC emissions can be associated with lower fuel viscosity. Researchers
Farayedhi et al. say thatlower viscosity fuels produce smaller droplets in
the injection process. These smaller droplets of fuel reach the walls of
the cylinder, which causes an extinguishing effect due to a worse mixing
of the fuel and air mixture at the walls, thus increasing the emission of
unburnt fuel (HC) [51].

With increasing EGR rate from 10 % to 30 %, HC emissions decrease,
because the fuel is injected into a higher temperature gas and evaporates
better. HC emissions are also lower in all cases when using HVO100 fuel
compared to D100, However, when biobutanol is added to HVO and the
biobutanol concenmration is increased to 20 %, HC emissions increase at
all engine loads, but are not higher than emissions from D100. At a fixed
engine load of 0.4 MPa with EGR 0 %, HC emissions from HVO100
decrease by ~ 30 % compared to D100, HYOB5 — by ~ 21 %, HYOB10 -
by ~ 3.7 %, while with HVOB20 they are ~ 1.6 % higher compared to
D100. At EGR 30 %, HC emissions are ~ 21.5 % lower with HVO100,
~7% lower with HVOBS5, and ~ 6 % lower with HVOB10 and HVOB20
compared to D100. Considering the effect of EGR on HC emissions at
BMEP 0.4 MPa, the comparison of EGR 30 % and EGR 0 % revealed that
increasing EGR rate decreases HC emissions: D100 decreased by 13 %,
and, respectively, HVO100 — by 0.5 %, HVOBS — by 3.5 %, HVOB10 - by
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14 %, and HVOB20 - by 17 %.

The analysis of the composition of fuels and fuel blends (1able 3 and
Table 4) revealed that the stoichiomeuic air-fuel ratio (AFR) for D100
fuel was 14.79 kg, HVO100 — 15.18kg (2.6 % more), HVOBS5 — 14.98kg
(1.3 % more), HVOB10 — 14.77 kg (0.1 % less) and HVOB20 — 14.38 kg
(2.8 % less). AFR decreased by adding biobutanol and castor oil to HVO
fuels due to the oxygen (O,) contained in the biobutanol and castor oil.

The use of HVO100 and HVO/biobutanol fuel blends resulted in
lower smoke emissions compared to D100 (Fig. 13) for a given load and
EGR rate. It was observed that an increase of the EGR rate from 0 % to
30 % at constant engine load (BMEP) resulted in an increase in smoke
output due to a decrease in O, content and an increase in CO, and HyO in
the cylinder. At a constant engine load of 0.4 MPa with EGR0%, the
smoke values of HVO100 compared to D100 decreased by ~ 29 %, with
HVOBS - by ~ 58 %, with HVOB10 - by ~ 50 %, and with HHVOB20 - by
~- B0 %, because the C/H ratio decreases and due to the fact that bio-
butanol contains oxygen. The researchers Imdadul et al. obtained
similar reductions in smoke emissions compared Lo conventional diesel
when using mixtures of n-butanol and biodiesel at different ratios [52].
The researchers Imtenan et. al. also confirm that oxygen contained in
alcohols such as n-butanol reduces smoke emissions when used in
combination with biodiesel [53]. In terms of the impact of EGR rate on
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the smoke output at BMEP 0.4 MPa, when comparing EGR 30 % with
EGR 0 %, increasing the EGR rate resulted in a ~ 6-fold increase with
D100, but the smoke output partially decreased when using mixtures of
HVO and bio-butanol, with a decrease of ~ 11 % for HVO100, ~23 % for
HVOBS, ~47 % for HVOB10, and ~ 57 % for HVOB20 compared to
D100. Thus a better smoke reduction performance with HVO/bio-
butanol blends is achieved at a lower EGR rate, while a higher EGR rate
suppresses the positive impact of biobutanol.

In the experimental research, D100 had the highest NOx emissions
and HVO100 - the lowest NOX emissions, for all the presented cases, at
different engine loads and EGR rates (I'ig. 14). When increasing the
biocbutanol concentration in HVO fuels, NOx emissions steadily
increased at all engine loads and EGR rate conditions, but were not
higher compared to D100. The comparison of NOx emissions of pure
HVO and its blends with biobutanol and pure D100 at BMEP 0.4 MPa
and EGR 0 %, NOx emissions of HVO100 decreased by ~ 7 % (Fig. A3),
HVOBS5 - by ~ 5.5 %, HYOB10 - by ~ 3 %, and HVOB20 — by ~ 2.3 %.
Vojtisek et al. conducted similar research and found that NOx emissions
were similar when comparing HVO and butanol blends with pure HVO,
but in both cases they were lower than of pure diesel [54]. The addition
of oxygen Lo fuels has also rendered controversial results. Studies con-
ducted by Prabu et al. with biodiesel and n-butanol (adding 30 % of n-
butanol to the biodiesel volume) showed a reduction in NOx emissions
compared to aleohol free diesels. This phenomenon is substantiated by a
reduction of the combustion temperature [55].

Exhaust gas recirculation is a common and effective technology for
reducing NOx emissions [56]. When increasing the EGR rate, NOx
emissions decline because of retuming COy, water vapour and other
combustion produets to the cylinder, reducing combustion intensity and
temperature. This reduces the intensity of thermal NOx formation, At
EGR 30 %: HVO100 ~ 22 %, HVOBS ~ 16 %, HVOB10 ~ 17 %, and
HVOB20 ~ 12 % less compared to D100, The impact of EGR on NOx
emissions at BMEP 0.4 MPa, the NOX emissions change as follows when
comparing EGR 30 % with EGR 0 %: they decrease by 38 % for D100, by
53 % - for HIVO100, by 52.5 % - for HIVOBS, by 52.5 % - for HHIVOB10, and
by 52 % - for HVOB20, respectively. The results show that in the case of
EGR, adding biobutanol to HVO fuel increases NOx emissions because
the delay phase increases due to the decrease in the cetane number of the
fuel blend, which increases the heat release and the temperature during
the premix combustion phase (Figs. 2, 3, 4). The oxygen contained in
bicbutanol also increases the combustion temperature.

4. Conclusions

1. Having replaced D100 with HVO100 and biobutanol blends, SOT was
delayed due to differences in fuel density, viscous friction force and
compressibility. GN of HVO100 ~ 37 % is higher and the ignition
delay phase shorter if it compared to D100, Biobutanol increases the
ignition delay of fuel mixtures due to lower cetane number, higher
latent heat of vaporization and auto-ignition temperature, but
HVOB20 ignition delay shorter if it compared to D100. This resulted
in a lower maximum ROHR for HVO100, HVOBS, HVOB10 and
HVOB20 fuels of ~ 40 %, ~29 %, ~19 % and ~ 6 %, respectively,
during the premixed combustion phase. During the controlled com
bustion phase, the maximum ROHR increased by ~ 6 %, ~8%, ~5%
and ~ 3 %, because the fuel injection takes longer due to the reduced
LHV_y, but the oxygen in the biobutanol intensifies the combustion.
For HVOB20, the increase of EGR rate from 0 % to 30 % resulted in
an increase in the in-cylinder temperature, however, this did not
increase NO, emissions, because an increase in CO, and water
vapour caused by EGR reduced combustion intensity in the cylinder.

2. BSFC  of HVO100 in all cases was lower ~ 2.5 % compared to D100
due 2.3 % higher LHV m. As the HVOB20 turi 2.9 % lower LHV m,
BSFC q increased by ~ 5 % compared to D100. BSFC vy increased by

o due to 8.8 % lower LHV v, BTE of HVO100 was 0.2 ... 0.4 %

higher, but the addition of biobutanol (5 %, 10 % and 20 %) reduced

Energy Conversion and Maragement 270 (2022) 116196

the BTE by ~ 0.7 %, ~1.3 % and ~ 1.7 % respectively compared to
D100, because increased BSFC v fuel injection and combustion takes
longer, Increasing EGR rate decreased BTE of all fuels, but increasing
the biobutanol concentration from 10 % to 20 % at EGR 30 %
stopped the decrease in BTE as the oxygen in the biobutanol com:
pensates for the reduced air content in the cylinder.

Having replaced D100 with HVO100, CO, emission decreased iki ~
3 %, and having added 5 %, 10 % and 20 % of biobutanol, CO,
emissions decreased iki ~ 5 %, ~6%, and iki ~ 6.5 % due to a lower
C/H ratio compared to D100. Increasing the EGR ratio for all fuels
used resulted in an increase in CO; emissions due to increasing
BSFC 1y, but HVO fuel and the 20 % biobutanol additive retained iki
~ 7 % lower GHG emissions compared to D100 due to 8.8 % lower C/
H santykio. HVO100 has till 10 % lower CO emissions compared to
D100, and when it was used additive of biobutanol CO emissions
reduced insignificantly. With EGR on, CO emissions of all fuels
increased due to the negative influence of CO, on combustion
quality, and in this case, the addition of biobutanol even increased
CO emissions, but HYOB20 CO emission remained lower compared
to D100. HC ermissions decreased tll 30 % having replaced D100
with HVO100, but increased again to the level of D100 when the
biobutanol concentration was increased to 20 % in the blend. The
increase in emissions of i plete combustion prod (CO and
HC) was due to the addition of butanol, as the decrease in viscosity of
the fuel mixture causes fuel droplets to reach the periphery of the
combustion chamber, where they are less well mixed with the air and
do not burn completely.

The replacement of D100 with HVO100 reduced the smoke output
by ~ 11 % and the addition of 5 %, 10 % and 20 % biobutanol further
reduced smoke output by ~ 23 %, 47 % and ~ 57 % compared to
D100 due to the reduction of the C/H ratio of the fuel and the in
crease of the oxygen concentration in the fuel. Increasing the EGR
rate resulted in an intense increase in smoke, but the biobutanol
significantly compensated for the increase in smokiness. NOy emis-
sions decreased by ~ 7 % having replaced D100 with HVO100 due
higher cetane number resulting in a reduction maximum of ROHR
during the premixed combustion phase. The use of 5 %, 10 % and 20
% biobutanol additive increased NO, emissions, but they remained
~ 5.5 %, ~3%and ~ 2.3 % lower compared to D100. AtEGR rate of
30 %, NO,. emissions decreased by 40 ... 50 % for all fuels therefore
at a higher EGR rate an increase in biobutanol concentration in the
mixture with HVO does not have a significant impact on increasing
NOx emissions.
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Appendix

See Figs. AL-A3.

ED100  © HVO100

HVOB5 ™ HVOB10

= HVOB20

0 0,60
BMEP, MPa

on fuel

T
0%

at different

Fig. A2. Incylinder pressure

EGR rates.
®WD100 = HVO100 HVOBS W HVOB10  mHVOB20 |
o
5,00 =
450 chia

400 wr
o w0k
£ 3,50
3,00
32,50
S2
=
2,00
1,50
1,00
0,50
0,00

0,40

BMEP, MPa

0,60

Fig. A3. Dependence of BSFG by volume on fuel composition and the engine

load at different EGR rates.

[1] Generations of Biofuels - Energy from waste and wood 2022. littp://cucigy tom
wasteandwood.weebly. com/genetations-of biofuel s.html [accessed Februaty 21,
2022,

[2] Gray D, White G, Tomlinson G. lnceasing Secutity and Reducing Carbon Emissions
of the U.S. Transportation Sector: A Transformational Role for Coal with. Biomass
2007,

[3] Kim S, Dale BE. Comparing alternative cellulosic biomass biotefining systems:
Gentealized versus distributed processing systems. Biomass Bioenergy 2015;74:
135-47. hitps://doi.org/10.1016/j. biombioe.2015.01.018.

[4] Carolan JE, Joshi SV, Dale BE. Technical and Financial Feasibility Analysis of
Distributed Biopcocessing Using Regional Biomass Pre-Processing Centets. J Agric
Food Ind Organ 2007;5. 10.2202,1542-0485.1203.

[5] IFPEN | Biofuels dashboard 2019. IFPEN 2022. https: ifpenergiesnouvelles.
com/article/biofuels-dashboard-2019 [aceessed February 21, 2022].

[6] Amici H, Kacimi K. and hydcolysis of i wastes
butanol production: Challenges and perspectives. Bioresour Technal 7ols 270
702-21. hitps://doi.org/10.1016/j. biortech.2016.08.117,

[7] Pereita LG, Dias MOS, Mariano AP, Macid Filho R, Bonomi A. Economic and
environmental assessment of n-butanal production in an integrated first and second

ion sugarcane bi ive versus catalytic routes. Appl
Energy 2015;160:120-31. hrrps://doi.org/10.1016/j.apenergy.2015.09.063,

[8] Ndaba B, Chiyanzu I, Marx S. n-Butand derived from biochemical and chemical
routes: A review. Biotechnol Rep 2015;6:1-9. hitps://doi.org/10.1016/]
bire.2015.08.001.

[9] HuE, Tian H, Zhang X, Li X, Huang Z Explosion characteristics of n-butand/iso-

octane-ait mixtutes. Fud 2017;188:90-7. hirps://dol.org/ 101016/,

fuel.2016.10.002.

Habi MN, Zare A, Hossain FM, Bodisco TA, Ristovski ZD, Brown RJ. A patametric

study on engine petformance and emissions with neat diesel and diesel-butandl

blends in the 13-Mode Ruropean Stationary Cyde. Energy Convers Manag 2017;

148:251-9. hutps://doi.org/10.1016/j. enconman. 2017,06.001

[11] Chen Z Wu Z Liu J, Lee C. Combustion and emissions characteristics of high n
butanol iesd ratio blend in a heavy-duty diesel engine and EGR impact. Energy
Convers Manag 2014;78:787-95. hrtps://doi.org/10.10
enconman.2013.11

[12] Dimitiadis A, Seljak’T, Vihar R, Zvar Baskovie U, Dimaratos A, Bezergianni s, et l.
Impeoving PM-NOX trade-off with paraffinic fuels: A study towards diesel engine
optimization with HVO. Fuel 2020;265:116921, hittps: //doi.org/10.1016/]

fuel2019.116021.

[13] Ashok B, Naothagopal K, Satavanan B, Azad K, Patel D, Sudarshan B, et al. Study
onisobutanol and Cal ophyllum inophyllum biodiesel as a partial replacementin C1
eugine applications. Fuel 2019;235:984-94. hittps://doi.og,/10.1016/],
fuel.2018.08.087.

[14] He Z, Lin G, Li Z, Jiaog G, Qian Y, Lu X. Comparison of fout butand isomers
blended with diesel on particulate matter emissions in a common cail diesd engine.
J Aerosdl Sci 2019;137:105434. hrrps://doi.org/10.1016/].jaerosci.2019.105434,

[15] ChenZ, LivJ, HanZ, Du B, Liu Y, Lee C. Study on petformance and emissions
passenger-car diesel engine fueled with butanol diesel blends. Energy 2013;55:
638-46. hitps://doi.org/10.1016/j.energy.2013.03.054,

[16] Dogan O. The influence of n-butand /diesel fuel blends utilization on a small diesel
engine pecformance and emissions. Fud 2011;90:2467-72. hitps://dol.otg/
10.1016/j.fuel.2011.02.

[17) Ghadikolaei MA, Cheang G5, Yung K-T. Study of combustion, per‘ormance and
emissions of diesel engine fueled with diesel/biodiesel /al cohd Wends having the

=
(=




96

AUTHOR’S PUBLICATIONS COLLECTION

G. Valeka et al

(18]

191

[20]

[21]

221

[23]

24

[26]

[27)

(28]

291

[30]

[31]

321

331

(34

(35

[36]

same oxygen concentration. Energy 2018;157:258-69. hiips
enetgy.2018.05.164.
Valeika G, Matijosius J, Gérski K, Rimkus A, Smigins R. A Study of Energy and
Envitonmental Patametecs of a Diesel Engine Running on Hydrogenated Vegetable
0il (HVO) with Addition of Biobutandl and Castor Oil. Energies 2021;14:3939.
hittps://doi.org/10.3390/en1 4133939,
Bohl T, Smallbone A, Tian G, Roskilly AP. Patticulate number and NO x trade off
comparisons between HYO and minecal diesd in HD applications. Fuel 2016;215:
90-101. https://doi.org/10.1016/].fuel 2017.11.023.
Bortd 1, Vévra J, Takats M. Effect of HVO fuel mixrutes on emissions and
petformance of a passenger car size diesd engine. Renew Energy 2019;140:
680-91. https://doi.org/10.1016/j.renene.2019.03.067.
Rimkus A, Stravinskas $, Matijosius J. Comparative Study on the Energetic and
Ecologic Parametets of Dual Fuels (Diesel-NG and HVO-Biogas) and Conventional
Diesel Fuel ina CI Engine. Appl Sci 2020,10:359. hitps.//doi.or10.5590,
appl0010359.
Hartikka T, Kuronen M, Kiiski U. In: Technical Performance of HVO (Hydrotreated
Vegetable Oil ) in Diesel Engines. Wacrendale, PA: SAE International; 2012. htips:,//
doi.org/10.4271,/2012 01 1585.
Huang H, Li 7, Teng W, Huang R, Liu Q, Wang Y. Effects of EGR tates on
combustion and emission characteristics in a diesel engine with n-butanol /PODE3
4/diesel Blends. Appl Therm Bog 2019;146:212-22, hitps://doi.ore/10.1016/]
applthermal eng. 2018.09.126.
Liu J, Wang H, Li Y, Zheng Z, Xue Z, Shang H, et . Effects of diesel/PODE
(polyoxymethylene dimethyt ethers) blends on combustion and emission
characteristics in a heavy duty diesel engine. Fud 2016;177:206-16. hirps://dol
01g/10.1016/j.fuel . 2016.03,019.
Zhou X, Qian W, Pan M, Huang R, Xu I, ¥in J. Potential of n-butanol /diesel blends
for CI engines under post injection strategy and different EGR tates conditions.
Energy Convers Manag 2020;204:112329. hrtps://doi.or;
enconman.2019.1123
Yao M, Zhang Q, Liu H, Zheng Z Zhang P, Lin Z, et al. In: Diesd Engine
Combustion Control: Medium or Heavy EGR? Warrendale, PA: SAE International;
2010. https://doi.og/10.4271/2016-01-1125.
Han D, Ickes Al Assanis DI, Huang 7, Bohac SV. Ataioment and Load Extension
of Premixed Lo Combustion with Dieseline in a
Cnmpremon Ignition Engine. Energy Fuels 2010;24:3517-25. hrips://doi.org/
10.1021/¢100269¢.
Hunicz J, Mikulski 14, Shukla PG, Geea MS. Partially premixed combustion of
hydrotreated vegetable oil in a diesel engine: Sensitivity fo boost and exhaust gas
recicculation. Fuel 2022;307:121910. hitps://doi.otg/ 10,1016/
fuel.2021.121910.
Huang H, Liu Q, Wang Q Zhou , Mo C, Wang X, Experimental investigation of
particle emissions under different FGR ratios on a diesel engine fuded by blends of
diesd /gasdine/n-butanol. Energy Convers Manag 2016;121:212-23, hitps://doi.
org/10.1016/j.enconman.2016.05.034.
Rajesh Knmar B, Sacavanan S. Efects of iso-butanol/diesel and n-pentanol /diesel
blends on petformance and emissions of a DI diesel engine under premixed LTC
(low temperature combustion) mode. Fuel 2016;170:49-59. hrrps://doi org.
10.1016/j.fuel.2015.12.029,
Bhowmick P, Jeevanantham AK, Ashok B, Nanthagopal K, Pernmal DA,
Karthickeyan V, et al. Effect of fud injection strategies and EGR on bio
in a CRDI engine. Energy 2019;181:1004-113. https://doi org 10,1016/
energy.2019.06.014.
Matla SK, Dhi A, Gill KJS, Cho HM, Lim HC, Chauhan BS. Influence of EGR on the
simultaneous reduction of NOx-smoke emissions trade-off under CNG-biodiesel
dual fud engine. Energy 2018;152:303-12. httgs://doi.org/10.1016/
energy.2018.03.072.
Wang Q Sun W, Guo 1, Fan L, Cheng P, Zhang H, et al. Effects of EGR and
phasing on the and emission of direct-
injection CI engine fud ed with n-butanol /diesel blends. Energy Proe 2019;160:
864-71. https://doi.org/10.1016/j.egypro.2019.02.169.
Chen 7 Liu J, Wu 7 Lee C. Effects of port fud injection (PF1) of n-butand and EGR
on combustion and emissions of a ditect injection diesel engine. Energy Convers
Manag 2013;76:725-31. hitps://doi.org/10.1016/f.enconman. 2013.08.
Liang J, Zhang Q, Chen Z, Zheng Z. The effects of EGR rates and tetnary blends of
biodiesel /n-pentanol /diesel on the combustion and emission characteristics of a
CRDI diesel engine. Fud 2021;286:119297. hitps://dol.org/ 101016/}
fuel.2020.119297.
Rimkus A, Vipartas T, Matijosius J, Stravinskas S, Kriauéiunas D. Study of
Indicators of CI Engine Running on Conventional Diesdl and Chicken Fat Mixtures
Changing EGR. Appl Sei 2021;11:1411. hiips://doi.org/10.5390,/app1 1041411,

doi.org/10.1016/].

10,1016/

el blend

37

[38]

391

0]

411

[42]

[43]

[44]

[45]

(48]

1

8]

[9]

[50]

1]

52]

53]

154

[55]

1561

Energy Conversion and Maragement 270 (2022) 116196

Rimkus A, Zaglinskis J, Stravinskas S, Rapalis P, Matijosius J, Bereczky A. Research
on the Combustion, Energy and Emission Patametets of Vatious Concentration
Blends of Hydrotreated Vegerable Oil Biofuel and Diesel Fuel in a Compression-
Iguition Engine. Energies 2019;12:2978. https://doi.org/10.3390,/e012152975,
KimJ, Lee J, Kim K. Numetical study on the effects of fuel viscosity and density on
the injection rate performance of a solencid diesd injector based on AMESim. Fuel
2019;256:115912. https://doi.org/10.1016/j.7udl 2019.115 nn
Pan $, Li X, Han W, Huang Y. An i 1 ti-cyl i
RCCI engine fueled with 2-butandl /diesel. Energy Convers Manag 2017;154:
92-101. https://doi.org/10.1016/j.enconman.2017.10.047.
Zoldy M, Hallo A, Thernesz. A. Butanol as a Diesel Extender Option for Internal
Combustion Engines, A Comprehensive Review on the Application of Bioethanol /
Biodiesd in Direct Injection Engines and Consequential Environmental Impact.
10.4271/2010-01-0481.
Duan X, Xu 7 Sun X, Deng B, Liu J. Effects of injection timing and EGR on
combustion and emissions characteristics of the diesel engine fuelled with
acetone-butanol -ethand /diesel Mlend fuels. Energy 2021;231:121069. hittps:,
doi.org/10.1016/j.energy.2021.121069.
Zheng Z, Wang X, Zhong X, Hu B, Liu H, Yao M. Experimental study on the
combustion and emissions Tueling biodiesel/o-butand, biodiesel /ethanol and
biodiesdl /2,5 dimethylfuran on a diesel engine. Energy 2016;115:530-49. hitps.//
doi.o1g/10.1016/j.energy. 2016.09.054.
Wei M, Li 8, Xiao H, Guo G. Combustion performance and pollutant emissions
analysis using diesel /gasoline/iso-butanol blends in a diesel engine. Fnergy
Convers Manag 2017;149:381-91. hitps://doi.org/10.1016/]
enconman 2017.07.038.
Pan M, Toug G, Qian W, Lu 14, \(m J, Huang H. The effect of butand isomers on
diesel engine n and under
diffecent load conditions. Fnd 1010,2//,118183. hitps:
fuel.2020.118188.
IMohebbi M, Reyhanian 1, Hosseini V, Muhamad Said ME, Aziz AA. Perfoumance
and emissions of a reactivity contralled light-duty diesel engine fueled with n-
butanol diesel and gasdline. Appl Therm Fing 2018;134:214-28. https://doi org,
10.1016/j.appl thermal eng, 2018.02.003,
Lin G, Lin H-A. Diesel engine performance and emission characteristics of
biodiesd produced by the peroxidation process. Fud 2006;85:298-305. hitps./,
doi.org/10.1016/].fuel. 2005.05.018.
Bereczky A, Effect of the use of waste vegetable oil based biodiesd on the
landscape in diesel engines. Therm Sci 2017;21:567-79. hrrps://doi o1g/10 2298,
TSCI1506302808.
Guanasckatan S, Satavanan N, Jangkumatan 1. lnﬂucnce of injection timing on
a DI diesel engine
running on fish oil biodiesel. Energy 2016;110:1215_29 hllw,vdol 01g/10.1016/
jenergy.2016.10.039.
Hm‘s\:nz.udch Bundbutha H, Tabatubaci M, Aghbustio M, Khanali M, Demitbus A,
teview on acts of diesel /biodiesel
mmmves Energy Convers Manag 2018;174:579-614. hitps://doi.org/10.1016/
enconman 2018.08.050.
Emiroglu AO. Fffect of fuel injection pressure on the characteristics of single
cylinder diesd engine powered by butanol-diesel blend. Fuel 2019;256:115928.
https://doi.org/10.1016/].fuel. 2019.115928.
Al-Farayedhi AA. Effects of octane number on exthaust emissions of a spark ignition
engine. Int J Energy Res 2002;26:279-89. hreps://doi org,/10.1002,/ex.763.
Imdadul HK, Masjuki HH, Kalam MA, Zulkifli NWM, Kamcuzzaman b, Shahin bM,
et al. Eval uation of oxygenated n-butanol-biodiesel blends al ong with ethl hexyl
nitrate as cetane improver on diesel engine attributes. J Clean Prod 2017,141:
928-39. https://doi.org/10.1016/j.jclepro.2016.09.1
Intenan s, Iasjuki HH, Vatman M, Rizwanul Fattah I, Sajjad H, Atbab MI. Effect
of n-butanol and diethyl ether as additives on
performance characteristics of a multiple cylinder diesd engine fuell ed with
diesel_jatropha biodiesd blend. Fnergy Convers Manag 2015;94:84-94, hitps:
doi.org/10.1016/j.enconman. 2015.01.047.
Vojtisek-Lom M, Betdnek V, Mikuska P, Kitmal K, Cou'al &k P, Sikorovd J, et al.
Blends of butanol and hydrotreated vegetable oils as drop in replacement for diesel
engines: Eifects on combustion and emissions. Fud 2017;197:407-21. hitps://doi.
org/10.1016/j.fuel.2017.02.0
Senthur Prabu S, Asokan MA, Roy R, Francis S, Sreelekh MK. Performance,
combustion and emission charactetistics of diesel engine fuell ed with waste
cooking ol bio-diesel /diesel blends with additives. Energy 2017;122:638-48.
https:.//doi.otg/10.1016/j.energy.2017,01.119.
Ladommatos N, Abdelhalim S, Zhao H. Contral of oxides of nitrogen Fom diesel
engines using diluents whil e minimising the impact on particulate pollutants. Appl
‘Therm Eng 1998;18:963-80. https://doi org,/10.1016/51359 4311(98)00031 =

//doi.ong/ m.wm i




AUTHOR’S PUBLICATIONS COLLECTION 97

Article 3. Valeika et al. (2023). Smoke Formation during
Combustion of Biofuel Blends in the Internal Combustion
Compression Ignition Engine (https://doi.org/10.3390/en16093682)

energies

by

Article

Smoke Formation during Combustion of Biofuel Blends in the
Internal Combustion Compression Ignition Engine

Gintaras Valeika !, Jonas Matijogius '"*

and Karol Tucki **

check for
updates

Citation: Valeika, G.; Matijosius, |
Orynyez, O.; Rimkus, A.; Swic, A
Tucki, K. Smoke Tormation during

Combustion of Biofuel Blends in the
Internal Combustion Compression
Ignition Kngine. Energies 2023, 16,
3682. hitps:/ /doi.org/10.3390/
en16093682

Academic kditor: Dimitrios C.

Rakopoulos

Received: 3 April 2023
Revised: 23 April 2023
Accepted: 24 April 2025
Published: 25 April 2023

& 2023

Copyright:
Licensee MDI'L,

This article is an open access article

3 by the authors,
Basel, Switzerland.
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

, Olga Orynycz >*(, Alfredas Rimkus ', Antoni Swi¢ ?

Department of Automobile Engineering, Faculty of Transport Engineering, Vilnius Gediminas Technical
University, |. Basanavitiaus Street 28, 1.T-03224 Vilnius, | ithuania; gintaras.valeikaévilniustech.1t (G.V.);
alfredas.rimkus@vilniustech.It (A.R.)

Department of Production Management, Faculty of Engineering Mana
Technology, Wicjska Street 454, 15-351 Bialystok, Poland

Department of Production Computerisation and Robotisation, Faculty of Mechanical Engineering, Lublin
University of Technology, Nadbystrzycka Street 36, 20-618 Lublin, Poland; a.swic@pollub.pl

Department of Production Engineering, Institute of Mcechanical Engincering, Warsaw University of Life
Strut 16} 02-787 Warsaw, Poland

Correspondence: jonas.matij i stech It (J.M.); o.orynye .edupl (0.0.);

karol tuckié@sggw.edu.pl (K T.); Tel.: +J&7459840 {Q.0); +48- 5‘]?41 78 (K.T.)

, Bialystok University of

Sciences, Nowoursynowska

Abstract: The proposed changes to the legislation on diesel cars require intensification of work on the
possibilities of reducing emissions of harmful substances into the atmosphere by these vehicles. The
subject of experimental research included in the manuscript was the Skoda Octavia witha 1.9 TDI
(turbocharged direct injection) compression ignition engine (type 17). Light absorption measurements
1,
pure hydrotreated vegetable oil, hydrotreated vegetable oil, biobutanol) and their blends with fossil

of smokir

ss of the exhaust gases emitted after combustion of various biofuels (conventional dics

diesel fuel were studied. The measured light absorption coefficient is the reciprocal of the thickness
of the layer, after passing through which the light has a ten times lower intensity. Its unit is the
reciprocal of the meter (1/m or 11\‘1), The results obtained by means of a standard smokiness meter
indicate that the use of biofuels or their blends, in general, reduces smoke formation.

Keywords: vehicle; biofuel; diagnostic

1. Introduction

Emission of harmful exhaust gases is a subject that has accompanied us for years [1-3].
These cfforts are particularly highlighted when the next state-of-the-environment reports
are published. According to SNAP (Selected Nomenclature for sources of Air Pollution),
eleven emission source categories are distinguished: combustion processes in the energy
production and transformation sector, combustion processes in the municipal and resi-
dential sectors, combustion processes in industry, production processes, extraction and
distribution of fossil fuels, use of solvents and other products, road transport, other vehi-
cles and equipment, waste management, agriculture, and other emission and abatement
sources [4]. However, to a large extent, policy makers focus primarily on the transport
sector [5-7].

The transport sector is responsible for almost a quarter of all global greenhouse gas
(GHG) emissions and is a major contributor to air pollution in urban areas [8,9]. Achieving
climate neutrality for cars and their factorics requires manufacturers to spend billions of
dollars, great determination, and the ability to comprehensively analyse issues and impacts
on sustainability [10-12]. Consistent action by producer groups brings tangible results in
the form of millions of tonnes of carbon dioxide and other pollutants that do not reach the
atmosphere. It is not only emissions from car exhaust pipes that have an impact on the en-
vironment [13-15]. Compounds released during tyre wear during driving are also harmful,
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Moreover, during braking, the brake discs emit solid particles; this can be eliminated by
introducing an electrical component into the drive systems, permitting regenerative braking
with an electric motor, which largely replaces the conventional braking system [16,17]. The
issues of so-called secondary dusting are also important. A moving car blasts into the air
what lies on the roadway: nitrogen oxides, carbon, benzene compounds, heavy metals, and
aromatic hydrocarbons. Carbon dioxide and monoxide, nitrogen oxides, sulphur dioxide,
and dust are also produced in the power plant production process necessary for steelworks
and factories. Therefore, the way in which this energy is obtained is also crucial [18-20].

The operation of any internal combustion engine is associated with the emission of a
certain amount of harmful substances [21,22]. Their maximum content in exhaust gases
is determined by the relevant standards, which are set separately for petrol and diesel
units [23,24].

Emission standards are the limits set by the European Union for the emission of
harmful substances in the exhaust gases, which are imposed on new cars sold in the EU
and the Furopean Ticonomic Area. The first Euro 1 standard was introduced in 1993 and the
new Euro 7 emission standard is planned for early 2025. Each of the succes
introduced lowered the limit value for emissions into the atmosphere. Information about
the emission standard of the car is contained in the vehicle documents and visible on the
sticker located in the door opening next to the driver’s seat. This is important not only from
the point of view of environmental awareness, but also from the point of view of clean
transport zones in cities [25,26].

Compression ignition engines differ, compared to spark ignition engines, in the way
the mixture is prepared, its combustion, and the type of fuel used. The consequence of these
differences is different values of the combustion parameters and different composition and
concentration of the main components of the exhaust gas [27-29].

Currently, work on second-generation biofuels (e.g., cellulosic ethanol, biohydrogen,
biomethanol) and third-generation biofuels (e.g., biofuels produced from algae and other
micro-organisms) is continuing in many research centres around the world. One way to
reduce the environmental impact of toxic components of exhaust gases is to use fuels of
plant origin [30-32].

Studies of exhaust emissions, composition of engine exhaust gases, and level of smoke
are the subject of many scientific papers. A review of the analysis of performance and
emission characteristics of a diesel engine fuelled by different gaseous fuels and biofuels
was carried out in [33]. Modification of diesel with oxide nanoparticles to investigate its
effect on engine behaviour was the subject of research in [34]. A multi-objective optimisation
test of performance, combustion, and emissions characteristics of a diesel engine fuelled
with diesel, kerosene, and ethanol was the subject of research in [35].

Due to its specific physicochemical properties, butanol is listed among the potential
successors of ethanol. Butanol is an alcohol that can be produced either by petrochemical
processes or by biomass fermentation and, therefore, from renewable sources (biobutanol).

Butanol is found in the form of four isomers: n-butanol, sec-butanol, isobutancl, and
tert-butanol, differing from each other in both the location of the hydroxyl group and the
structure of the hydrocarbon chain (simple or branched). Isobutanol, due to its fairly high
octane number, is a component of gasoline (the normative requirements allow its content
in petrol up to 10% (v /2)). Tert-butanol is used as an additive to gasoline, increasing the
octane number. N-butanol is used as an intermediate for organic synthesis, an additive
for oils, and a raw material for the production of solvents and co-solvents. This isomer is
also most commonly used for testing applications in compression ignition engines. The
advantage of butanol is the abilily to use blends with petroleum fuels with a higher alcohol
content (up to 40%) without engine modification [33-35].

Among the fuels on which laboratory tests are ongoing is HVO (hydrogenated veg-
etable oil). HVO emits 90% less carbon dioxidle, 30% less particulate matter, and 9% less
nitric oxide compared to conventional diesel. The basis for its production is waste of
vegetable origin, such as leftovers of vegetables and fruits or even expired margarine. HIVO
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can be sold as pure HVO100 or blended with conventional diesel in various proportions,
e.g., HVO30, HVOS50, ete. In pure form, it reduces CO; emissions by approx. 90% [36,37].

As a result of a technical fault or exploitation, the engine of a car may emit an above-
average amount of harmful substances. Detecting deviations from the standards adopted
in this area is the task of vehicle inspection stations, which are currently obliged to check
exhaust emissions during the periodic technical inspection. Depending on the type of drive
unit, not only the measurement methods and measuring equipment but also the measured
parameters are different.

Gasoline cars use a high-precision analyser to measure carbon monoxide (CQ), carbon
dioxide (CO»), oxygen (O2), and hydrocarbons (CH), as well as to calculate the lambda
coefficient (A) for the composition of the fuel-air mixture that burns in the cylinders.

In the case of cars equipped with compression ignition engines, a cevice named
an opacimeter is used to measure the so-called light absorption coefficient. During the
periodical technical inspection, exhaust smoke control shall be carried out by means of
a free acceleration test, which is reduced to measuring the maximum smoke occurring
during free acceleration of the engine from idle speed to maximum speed. The smoke that
occurs during the free acceleration test is assumed to be comparable to the smoke at the
highest engine torque.

Nitrogen oxides (NOx) and particulate matter (PM) are the main toxic components
in the exhaust gas of compression ignition engines. Particulate matter (PM) emissions are
specific to compression ignition engines and result from the properties of the fuel used, the
combustion process, and the formation of a combustible mixture. The measurement of the
correctness of the combustion process in a compression ignition engine is the smoke of the
exhaust gases. Exhaust smoke is the result of the presence of particulate matter (mainly
black smoke), hydrocarbons {blue smoke), and water vapour (white smoke). The exhaust
smoke measurement for diagnostic purposes shall be carried out with the vehicle stationary,
with the gear lever in the neutral position, while the engine is running in free gear using
the free acceleration method. The parking brake should be engaged. The setting of the fuel
dose adjustment screw of the injection pump shall be as recommended by the manufacturer.

One of the fundamental issues in assessing air quality is the concentration of particulate
matter. Particulate matter is a term generally used for a type of air pollution consisting
of a complex of different mixtures of suspended particles that vary in size, composition,
and location of formation. The basic distribution of particulate matter results from their
aerodynamic diameter, which allowed the determination of two main groups: PM2.5 and
PM10 (particulate matter) for diameters smaller than 2.5 um and 10 um, respectively. PN is
the particle number (PN).

All exhaust components from complete and incomplete combustion of motor fuels
shall be transparent and colourless. Tncorrect combustion of the mixture is evidenced by the
emission of opaque exhaust gases of a specified colour into the environment by the engine
in operation. Exhaust gases become discoloured as a result of incomplete combustion
of fuel. The products of such combustion are coal in the form of fine soot particles and
unburned hydrocarbons and water vapour condensing in the exhaust pipe. Soot is not
present in pure form. It absorbs large quantities of hydrocarbons and is, therefore, a very
toxic component of exhaust gases, mainly in compression ignition engines. The colour
of the exhaust gases and the degree of their blackening allow to determine with a high
probability the type of underwriting and the degree of engine wear [38-40].

The aim of the study, the results of which are presented in the manuscript, was to anal-
yse the exhaust smoke and the concentration of particulate matter (PM) emitted by a diesel
vehicle. The subject of the research was the Skoda Octavia with a 1.9 TDI (turbocharged
direct injection) compression ignition engine (type 1Z) powered by 5 different fuels and
their mixtures: conventional diesel (labelled as D100), pure hydrotreated vegetable oil
(labelled as HVQ100), hydrotreated vegetable oil and biobutanol mixtures (95/5, 90/10, and
80/20 (% vol/% vol)), and blends (labelled as HHVOB5, HVOB10, and HVOB20). For better
lubricity, castor oil (accounting for 5% of biobutanol volume) was added as an additive
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to biobutanol blends. Experimental tests were carried out using the MAHA LPS 2000 test
stand and with the ROSS-TECH VCDS vehicle diagnostic device.

For many years, the authors of this manuscript have been studying the application
of very different compositions of fuel mixtures (Petrol 95, ethanol, methancl, DME, CNG,
LPG, diesel FAME, rapeseed oil butanol), taking into account both engine type and vehicle
type [41-45]. The tests carried out are laboratory tests performed on measuring stations and
tests performed using computer simulations (based on hourly fuel consum ption character-
istics, g/kWh). For studies based on computer simulations, the author’s computational
tools are based on neural networks, and the results of the studies must always be analysed
in the context of laboratory studies. Taking into account the very broad context of the
research carried out in the context of the composition of fuel mixtures, the vehicle brand is
taken into account. This is relevant in the context of driving tests, where the emissions of
pollutants from the vehicle into the atmosphere are analysed in the context of permissible
limits (taking into account additional vehicle equipment, e.g., air conditioning, heated
seats). In addition, not only exhaust emissions but also water vapour emissions from the
vehicle’s exhaust system are analysed in the data presented by the authors.

2. Materials and Methods

Tests were conducted using the Skoda Octavia with a 1.9 TDI (turbocharged direct in-
jection) compression ignition engine (type 12), with 4 cylinders, 1896 em? displacement TDI
(type—17) compression ignition engine. Maximum power of engine: 66 kW at 4000 rpm.
Maximum torque: 182 Nm at 1900 rpm. Detailed technical data of the 1.9 TDI engine are
listed in Table 1 [46].

Table 1. The main parameters of the test engine (1.9 TDI type: 17) [46].

Parameter Value
Engine type—number of cylinders Inline 4
Engine code ALH
Fuel type Diesel
Engine alignment ‘Transverse
Engine displacement 1896 cm®
Bore x stroke 79.5 % 95.5 mm
Number of valves Svalves
Aspiration Turbo
Maximum power 66 KW (4000 rpm)
Maximum torque 210 Nm (1900 rpm)
Drive wheels FWD
Piston diameter, mm 79.5 mm
Piston stroke, mm 95.5 mm
Compression ratio 195
Displacement 1896 cm®
Number of cylinders 4/0HC
Fuel injection Direct (single)
Nozzle type Hole-type
Nozzle opening pressure 190 bar
Nozzle and holder assembly Two-spring
Cooling system type Liquid cooling

Transmission gearbox-—number of Speeds 5-speed manual

Using computerized vehicle test bench, MAHA TL.PS 2000 (Table 2) was established
testing vehicle engines’ (Skoda Octavia with 1.9 TDI diesel, type 1Z) torque and power
(Figure 1).

Vehicle test bench has options to make measurements using any gear, with selected
load or calculated driving resistance. The load for vehicle is generated by an electromagnetic
brake which converts the mechanical energy of the engine transmitted to the wheels into
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Blower fan

Display

Control unit

thermal energy and radiates it outwards. Vehicle load bench technical parameters are listed
in Table 2.

Table 2. The main parameters of vehicle load bench (MAHA LPS 2000) [47].

Parameter Value
Load equipment Electromagnetic brake
Rate adjustment limits 260
Maximum measuring load 6 kN (attractive force)
Maximum break power, KW 260
Measurement error +2

coynter

Fastening

Test bench

Figure 1. Laboratory test equipment.

During experimental tests, car diagnostic device ROSS-TECH VCDS was used, in
addition to device scan data using OBDII connection from electronic control unit (ECU) to
measure the following: fuel consumption, turbocharger pressure, fuel injection timing. Data

from the car diagnostic device ROSS-TECH VCDS were recorded at ~2.5 s interval [48-50].

Analysing engine ECU (electronic control unit) data, we observed that recorded data
points are sent in separate blocks and are not exactly synchronized in time (engine speed
(rpm), cyclic fuel quantity (mg/cycl), cyclic air mass {mg/cycl), fuel injection timing
(°BTDC), turbocharger pressure (mbar), or fuel injection timing (mg/cycl).

Experimental tests were carried out three times using vehicle test bench MAHA LPS
2000. Engine external speed characteristic was measured using the ECU data recorded by
the car diagnostic device ROSS-TECH VCDS.

Emission of diesel cars is estimated using two different methods: measuring exhaust
gas smoke and particle matter (PM) concentration. Smoke measured with a smoke detector
CET2200C, which determines light absorption coefficient, showing how much light is
emitted by the light installed in the meter source, is absorbed by the smoke emitted from
the vehicle. Smoke meter measurement limits are 0-99.99 m ! and accuracy is 0.01 m~ 1.

Particulate matter (PN) emissions from vehicles equipped with particulate filters are
very low. Particulate number measurements in the exhaust gas are carried out on diluted
(PEMS, portable emissions measurement systems) or solid exhaust gas. Particles with a
nominal diameter of 23 nm to 2.5 um shall be measured. PEMS measures raw exhaust
gases with all related challenges (e.g., condensation, instrument wear). The legal basis for
the analysis of PNs are: UN/ECE Global Technical Regulation No. 15; UNECE Regulation
No. 83; Regulation (EC) No. 715/2007—EC 692/2008 [51-53].
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Before each measurement is checked, engine is warmed up to normal operating
temperature. The exhaust system is accelerated at least three times from the minimum
idle speed to the limiter limited speed. The smoke of the exhaust gas measured when the
engine is allowed to accelerate, free from load, from minimum idle speed to the limiter
limited speed. Before each free acceleration cycle, the engine and turbocharger must be
running at steady minimum idle speeds not less than 15 s. Each free acceleration, the cycle
starts quickly and consistently so that the fuel injection operates at maximum efficiency.
During the free acceleration cycle, before the accelerator pedal is released, the engine must
reach the speed limit frequency.

The concentration of particle matters in the exhaust gas was measured immediately
after measuring the smoke, with the engine running at idle speed, using the PM concen-
tration counter P-Trak ultrafine particle counter 8525. The technical parameters of the PM
counter are presented in Table 3.

Table 3. PM concentration counter P-Trak parameters.

Parameter Value
Concentration range 0-500,000 pes/em®
Aerodynamic PM diameter range 0.02-1 pm
Temperature range 40-70°C
Intake air flow approximately 100 cm? /min
Device memory 470 points
‘Type of alcohol used 100% isopropanol

The PM counter only detects very fine PM (particles with an aerodynamic diameter
of 0.02-1 um). In the device, we installed a pump, data processing equipment, a cartridge
containing isopropanol, and a telescopic probe. In the cassette, the required level of
isopropanol must be maintained. This technical fluid ensures the detection of the smallest
microscopic particles. PM increases significantly when it flows through isopropanol.

Experimental tests were carried out using 5 different fuels and blends: conven-
tional diesel (labelled as D100), pure hydrotreated vegetable oil (labelled as HV0100),
hydrotreated vegetable oil and biobutanol mixtures (95/5, 90/10, and 80/20 (% vol/% vol)),
and blends (labelled as HVOB5, HVOBI10, and HVOB20). For better lubricity, castor oil
(accounting for 5% of biobutanol volume) was added as an additive to biobutanol blends.
Properties of pure fuels were analysed and are presented in Tables 4 and 5.

Table 4. Properties of 100% pure diesel, hydrotreated vegetable oil, biobutanol, and castor oil [54-60].

Parameter Diesel Hydrotreated Vegetable Oil Biobutanol Castor Oil
Density at 15 °C, kg/m?® 835.2 779.1 810.0 964.4
Flfo’:‘f:a‘s‘g‘:"‘g’;::n‘m 86.50 84.80 65.00 73.80
Hydrogen 13.40 1530 13.55 11.50
Oxygen 0.0 0.0 21.50 14.85
Stoichiometric AFR 14.79 15.18 11.30 11.91
Cetane number 51 70 18 28
Lower heating value, MJ /kg 43.09 449 333 43.1
Lower heating value, M| /1 36.90 3410 26.71 39.81
Purity,% N/A N/A 99.5 100
Orlean Lietuva, Neste, Carl Roth GmbH, Biochemlit,

Manufacturer, country

Lithuania Finland Germany Lithuania
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Table 5. Properties of fuel mixtures.

Properties HVOB5 HVOB10 HVOB20
Density at 15° C, kg/m® 7805 7824 786.4
Element composition: (% mass): carbon 83.45 82.55 80.58
Hydrogen 15.32 15.25 15.03
Oxygen 111 221 441
Stoichiometric AFR 14.99 14.77 14.38
Cetane number 7.3 64.7 593
Lower heating value, M]/kg 43.55 4298 41.88
Lower heating value, MJ/L 33.98 33.64 3293

Because the use of biobutanol deteriorates the lubrication properties of the fuel mixture,
it is necessary to use certain specialized fuel additives or a fuel component that provides
lubrication. Because the use of specialized additives is expensive and requires special
compatibility studies, castor oil was chosen as a cheap lubricating alternative.

All physicochemical fuel parameters have been verified on the basis of data found in
the literature and fuel characteristics provided by their manufacturer [54-60].

3. Results

The results obtained during the study allow us to justify the perspectives of second-
generation biofuels, taking into account the amount of smokiness and PN. When examining
the smokiness values (Figure 2), its decrease is noticeable compared to standard diesel.

0.60

0.50

0.40

Smoke, m !

0.30
0.20
0.10 I
0.00

D100 HVO100 HVOB5 HVOB10 HVOB20 D100

Before
tests

Figure 2. Smoke readings using different biofuel blends.

Alter tests

The information shown in Figures 2-5 is visually complementary. Tts purpose is to
show the differences in the fuel mixtures analysed.



104 AUTHOR’S PUBLICATIONS COLLECTION

Energies 2023, 16, 3682 8of16

0.3- Q -

1 [—

D100  HVO100 HVOB5 HVOB10 HVOB20 D100

Before tests After tests

Figure 3. Scattering of smoke readings using different biofuel blends.
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120,000
100,000
80,000
60,000
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20,000
0

D100 HVO100 HVOB5 HVOBI10 HVOB20 D100
Before Alter tests
tests

PN, particle /cm?

Figure 4. PN readings using various biofuel blends.

The smokiness values tended to be highest when using standard diesel (in this com-
parison, for the time being we will use the data from D100 Before Tests). Using second-
generation biodiesel HVO100 as fuel reduced smokiness by 40%. This was because of
the better combustion process of HVO 100 due to the additional oxygen contained in it.
With the addition of biobutanol, smokiness reduction trends increased even more. As the
concentration of biobutanol in HVO fuel increases, a significant decrease in smokiness
trends can be seen (comparing the HVOB20 mixtures with HVO100 (36%) and with D100
(60%)). This was due to the oxygen present in biobutanol, which further initiated the
improvement of the combustion process; this was also observed in other works by the
authors. A small addition of biobutanol (up to 5%) had no significant effect on the smoke
values. Another interesting effect occurred when measuring smokiness using diesel after
tests with biofuel blends. The use of biofuel mixtures promotes the cleaning of the exhaust
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system with the reduction of smog emissions, and the effect when fueling diesel (D100
After Tests) compared to D100 Before Tests reached 18%.

180,000 7
- 160,000
E
3]
9
<  140,0004 } 8
& 120,000 [ [ .
& Sk | I
C I
100,000, Ej
80,000 |
D100 HVO100 HVOBS HVOBI0 HVOB20 D100
Before tests After tests

Figure 5. Scattering of PN readings using different biofuel blends.

Such smoke values show a sufficient motivation to use biofuels from an environmental
point of view. However, if we examine the smoke dispersion values obtained during the
tests (Figure 3), it can be stated that only a higher amount of biobutanol (up to 20% HVOB20
mixture) reduces the smoke dispersion limits (quartile range was 0.3 m™!).

Both the D100 Before Tests and HVO100, HVOBS5, and HVOB10 generated a similar
quartile field of results, which reached 0.4-0.1 m~!. Such a spread of smokiness is acceptable
when evaluating real steady car test conditions. After the biofuel tests using diesel again
(D100 After Tests), the dispersion of the results was the highest and reached 0.19 m . Such
scattering allows us to say that although the exhaust system is cleaned, this effect causes the
reduction of smogginess to decrease very quickly, leading us to believe that during further
exploitation it will return to the original values of diesel smogginess (D100 Before Tests).

Examining the total concentration of PN (range 0.02 to 1 um) shows a different result
than when examining smokiness. The highest PN value was observed with HVO 100 fuel.
This can be explained by the better volatility properties of these fuels, as these fuels have a
smaller weight fraction compared to diesel. However, the concentration of PN decreased
with the use of biobutanol. Such a decrease can raise two main hypotheses. The first would
be that biobutanol changes the physical properties of HVO during chemical reactions,
allowing the formation of derivatives of a heavier fraction. Another hypothesis would be
that the measuring device cannot register smaller particles and they are eliminated from
the scoreboard. Seemingly, cardinal hypotheses allow us to assume the possibility of using
biobutanol as a reactive fuel additive. It is volatile and evaporates well, but its density is
closer to that of HVO fuel, allowing for the formation of stable mixtures that do not tend to
stratify compared to ethanol or other alcohols.

The second hypothesis is supported by the fact that the dispersion of the HVOB20 results
is the highest and reaches 35,000 particles/cm® (Figure 4). However, when using diesel and
biofuel mixtures, such a greater difference was not observed (15,000-30,000 particle/cm?).

Itis likely that increasing the biobutanol concentration would increase the dispersion
of PNs and it could be argued that very small particles are generated using alcohols as
biofuel additives.

4. Discussion

The results show that using biofuel mixtures (HVO with biobutanol) can reduce
smokiness. This is very relevant, according to the currently valid legal acts of the Republic
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of Lithuania, which state that a vehicle cannot be driven if the smoke limits are exceeded.
These provisions are particularly relevant for older diesel cars (starting with EURO 4 and
below). After the entry into force of the new EURO 6B and expected EURO 7 standards,
the particle concentration itself (which can also be expressed through PM or smokiness)
and the actual PN will both be important. The introduction of this provision should limit
the emissions of ultrafine particles that can already occur with leaner fuel mixtures. In our
case, it becomes very important to identify correlational dependencies between smokiness
and PN indicators. They allow the identification of individual fuel blends that reduce smog
but may generale large amounts of PN. The correlations between smoke and PN may differ
when using different biofuel blends, so it is important to identify and demonstrate them
(Figure 6).

In order to analyse the value of the standard deviation, in the context of the change in
the distribution of parameters, to assess the reliability of statistical data, Table 6 presents
the results for the Shapiro-Wilk normality test and the compliance of the statistical data
curve with the descriptive characteristics of the curve (Kolmogorov-Smirnov normality
test). These parameters are interesting for correct data processing and show how exactly
the exponential curve fits the statistical curve of the experimental data. The results obtained
show that the data were processed correctly (smoke and PN data were significantly drawn
from a normally distributed population at the level of 0.05). The authors believe that the
purpose of this study is not to show how slatistical data processing is performed, but rather
to analyse and interpret the results.

Table 6. Comparison results of standard deviation, Shapiro-Wilk normality test, and Kolmogorov—
Smirnov normality test using different fuels.

Fuel Blends D100 before Tests D100 after Tests HVO100 HVO5 HVO10 HVO20

Parameter Standard Deviation

Smoke, m™~! 0.04509 0.09849 0.03215 0.02082 0.05 0.01528
PN, particle/ cm?® 13,658.54433 4582.57569 9018.49951 5507.57055 10,940.44484 15,378.5565

Shapiro-Wilk Normality Test

Smoke, m™1 0.9959 0.93041 0.87097 0.92308 1 0.96429

PN, patticle/ cm?® 0.97711 0.96429 0.9959 0.99725 0.95783 0.90727
Kolmogorov-Smirnov Normality Test

Smoke, m ! 0.19613 0.28633 0.32752 0.29228 0.17468 0.25304

PN, paﬂicle/cm3 0.21863 0.25304 0.19613 0.1908 0.20515 0.20261

Tn research practice, it is very often the case that due to the high cost of the analysis (the
cost of the experiment conducted on the test bench) there is a need to verify the consistency
of the data distribution with the normal distribution for a small sample size. In this case,
the tests were repeated 3 limes (p-value: 0.345).

Among the many tests verifying the compatibility of empirical and theoretical distri-
butions, the focus was on the Shapiro-Wilk compatibility test. This test is considered to be
one of the strongest tests for normal distribution, especially when testing “small numbers”
samples. The test is used to verify the hypothesis that the distribution of the tested random
variable is in accordance with the normal distribution.

In the case of the test used, the zero hypothesis indicates the normal distribution of
the tested characteristic. For a p-value below 0.05, we reject this hypothesis in favour of an
alternative one. However, taking into account the p-value—which is, nonetheless, different
from 0—the median value very close to the mean, and considering the skewness and excess
coefficient to be insignificantly different from 0, we can conclude, with some caution, that
the distribution of smoke measurements is close to normal [61].
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The manuscript uses elements of descriptive statistics as a method of summarizing
data in a valid and meaningful way. In this way, it was shown that good and appropriate
measurement is important not only for the data, but also for the statistical methods used
to test hypotheses. For continuous data, normality testing is very important, because
based on the state of normality, measures of central tendency, dispersion, and the choice of
parametric/nonparametric test are decided. In the literature, there are various methods of
testing normality. Most literature sources indicate that for a small sample size (# < 50), the
Shapiro-Wilk test should be used, as it has greater power to detect non-normality and is
the most popular and widely used method.

When our sample size (n) is at least 50, any other methods (Kolmogorov—Smirnov test,
skewness, kurtosis, value from skewness and kurtosis, histogram, box plot, P-P plot, Q-Q
plot, and SD with respect to the mean) can be used to test the normality of continuous data.

In addition, the two-sample Koelmogorov-Smirnov test was used in the manuscript.
This test is used to check whether two basic one-dimensional probability distributions
differ. Again, the larger the sample sizes, the more sensitive the minimum limit. It should
be noted that the two-sample test evaluates whether the two data samples are from the
same distribution. Ttdoes not determine what the common distribution is (e.g., whether it is
normal or not). The disadvantage of the one-dimensional Kolmogorov-Smirnov test is that
itis not very strong, as it was designed to be sensitive to all possible types of differences
between the two distribution functions [62].

Itis known from statistical theory that there is direct dependence, very strong, strong,
medium, weak, very weak, and no correlation. The visualization of these relationships
indicates that the strongest correlations are with D100 Before Tests, HVOBS, and HVOB20
(the closest in form to linear dependence), and the least smoke and PN parameters are
correlated with HVO100, HVOB10, and D100 After Tests fuels. To identify the strength of
the correlation relations, a comparison of the Pearson correlation coefficients by absolute
value is applied using different fuel mixtures (Figure 7).

M D100 Before Tests

HVO 100

HVOBS

HVOB10

HVO B20
B D100 After Tests

r T I T T T 1
5 0.8 0.9 1.0

=
0.4 0. 0.6 0.7 ; b
Pearson’s correlations coefficient meaning

Figure 7. Comparison of Pearson correlation coefficients using different fuels.

When comparing according to Pearson correlation coefficients, a strong correlation
dependence was identified. Very close correlation values were observed between D100
Before Tests, HVOB5, and HVOB20, while HVO100 fuel showed a somewhat smaller, but
still strong, correlation dependence. Moderate correlation dependence was observed with
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HVOB10 fuel and weak correlation dependence with D100 after testing. Based on this, the

following generalisations can be made:

¢ Increasing biobutanol concentration does not affect the strength of the correlation
between smokiness and PN indicators;

o After the use of biofuels, when resupplying diesel to the engine, the correlation
dependence between smokiness and PN decreased by 45% when evaluating the values
of the Pearson correlation coefficient and changed from a very strong dependence to
a weak dependence of the smokiness and PN indicators, according to the Pearson
correlation coefficient.

Currently designed car engines with compression ignition are modern units equipped
with state-of-the-art power and control systems. Despite the use of state-of-the-art techno-
logical, design, and electronic control, the challenge for the designers of modern compres-
sion ignition engines is to meet stringent exhaust toxicity requirements, e.g., emissions of
nitrogen oxides, NOy, PM. This limits the further development of automotive compression
ignition engines and their maximum performance, especially those with low displacement.

An important problem for engines is the emission of particulate matter (PM), which,
due Lo its hygroscopicity and low density relative o air, is a serious environmental hazard.
For this reason, PM emissions have been the most severely reduced in recent years, com-
pared to other toxic components of exhaust gases. It is not only the mass emission of PM,
but also the total particle number (N), that have been reduced. The main component of
particulate matter and its carrier is soot, formed by the thermal cracking of higher diesel
hydrocarbons oxidized in rich flame zones, mainly in oxygen-deficient conditions.

One way to reduce PM emissions may be by adding oxygen compounds to diesel,
using a light fuel, e.g., diesel/biobutanol blends.
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Abstract: This study investigates the impact of different biofucls, such as pure hydrogenated veg-
etable oil, hydrogenated vegetable oil, and biobutanol, as well as their blends, on the non-energetic
operational characteristics of a compression ignition intemal combustion engine. The research inves-
tigations were conducted using a turbocharge
put within a Skoda Octavia 1.9 TDI automabi]
was placed on analyzing energy characteristics such as power, brake-specific fuel consumption
(BSFC), brake thermal efficiency (BTE), and other related factors. The analysis involved the utilization
of multiple combinations of bio-based fuels, namely four mixes of HVO with biobutanel (HVO100,

IIVOBS, IIVOB10, and ITVOB20), which were subsequently compared to fossil diesel (D100). The

findings of the study indicate that the utilization of FTVO100 fuel results in notable reductions in
HVO100 fucl demoenstrates supe-
rior performance to D100 gasoline, exhibiting a range of 1.7% to 28% improvement in brake-specifi

d direct injection compression ignition engine that was

. Throughout the investigation, the primary emphasis

power output and mass fraction when compared to D100 gasoline.

I
fuel consumption. Additionally, at an engine speed of 4500 rpm, the use of HVO100 fuel leads to a

decrease in brake thermal efficiency of 4.4%.

Keywords: vehicle; IIVO and biobutanol fuel blends; biofuels; engine’s power; BSI'C; BTE

1. Introduction

‘The heightened consciousness throughout socicty regarding the detrimental effects of
the road transport industry on the environment necessitates the implementation of more
aggressive and transformative measures [1,2]. These activities primarily concentrate on
the domains of legislation, technology, and fuel. The adverse effects of climate change and
the persistent degradation of the environment present a significant risk to Europe and the
global community as a whole [3,4].

Based on data provided by the Furopean Iinvironment Agency, it is seen that almost
one-fourth of the European Union’s aggregate carbon dioxide (COz) emissions in the year
2019 originated from the transportation sector. Notably, road transport accounted for 71.7%
of these emissions [5]. The lluropean Commission has recently implemented a comprehen-
sive set of legislative propositions aimed at harmonizing the European Union’s climate,
energy, transport, and tax policies [6,7]. The primary objective of these recommendations is
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to achieve a substantial reduction in net greenhouse gas emissions, targeting a minimum
decrease of 55 percent by the year 2030 in comparison to the emission levels recorded in
1990. In accordance with the European Green Deal, there is a pressing need to curtail CO,
emissions and attain climate neutrality by 2050 [8]. To this end, it is imperative to achieve a
90% reduction in greenhouse gas emissions by 2050, relative to the levels seen in 1990 [9,10].

The European Union has been implementing measures over an extended period of
time in order to mitigate the adverse effects of human activities on the environment [11,12].
One example of such endeavors involves the implementation of a series of laws that
establish acceptable thresholds for exhaust emissions produced by automobiles sold within
the European market. These regulations, known as the Euro exhaust emission standards
(EURQ), serve as a framework for governing the permitted levels of emissions [13-15]. The
primary objective is to mitigate the adverse effects of road transportation on the environment
and public health through the regulation of air pollutants, including nitrogen oxides (NOx),
particulate matter (PM), hydrocarbons (HC), and carbon dioxide (CO;) [16-18]. The Euro 6d-
ISC-FCM standard has been implemented since 2021. From a technology standpoint, these
standards mandate the installation of fuel consumption monitoring devices in passenger
vehicles [19-21]. Drawing on the literature, a comparative analysis can be conducted to
assess the disparity between the quantities of pollutants discharged into the atmosphere by
avehicle during real-world driving conditions and the emission values officially reported by
the manufacturer. Presently, in order to avoid financial penalties, automotive corporations
are required to uphold an average carbon dioxide emission level of 95 g/km across all
vehicles manufactured. In 2019, the mean carbon dioxide (CO5) emissions produced by
automobiles registered within the European Union (EU) amounted to 122.4 g per kilometer.
This figure exceeded the relevant regulatory threshold by an additional 27.4 g [22].

Standardized measuring testing is conducted on all newly manufactured automo-
biles [23,24]. The WLTP (Worldwide Harmonized Light Vehicles Test Procedure) driving
cycle was implemented in September 2018, replacing the previously used New European
Driving Cycle (NEDC) [25,26]. Furthermore, the Real Driving Emissions (RDE) emission
test is employed to directly assess pollutant emissions while vehicles are in operation on
public roads [27,28].

The European Union (EU) places significant emphasis on the promotion of issues
pertaining to alternative fuels [29,30]. Biofuels derived from biomass for transportation
purposes are regarded as a very promising category of alternative fuels with the poten-
tial to mitigate dependence on petroleum-based fuels and contribute to environmental
sustainability [31,32].

The term “biofuel” encompasses a broad range of interpretations and encompasses
a diverse array of substrates. Liquid or gaseous biofuels serve as a viable substitute for
diesel oil due to their composition, which includes plant biocomponents such as rapeseed,
soybean, sunflower, palm oil, and other oil plants. This composition contributes to a
reduction in the use of petroleum-based fuels [33,34].

Biofuels can be categorized based on their physical state, the generation of production
technique employed (first, second, or third generation), the type of engine they are used
to power (compression ignition or spark ignition), or their specific application [35,36].
Biodiesel, classified as a first-generation biofuel, is widely recognized as the prevailing kind
of biofuel. It mostly consists of methyl or ethyl esters of fatty acids, commonly referred
to as Fatty Acid Methyl Esters (FAME) or Fatty Acid Ethylesters (FAEE) [37-40]. The pri-
mary methods employed in their manufacturing include esterification, transesterification,
and cold pressing. Second-generation biofuels are derived only from waste biomass or
substances that are not acceptable for use as food. Biohydrocarbons are a specific category
of biocomponents that are added to biofuels as an admixture. The production of these
substances involves the use of catalytic oil hydrogenation technology, a process that entails
the elimination of oxygen and unsaturated bonds from triglyceride structures (known as
hydrotreated vegetable oils—HVQ) [41-43]. The resulting composition predominantly
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consists of liquid paraffinic hydrocarbons. The primary source of third-generation biofuels
is predominantly derived from algae [44,45].

The European Union has been actively advocating for the advancement of electromobil-
ity in recent years. Battery electric vehicles (BEVs) are characterized by their emission-free
nature during operation. The ecological impact of these entities is contingent upon the
energy source used for their operation. The use of renewable energy sources (RES) for
charging purposes ensures that the indirect emissions associated with an electric vehicle
are primarily confined to its production phase. The factors that contribute to a lack of faith
in this particular technical solution encompass deficiencies in the technical infrastructure,
concerns over fire safety, and potential electromagnetic interference [46,47].

Many experts hold the view that investments in technology pertaining to electromo-
bility are of a transitory nature. The focal solution pertains to hydrogen technologies [48].
The expeditious establishment of a competitive hydrogen production sector is of utmost
importance, as it serves as a safeguard against political instability and has the poten-
tial to enhance the competitiveness and trade balance of numerous nations. The use
of hydrogen will hold significant significance for economic sectors that face challenges
in achieving decarbonization through direct electrification. This encompasses various
sectors, including but not limited to transportation (road, sea, and rail) and industrial
operations that necessitate elevated temperatures, such as the production of steel. Support
is necessary for the development of both electric vehicle charging and hydrogen refueling
infrastructures [49,50].

Primary biofuels and processed biofuels are the two categories that can be used
to classify biofuels [51,52]. Primary biofuels are fuels that are produced from natural,
unprocessed biomass and that may be used directly to generate heat and energy [53,54].
An example of a primary biofuel is firewood. Fuels that have been processed are referred
to as processed biofuels. These fuels can be generated by processing biomass using a
variety of different processes. Biofuels that have been processed can be classified as either
first-, second-, or third-generation biofuels. First-generation biofuels are largely oxygen
compounds, such as ethyl alcohol, fatty acid methyl esters (FAME), and ethers. These
first-generation biofuels are created using biomethanol and bicethanol as their starting
materials. Higher fuel stability during fuel storage and distribution is one advantage that
hydrocarbon biofuels and second-generation biocomponents have over first-generation
biofuels. This advantage is gained by comparing first-generation biofuels to second-
generation biocomponents [55]. The production of bioethanol from lignocellulosic raw
materials is one example. Other examples include the production of synthetic fuels from
syngas produced by the gasification of biomass and the production of hydrocarbon fuels
through the hydroconversion process (for example, HVO) [56]. It is possible to manufacture
second-generation biofuels based on waste biomass, such as that which contains organic
components of municipal garbage, waste vegetable oils and animal fats, or pure vegetable
oils acquired from crops grown in degraded areas that are unfit for use in the food business.
Microalgae are the primary component of biofuels of the third generation.

First-generation biofuel conversion procedures involve cold pressing, extraction, and
transesterification in order to produce biodiesel [57]. This biodiesel is comprised of rapeseed
oil methyl esters (RME) or methyl esters (FAME) and ethyl esters (FAEE) of higher fatty
acids derived from other il plants. The majority of FAME comes from the transesterification
of various vegetable oils. HVO is a type of fuel that can be produced using a process
known as catalytic hydrogenation. During this process, oxygen and unsaturated bonds
are eliminated from triglyceride structures. In contrast to fatty acid methyl esters, HVO
does not precipitate paraffin even at temperatures 20 degrees below zero, which results in
a reduction of 10%. Mineral fuels have a cetane number that ranges from 70 to 90, do not
include sulfur or aromatic hydrocarbons, and have zero nitrogen oxide emissions; however,
diesel fuel made from minerals only has a cetane value of 51. The standards for fuels do
not specify a maximum level of HVO concentration; rather, they demand simply that the
finished product, in the form of diesel oil, meets the quality requirements that are specified
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in the standard. In actuality, diesel fuel can have between 20 and 30 percent HVO and an
additional 7 percent FAME added to it.

Biofuels and alternative fuels for spark-ignition engines include ethanol, methanol,
ethers, hydrocarbon synthetic fuels, liquefied petroleum gas, and hydrogen [58-60]. These
fuels are also regarded as alternatives. In the field of powering compression-ignition en-
gines, work is currently being carried out to obtain and use the following alternative fuels
derived primarily from biomass: fatty acid esters (FAME and FAEE, from transesterification
processes of rapeseed, sunflower, and soybean oils), dimethyl ether, fuel emulsions (water,
pure vegetable oils, and hydrocarbon synthetic fuels), and fatty acid esters (FAME and
FAEE). Fermentation and distillation are the two basic processes involved in the manufac-
turing of ethanol [61]. Using this method to produce fuel results in high overall production
costs. Utilizing alternative substrates, such as waste cellulosic or lignocellulosic material,
can help bring down the overall cost of production.

Diesel and natural gas are the two fuels that are used the most frequently to power
generators; however, there are additional possibilities available. The performance of gener-
ator engines that are powered by renewable liquid fuels is comparable to the performance
of generator engines that are driven by conventional diesel; however, there is a slight
decrease in power as well as in fuel economy. The low-temperature characteristics of HVO
and biodiesel must be suitable for the surroundings of the generator in order for them to
be used.

When compared to the expenses of getting mineral fuels, the costs of manufacturing
biofuels are significantly higher. The price of the raw material accounts for between
55 and 70 percent of the total production expenses; therefore, it has a significant impact on
the overall cost of manufacturing biofuels. Due to this, many nations around the world
encourage this industry by implementing administrative and fiscal restrictions on the
biofuel market. This is carried out in the hopes of increasing the use of biofuels and, as
a result, achieving the societal goals that have been presupposed. The availability and
steadily increasing cost of the essential raw materials for production is the primary obstacle
that all manufacturers of biocomponents are currently confronted with.

2. Materials and Methods

The vehicle used for the experiments was the Skoda Octavia, equipped with a 1.9-L.
TDI(Turbocharged Direct Injection) compression ignition engine, namely the type 1Z. This
particular engine configuration consists of four cylinders and possesses a displacement
of 1896 cm®. The engine exhibits a maximum power output of 66 kilowatts (kW) at an
engine speed of 4000 revolutions per minute (rpm), while its maximum torque is recorded
at 182 Newton meters (Nm) at an engine speed of 1900 rpm. Table 1 presents detailed
information regarding the 1.9 TDI engine [62].

Table 1. The main parameters of the test engine (1.9 TDI type: 1Z) [62].

Parameter Value
Engine type—number of cylinders Inline 4
Engine code ALH
Fuel type Diesel
Engine alignment Transverse
Engine displacement 1896 em®
Bore x Stroke 79.5 x 95.5 mm
Number of valves 8 Valves
Aspiration Turbo
Maximum power 66 KW (4000 rpm)
Maximum torque 210 Nm (1900 rpm)
Drive wheels FWD
Piston diameter, mm 79.5 mm
Piston stroke, mm 95.5 mm
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Table 1. Cont.
Parameter Value
Compression ratio 195
Displacement 1896 cm®
Number of cylinders 4/0OHC
Fuel injection Direct (single)
Nozzle type Hole-type
Nozzle opening pressure 190 bar
Nozzle and holder assembly Two spring
Cooling system type Liquid cooling
Transmission gearbox—number of speeds 5 speed Manual

The torque and power of the engine in a Skoda Octavia equipped with a 1.9-L. TDI
diesel engine, namely the type 17, were assessed using a computerized vehicle test bench
known as the MAHA LPS 2000 (as depicted in Figure 1 and detailed in Table 2).

Blower fan

Display

Particle
counter

moke
detector

Fastening
Test bench

Figure 1. Laboratory testing apparatus.

Table 2. The main parameters of the vehicle load bench (MAHA LPS 2000) [63].

Parameter Value
Load eqiupment Electromagnetic brake
Rate adjustment limits 260
Maximum measuring load 6 kN (attractive force)
Maximum break power, kKW 260
Measurement error +2%

During the experimental tests, the ROSS-TECH VCDS diagnostic tool was employed
to retrieve data from the Electronic Control Unit (ECU) of the vehicle through an OBDII
connection. The car diagnostic system known as ROSS-TECH VCDS collected data at
regular intervals of 2.50 s [64-66].

The examination of engine ECU (electronic control unit) data revealed that the recorded
data points, including engine speed (rpm), cyclic fuel quantity (mg/cycle), cyclic air mass
(mg/cycle), fuel injection timing (°BTDC), turbocharger pressure (mbar), and fuel injection
timing (mg/cycle), are transmitted in distinct blocks and lack precise synchronization
in time.

Three sets of experiments were performed using the MAHA LPS 2000 vehicle test
bench. During these studies, ECU data was recorded, and engine external speed parameters
were measured.

The trials involved using an aggregate total of five distinct fuels and blends. The tested
fuel samples encompassed several compositions, namely D100 (normal diesel), HVO100
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(pure hydrotreated vegetable oil), 95/5, 90/10, and 80/20 (vol/vol) combinations of hy-
drotreated vegetable oil and biobutanol, as well as blends branded as HVOB5, HVOB10,
and HVOB20. In order to enhance the lubricity of biobutanol blends, the inclusion of castor
oil at a concentration of 5% by volume was implemented. The findings pertaining to the
characteristics of pristine fuels are shown in Tables 3 and 4.

The effective use of biobutanol requires the incorporation of specialized fuel additives
or a fuel component that provides lubrication, as biobutanol diminishes the lubricating
properties of the fuel blend. The selection of castor oil as a lubricant is attributed to its
cost-effectiveness and the avoidance of expensive compatibility tests associated with the
use of specialized additives.

The physicochemical parameters of the fuel were verified by using literature data and
fuel characteristics provided by the manufacturer [67,68].

Table 3. Properties of 100% pure diesel, hydrotreated vegetable oil, biobutanol, and castor oil [69-72].

Parameter Diesel HVO Biobutanol Castor Oil

Density at 15 °C, kg/m® 835.2 779.1 810.0 964.4
Element composition:
(% mass): Carbon 86.50 84.80 65.00 73.80
Hydrogen 13.40 1530 13.55 11.50
Oxygen 0.0 0.0 21.50 14.85
Stoichiometric AFR 14.79 15.18 11.30 11.91
Cetane number 51 70 18 28

Lower heating value, M| /kg 43.09 449 333 431
Lower heating value, M]/L 36.90 34.10 2671 39.81
Purity, % N/A N/A 99.5 100

Mok City Count Orlean Lietuva, Neste, Carl Roth GmbH, Biochemlit,

B &4 Juodeikiai, Lithuania Espoo, Finland Karlsruhe, Germany Kaunas, Lithuania

Table 4. Properties of fuel mixtures.

Properties HVOB5 HVOB10 HVOB20
Density at 15 °C, kg/ m? 780.5 782.4 786.4
Element composition: (% mass): Carbon 83.45 82.55 80.58
Hydrogen 15.32 15.25 15.03
Oxygen 111 221 441
Stoichiometric AFR 14.99 14.77 1438
Cetane number 67.3 647 59.3
Lower heating value, M]/kg 43.55 4298 41.88
Lower heating value, MJ /L 33.98 33.64 3293
3. Results

Figure 2 depicts the relationship between engine load and fuel composition across
various engine speeds. The conventional diesel engine is capable of achieving a maximum
torque of 190 Nm. The use of HVO100 fuel resulted in a reduction of 10% in this metric
when compared to the use of D100 gasoline. The gradual addition of biocbutanol to HVO
fuel, increasing from 5% to 20%, resulted in a consistent drop in torque, with reductions
of 11%, 15%, and 18% seen at each respective increment. Figure 3 displays engine power
characteristics, exhibiting a similar pattern. The use of D100 gasoline results in a maximum
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power output of 64.5 kW, whereas HVO100 fuel exhibits a decrease in power output of
8%. Similarly, HVOBS fuel demonstrates a reduction in power output of 11%, HVOB10 by
17%, and HVOB20 by 22% when compared to D100 fuel. The observed outcomes can be
attributed to the reduced lower heating value (LHV) values, as indicated in Tables 4 and 5.
While the lower heating value of hydrotreated vegetable oil (HVO100) is higher than that
of conventional diesel in terms of M] /kg, it is important to note that the density of HVO100
is significantly lower than that of conventional diesel. Consequently, the lower heating
value of HVO100, expressed in MJ/L, is lower when compared to D100, HVOB5, HVOBI10,
and HVOB20. This decrease in value is observed consistently across these fuel types.

200
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Figure 2. Engine load depending on fuel composition at different engine speeds.
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Figure 3. Engine power depending on fuel composition at different engine speeds.
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Table 5. The Pearson correlation coefficient values pertaining to various types of fuels.
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Figure 4 depicts the fuel mass consumption per cycle (mf) as a function of fuel compo-
sition across various engine speeds. Based on the findings of the conducted research, it is
evident that the greatest levels of fuel consumption are observed when employing ordinary
diesel fuel, specifically at an engine speed of 1500 rpm. Following the substitution of the
fuel with HVO100 and the subsequent introduction of biobutanol in several concentrations
ranging from 5% to 20%, a consistent decline in the aforementioned value was observed.
Specifically, the reduction percentages were as follows: HVO100—17%, HVOB5—18%,
HVOB10—19%, and HVOB20—20%. When the engine speed reaches 4500 rpm when using
HVO fuel and its blends with biobutanol, a little alteration in the trend is observed: the
mass fraction (mf) value of HVO100 fuel is approximately 17% lower in comparison to
D100. The use of HVOB5, HVOB10, and HVOB20 resulted in a decrease of approximately
2.4% as compared to the use of D100.

40
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36 ~HVOBS
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§* 32
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s 28
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24 \
22
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Figure 4. Fuel mass consumption per cycle depending on fuel composition at different engine speeds.

The air mass consumptions for each cycle, denoted as mair, are depicted in Figure 5.
The use of D100 fuel resulted in the maximum air mass ata low engine speed of 1500 rpm.
After transitioning the fuels to HVO100, there was an observed reduction of around
17% in this value. Additionally, as the concentration of biobutanol in HVO fuel was
further raised from 5% to 20%, there was a consistent decrease in this value throughout
the different fuel blends. Specifically, the reductions were as follows: HVOB5—18%,
HVOB10—19%, and HVOB20—24% when compared to D100. In this particular scenario,
the introduction of biobutanol into HVO fuel results in the presence of oxygen alongside
biobutanol. Consequently, the resulting mair values exhibit a decrease in comparison to
those observed in conventional diesel. When the engine speed reaches 4500 rpm when
using HVO fuel and its blends with biobutanol, the observed trend remains consistent,
albeit with slightly smaller variations in the drop compared to D100, ranging from 1%
to 3.5%.

The air intake system of a compression ignition engine functions with an abundance
of air, as depicted in Figure 6. Based on the obtained results, it can be observed that at an
engine speed of 1500 rpm, the excess air ratio of HVO100 is decreased by 3% compared
to conventional diesel, depending on the engine speed. Nevertheless, the introduction of
biobutanol to HVO resulted in an increase in the excess air ratio. The addition of biobutanol
at a concentration of 5% (referred to as HVOB3) resulted in a 12% increase, while the
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addition of biobutanol at a concentration of 10% (referred to as HVOB10) yielded a value
equivalent to that of 12100. Nevertheless, when the concentration of biobutanol in HVO fuel
was increased to 20%, it was observed that the excess air ratio value was lower compared
to that of conventional diesel, namely at 2.2%. The engine speed reached a maximum of
4500 rpm when using HVO100, HVOB10, and HVOB20 fuels. The air surplus values for
these fuels were slightly higher, ranging from 0.6% to 1.8%, compared to ordinary diesel.
The value of HVOBS fucl was 1.2% lower compared to D100. The air-to-fuel ratio parameter
determines the concentration of unburned hydrocarbons.
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Figure 3. The dependence of air mass consumption per cycle on fuel composition at different

engine speeds.
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Figure 6. The dependence of excess air ratio on fuel composition at different engine speeds.
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The brake-specific fuel mass consumption (BSFC) of the compression ignition engine
is depicted in Figure 7. At an engine speed of 1500 rpm, the fuel mass consumption of
HVO100, HVOBS5, and HVOB10 is observed to be approximately 23% to 24% lower than
that of D100. When biobutanol was incorporated into HVO at a concentration of up to 20%,
the brake-specific fuel consumption (BSFC) exhibited a 7% increase in comparison to the
use of pure diesel fuel (D100). When the engine speed is raised to 4500 rpm, the brake-
specific fuel consumption (BSFC) of HVO fuel and blends of HVO and biobutanol (ranging
from 5% to 20%) consistently exhibited higher values compared to D100. Specifically, the
BSFC values for HVO100, HVOB5, HVOB10, and HVOB20 were found to be 1.7%, 10%,
19%, and 28% higher, respectively, than those of D100. Based on the findings of the fuel
analysis (Tables 1 and 2), it can be shown that the lower heating value of HVO100 by mass
(M]/kg), denoted as LHV_m, exhibited a 2.3% increase compared to D100. As the LHV_m
value decreases, higher values of BSFC are obtained. The lower heating value (LHV_m) of
the HVOBS fuel mix was observed to be 1% greater compared to D100. Conversely, the
LHV_m of HVOB10 was found to be 0.3% lower, while the LHV_m of HVOB20 was 2.8%
lower, both in comparison to D100. The significance of brake-specific fuel consumption
(BSFC) varies not only due to changes in LHV_m but also due to the engine brake thermal
efficiency (Figure 8), which is influenced by the combustion process.
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Figure 7. The dependence of BSFC by mass on fuel composition at different engine speeds.

Figure 8 depicts the variation in brake thermal efficiency as a function of engine speed,
ranging from 1500 rpm to 4500 rpm. The brake thermal efficiency (BTE) value of HVO100
was approximately 26% higher than that of D100 when operating at 1500 rpm. By elevating
the biobutanol concentration in HVO fuel from 5% to 10%, a notable increase in the brake
thermal efficiency (BTE) value of around 19% to 22% was observed in comparison to
D100. However, when the biobutanol concentration reached 20% in HVO fuel, a decline of
approximately 3.5% in BTE value was observed in comparison to D100. Nevertheless, the
impact of biobutanol on thermal efficiency diminished as the engine speed increased. The
brake thermal efficiency (BTE) of the D100 experienced a drop of around 4.4% at a constant
engine speed of 4500 rpm. After increasing the concentration of biobutanol in HVO from
5% to 20%, it was observed that the brake thermal efficiency (BTE) value fell in comparison
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to D100. Specifically, the BTI value declined by approximately 10% with HVOBS, 16% with
HVOBI10, and 20% with HVOB20. The introduction of hydrogenated vegetable oil (HVO)
and various combinations of HVO and biobutanol, coupled with an elevation in engine
speed, reveals a discernible adverse impact of biobutanol on brake thermal efficiency (BTL).
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Figure 8. The dependence of brake thermal efficiency on fuel composition at different engine speeds.

The commencement of fuel injection, as shown by the start of injection (SOI) values,
exhibited a consistent upward trend in direct correlation with the progressive escalation of
engine speed, ranging from 1500 rpm to 4500 rpm. Based on the graphical representation,
it is evident that the Start of Injection (SOI) values for various fucls and fuel mixes exhibit
disparity when the engine operates at around 1500 revolutions per minute (rpm). Tn this
specific engine mode, the SOI values were observed to vary. The D100 value corresponds to
a crank angle degree (CAD) of around 2.6. The parameter known as Before Top Dead Center
(BIMC) is denoted by HVO100 and has a value of around 1.3 CAD. Based on the data
provided, it can be observed that the BTIC (Before Top 1ead Center) timings for HVOB5,
TTVOB10, and ITVOB20 are around 3.5 CAD, 3.6 CAD, and 1.3 CAD, respectively. Itis worth
noting that the [ IVOB20 timing exhibits a delay of 1.3 CAD compared to the D100 reference.
The State of Interest (SOT) was regulated by the Flectronic Control Unit (ECU). Various SOI
values were acquired as a result of the distinct physicochemical characteristics of the fuel.
At the maximum engine speed of around 4500 revolutions per minute (rpm), the disparities
in Start of Injection (SOI) between various fuels and their combinations exhibited reduced
magnitudes (Figure 9). The ignition timing for 1100 is seen to be 15.0 CAD before top dead
center (BI'DC), while IVO100 exhibits an ignition timing of 15.6 CADD BIDC. Similarly,
HVOB5 demonstrates an ignition timing of 15.8 CAD BTDC, HVOB10 exhibits an ignition
timing of 154 CAD BTDC, and HVOB20 also displays an ignition timing of 15.4 CADD
BT, which is 0.4 CAI sooner compared to 12100. In summary, the delay values exhibited
a modest decrease within a limited range as the engine speed increased up to 4500 rpm
when employing HVO and HVO fuel combinations.
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Figure 9. The start of injection depending on the fuel composition at different engine speeds.

4. Discussion

When using various fuel sources, it is crucial to ascertain the parameters of inter-
dependence alterations, which are evident in the correlation between distinct variables.
Correlation enables the description of the patterns of co-variation between variables as
well as the deliberate justification of the magnitude of relationships between variables.
Various types of biofuels and their respective blends were used in the present investigation,
alongside regular diesel fuel, which served as a reference for comparative analysis. 'To
expedite the assessment of the impact of fuel type modifications on dependency strength,
correlation dependencies were employed. These dependencies are visually depicted in
Figures 10-14 and quantitatively summarized in Table 5.

Upon closer inspection of Figure 10, it becomes clear that different fuel types result in
the emergence of distinct inter-parameter connection patterns that are analogous to those
previously observed. It is essential to recognize the interrelationships between revolutions
and power, revolutions and SOI, power and engine speed, power and SOI, efficiency
ratio, and fuel consumption, as well as the reciprocal influences of fuel and air masses.
While emphasizing a robust connection ranging from 0.999 to 0.800, it is imperative to
acknowledge the interrelationships between revolutions and power, revolutions, and SOI.
When biofuels are used, whether in their unadulterated form or when combined with other
substances, a strong connection may be scen developing between the load, the fuel mass,
and the air mass.

While analyzing the correlations across individual biofuels and conducting compar-
isons between them, it is noted that the variations are less than 10%. This finding suggests
that the parameters exhibit independent correlations regardless of the biofucl category.
However, it is important to note that the parameters are not similar and exhibit variations
based on the specific biofuel being considered.
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5. Conclusions
The analysis carried out allowed for the following conclusions:

e 'The maximum power output of D100 gasoline is 64.5 kW. However, when using
HVO100 fuel, there is an 8% loss in power output. Similarly, HVOBS fuel results in an
11% decrease, HTVOB10 fuel leads to a 17% decrease, and TTVOB20 fuel causes a 22%
decrease in power output.

e The research conducted revealed that the mass fraction (mf) of HVO100 fuel expe-
riences a reduction of 17% when blended with biobutanol as the engine speed hits
4500 rpm. Additionally, a little alteration in the observed trend is observed at this
specific engine speed.

e 'The use of D100 fuel resulted in the attainment of the highest air mass at an engine
speed of 1500 revolutions per minute (rpm). However, the subsequent switch to
TIVO100 fuel led to a reduction of approximately 17% in the aforementioned air
mass. The values of HVOBS, HVOB10, and HVOB20 dropped as the concentration of
biobutanol grew from 5% to 20%.

e 'The brake-specific fuel consumption (BSFC) of HVO fuel and various blends of HVO
and biobutanol consistently demonstrates superior performance compared to 12100,
exhibiting a range of values that consistently surpass D100 by 1.7% to 28%.

e The brake thermal efficiency of the D100 had a decline of 4.4% at an engine speed of
4500 rpm. Furthermore, augmenting the concentration of biobutanol in [TVO led to a
reduction in the brake thermal efficiency value.

o The Start of Injection (SOT) values exhibit variations across different fuels and mixtures
during engine operation at 1500 rpm. The timings for Before 'Top Dead Center (BIDC)
for HVOB5, HVOB10, and TIVOB20 exhibit variations of 3.5 CAD, 3.6 CAD, and
1.3 CAD, respectively. Notably, the timing for ITVOB20 demonstrates a delay of
1.3 CAD.
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Jvadas

Problemos formulavimas

Vadovaujantis Europos klimato kaitos jstatymu (European, 2023), kuriuo siekiama kovoti
su klimato kaita ir aplinkos tar$a, svarbu jgyvendinti priemones, apimancias teisékiiros
veiksmus, technologing pazanga ir degaly politikos poky¢ius. ,,Klimatui neutrali Europa®,
kaip nurodyta Europos zaliojo kurso strategijoje (European, 2024), atlieka svarby
vaidmenj skatinant ekonomikos pazanga, didinant konkurencingumag ir efektyviai
naudojant iSteklius, ypatingg démesj skiriant atsinaujinantiems alternatyviesiems
biodegalams.

HVO ir biobutanolio degaly misiniai, palyginti su iSkastiniu dyzelinu, i§skiria maziau
Siltnamio efekta sukelian¢iy dujy. Siy degaly naudojimas prisideda prie pasauliniy tiksly
mazinti CO; ir kity Siltnamio efekta sukelianc¢iy dujy iSmetima, taip kovojant su klimato
kaita. Europos aplinkos agentiira teigia (Environment, 2021), kad 2019 m. 25 % CO;
emisijy ES buvo priskirta transporto sektoriui, o kelionés automobiliu sudaré 71,7 %.
Europos Komisija pateiké teisinius pasitilymus, kuriais siekiama klimato, energetikos,
transporto ir biudzeto politikos integracijos. Europos zaliojo kurso programos tikslas —
pasiekti anglies dioksido neutraluma, sutelkiant démesj i tai, kad iki 2030 m. iSmetamo
anglies dioksido kiekis buity sumaZintas 55 %, 0 iki 2040 m. — 90 %, palyginti su 1990 m.
lygiu.

Apibendrinant galima teigti, kad HVO ir biobutanolio degaly miSiniy naudojimas
vidaus degimo varikliuose yra svarbus zingsnis siekiant energetinio saugumo, aplinkos
tvarumo ir ekonominés plétros. Transporto sektoriui siekiant mazinti poveikj aplinkai, Sie
atsinaujinanéiy iStekliy degaly misiniai yra perspektyvus ir veiksmingas sprendimas.
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Darbo aktualumas

Per¢jimas prie tvariy ir aplinka tausojanciy transporto biidy yra esminis tikslas mazinant
neigiama klimato kaitos poveik] ir aplinkos tarsg. Atsizvelgiant j tai, degaly miSiniy, ypac
ty, kuriuose yra HVO ir biobutanolio, naudojimas vidaus degimo varikliuose yra aktuali
strategija ieSkant tvariy alternatyvy jprastiniams iskastiniams degalams.

Europos klimato teisés akte (European, 2023) nustatytas tikslas iki 2050 m. pasiekti
nuling Siltnamio efekta sukelian¢iy dujy emisijg, ir nurodyti keli pagrindiniai aplinkos
tarSos Saltiniai, tarp kuriy svarbiausi yra energijos gamyba ir transformavimas, iSkastiniy
degaly naudojimas, keliy transporto ir jrangos, kurioje taikomi vidaus degimo procesai,
sukeliamos emisijos. Atsizvelgiant j tai, peréjimas prie biodegaly, tokiy kaip HVO ir
biobutanolio misiniai, yra ne tik alternatyva, bet ir biitinybé siekiant tvarios ir maZiau
tarSios ateities.

Biobutanolio panaudojimas HVO degaly miSiniuose yra perspektyvus bidas visiskai
pakeisti i3kastinj dyzelina. Sis degaly misinys yra biologinis sprendimas, atitinkantis
kieliamus Europos Sajungos aplinkos politikos tikslus (European, 2024).

HVO ir biobutanolio degaly misinius verta naudoti vidaus degimo varikliuose, nes
tai leidzia sumazinti kenksmingy i§metamuyjy ter$aly kiekj ir pasiekti pasaulinés aplinkos
politikos tikslus. Pazangis $ios srities moksliniai tyrimai yra labai svarbas norint i$naudoti
visg $iy biodegaly potencialg ir taip prisidéti prie tvaraus ir ekologisko transporto ateities.

Tyrimy objektas
Disertacijos tyrimo objektas — sléginio uzdegimo vidaus degimo variklio, veikiancio
naudojant HVO-biobutanolio misinius, energinés ir ekologinés charakteristikos.

Darbo tikslas

Darbo tikslas — istirti i§ HVO ir biobutanolio susidedancius biologinés kilmés degaly
misinius, naudojamus sléginio uzdegimo vidaus degimo varikliuose, siekiant nustatyti
energinius ir ekologinius rodiklius.

Darbo uzdaviniai

Tikslui pasiekti tyrime daug démesio skiriama tiksliy ir sudétingy elementy nagrinéjimui.
Sprendziami §ie uzdaviniai:

1. [Istirti HVO ir biobutanolio jtaka degaly miSiniy savybéms ir degimo procesui
variklyje.

2. Istirti HVO ir biobutanolio degaly miSiniais varomo sléginio uzdegimo variklio
energinj efektyvuma ir sukeliamas emisijas.

3. ISnagrinéti iSmetamyjy dujy recirkuliacijos ir jpurSkimo pradzios jtaka
energiniams ir ekologiniams rodikliams, sléginio uzdegimo vidaus degimo
variklyje naudojant tiriamus degaly miSinius.

4. lvertinti gauty eksperimentiniy duomeny tiksluma, sléginio uzdegimo varikliyje
naudojant HVO ir biobutanolio degaly mi$inius.
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Tyrimy metodika

Objektm tirti pasirinkti $ie tyrimo metodai:
Klasifikacija: apibendrinti ankstesni biodegaly vidaus degimo varikliuose
tyrimai, isanalizuoti jy privalumai ir trakumai.

— Patirtis: atlikta paklaidy analizé, siekiant nustatyti pagrindinius rezultaty
poky¢ius, atsirandancius kei¢iant eksperimente naudojamus degaly miSinius, ir
ty poky¢iy priezastis.

— Eksperimentinis metodas: istirta HVO ir biobutanolio degaly misiniy naudojimo,
didinant sléginio uzdegimo variklio degimo, energinj efektyvuma ir ekologinj
tvaruma, pridétiné verté.

— Statistiniai metodai: eksperimento metu surinkti duomenys naudojami
analizuojant ir vertinant konkrecias sgsajas, susijusias su biodegaly naudojimu
sléginio uzdegimo vidaus degimo varikliuose.

Darbo mokslinis naujumas

Mokslinio naujumo aspektai, susije su skirtingos sudéties antros kartos biodegaly (HVO
ir biobutanolio), kai biobutanolio koncentracija iki 20 %, t. y. HYOB20, panaudojimo
sléginio degimo vidaus degimo variklyje energiniais ir ekologiniais rodikliais, yra tokie:
1. Tiriamyjy degaly miSiniy savybéms nustatyti taikyta originali HVO ir
biobutanolio miSiniy ruo§imo metodika.
2. Nustatytas HVO ir biobutanolio struktirizuoty misiniy SOI poveikis degimo
proceso efektyvumui ir emisijoms.
3. Nustatyta, kad biobutanolio koncentracija HVO degaluose ir EGR sgveika
(esant iki 30 % EGR rezimui) nedidina NOx emisijos.
4. Pearsono koreliacijos metodika taikoma tiriant dimingumo ir PN rodikliy
ry$j sléginio uzdegimo varikliuose.

Darbo rezultaty praktiné reikSmé

Antrosios kartos biodegaly, tokiy kaip HVO ir biobutanolio degaly miSiniy, privalumas
yra jy stabilumas ir ekonomiskumas, siekiant tvariy ir ekonomisky energijos alternatyvy.
Sie biodegalai pasizymi stabilumu dél patobulinty gamybos procesy, tai leidzia sumazinti
priemaiSas ir uztikrinti pastovig degaly kokybe.

Didinant EGR intensyvuma iki 30 %, padidéja iSmetamyjy terSaly kiekis ir kartu
sumazéja neigiamas poveikis BTE ir dimingumui. Maiant biobutanolj su HVO iki 10 %,
pasickiamas balansas tarp mazesnio iSmetamyjy terSaly kiekio ir degimo proceso
efektyvumo. Taciau naudojant biobutanolio iki 20 % mazéja BTE.

Siekiant uztikrinti optimaly variklio veikimg ir efektyvuma, ypac esant kintan¢ioms
variklio apkrovoms ir EGR intensyvumui, butina koreguoti ciklinj jpurSkiamy degaly
kiekj, kad bity kompensuotas mazesnis HVO ir biobutanolio misiniy LHV, palyginti su
D100. HVO veiksmingiau sumazina NOx, CO; ir kietyjy daleliy emisijas, pageréjus
degimo proceso savybéms, palyginti su jprastiniais iSkastiniais degalais. Biobutanolis
leidZia pagerinti iSmetamyjy dujy emisijy poveikj degimo proceso efektyvumui ir
iSmetamiesiems terSalams, tokiems kaip HC.
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Apibendrinant galima teigti, kad antrosios kartos biodegaly naudojimas yra tvarus
budas suderinti aplinkosaugg ir ekonomine nauda. Siy degaly misiniy stabilumas leidzia
uztikrinti patikimg variklio veikima, o konkurencingy kainy modeliai, paremti gamybos
technologijy pazanga ir palankia politika, daro juos perspektyvia tradiciniy energijos
Saltiniy alternatyva.

Ginamieji teiginiai

1. Biodegaly miSiniai, atitinkantys degaly kokybés standartus, yra tinkami naudoti

vietoje iSkastiniy degaly.

2. Dél mazesnio biobutanolio LHV ilgéja jpurskimo trukmé, tai lemia ilgesnj

degima ir mazesnj BTE.

3. Dididnant EGR intensyvuma, didéjanti diiminglimg efektyviai mazina

biobutanolio priedas HVO degaluose.

4. Analizuoti Pearsono koreliacijos koeficientai ir rySiai apibrézia PN reikSmes
pagal diminguma sléginio uzdegimo variklyje.

Darbo rezultaty aprobavimas

Sio tyrimo tema paskelbti 6 straipsniai, 4 i§ jy — mokslo Zurnaluose, indeksuotuose
Clarivate Analytics Web of Science duomeny bazése ir turin¢iuose cituojamumo rodikl;.
Autorius skaité 2 prane$imus 2 tarptautinése mokslinése konferencijose:

— 12-ojoje tarptautinéje konferencijoje ,,Transbaltica XII: Transportation science
and technology*, 2021 m.Vilniuje, Lietuvoje.

— 12-ojoje tarptautinéje mokslinéje konferencijoje ,,Transport Problems 2020%,
2020 m. Katovicoje, Lenkijoje.

Disertacijos struktira

Disertacijg sudaro trys skyriai. Pirmajame skyriuje pateikiamos biobutanolio ir HVO
miginiy, kaip alternatyvos jprastiniam dyzelinui, panaudojimo galimybés. Sis skyrius
baigiamas nustatant pagrindinj atlikto tyrimo tiksla ir uzdavinius.

Antrajame skyriuje apraSoma tyrimo metodika, naudojami variklio ir traukos stendai.
Aprasomos naudojamy degaly miSiniy fizinés ir cheminés savybés.

Tre¢iajame skyriuje pristatomas ekologiniy ir energiniy rodikliy tyrimas, skirtas
jvertinti biobutanolio ir HVO degaly misiniy naudojimo jtakai sléginio uzdegimo vidaus
degimo variklio darbui. Pateikiami tyrimy rezultatai ir i§vados: energiniy rodikliai BTE,
BSFC ir degimo proceso rezultatai, tokie kaip SOI, SOC, ROHR, taip pat ekologiniai
rodikliai, tokie kaip damingumas, NOx, CO; ir PN, priklausomai nuo konkretaus
naudojamo degaly misinio.

Pateikiamas literattiros sarasas ir 4 autoriaus moksliniy publikacijy disertacijos tema
kopijos. Disertacija sudaro 136 puslapiy, 21 paveiksly, 3 lenteles ir darbe cituojami
32 literatiiros $altiniai.

Padéka

Sio darbo autorius isreiskia padéka savo moksliniam vadovui doc. dr. Jonui Matijosiui uz
pagalba rengiant disertacija. Taip pat yra dékingas doc. dr. Alfredui Rimkui uz vertingus
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patarimus ir rekomendacijas organizuojant eksperimentinius tyrimus ir rengiant
straipsnius. Autorius dékoja ir prof. Krzysztof Gorski bei dr. inz. Tomasz Skrzek i§
Kazimiero Pulaskio universiteto Radome (Lenkija). VILNIUS TECH kolegoms autorius
yra dékingas uz jy pagalba, pastabas, patarimus, taip pat noréty atskirai padékoti Sauliui
Pociiinui uz vertingg pagalba doktorantiiros studiju metu. Savo Seimai iSreiskia nuosirdzia
padéka uz nuolatinj palaikyma ir supratima.

Autorius dékoja AVL kompanijai uz suteikta galimybe panaudoti variklio
modeliavimo programg AVL BOOST, kuri taikyta istirti degimo procesui.
Bendradarbiavimo sutartis pasiraSyta tarp VILNIUS TECH Transporto inZinerijos
fakulteto ir AVL Advanced Simulation Technologies.

1. Moksliniy publikacijy dyzelino ir biodyzelino panaudojimo
tema analitiné apzvalga

Siame skyriuje analizuojami autoriy tyrimai, kuriuose apzvelgiami biobutanolio ir HVO
degaly misiniai kaip iSkastinio dyzelino alternatyva. Analizuojant atliktus tyrimus
nustatyta, kad triksta degimo procesy rezultaty. EGR sistemy naudojimas efektyviai
sumazina azoto oksido emisija n-butanolio turin¢iuose misiniuose. Siame skyriuje
apibréziamas pagrindinis $io tyrimo tikslas ir uzdaviniai.

N-butanolis — biodegalai, gaunami i§ biomasés — yra atsinaujinantis energijos $altinis.
Remiantis atliktais tyrimais, butanolis yra pazangts alternatyvieji biodegalai, kurie gali
biiti naudojami sléginio uzdegimo varikliuose. N-butanolio mai§ymas su dyzelinu ir
biodyzelino miSiniais turi pastebima jtaka degimo grei¢iui, taiau nustatomas ir nedidelis
degimo temperatiiros pokytis. N-butanolio jmaisius j degalus sumazéjo kietyjy daleliy
dydis. Pridéjus n-butanolio, pailgéjo uzdegimo gaistis ir sulétéjo kinetinio degimo fazé,
ypac tai pastebima esant mazoms variklio apkrovoms. N-butanolio ir dyzelino miSiniai
nedidina NOx emisijos, sumazina kietyjy daleliy ir dimingumo emisijas. Vertinant
emisijas, atlikti eksperimentai su HVO ir i-butanolio mis$iniais. NOx ir kietyjy daleliy
emisija sumazéjo, palyginti su iSkastinio dyzelino sukeliama emisija. Tyrimas parodé, kad
misiniai su i-butanoliu, kuris sudaro 30 % jprastinio dyzelino tario, sukelia didesne NOx
emisija, palyginti su jprastais dyzeliniais degalais, bet mazesng NOx emisijg nei miSiniai
su HVO-i-butanoliu (su i-butanoliu, kuris sudaro 30 % HVO degaly) (Xia et.al., 2019).
N-butanolio ir i-butanolio savybés yra tokios pac¢ios Kaip ir biobutanolio.

Atlikti tyrimai rodo, kad dyzelino ir alkoholio miSiniai mazina kietyjy daleliy emisijg
(Rimkus et. al., 2019). Palyginti su jprastiniu dyzelinu, naudojant n-butanolio ir dyzelino
miSinius véluoja uzsidegimas. Naudojant HVO ir n-butanolio miSinius (iki 30 %)
sumazeéja kietyjy daleliy emisija, palyginti su jprastiniu dyzelinu ir HVO keliama emisija
(Zéldy, 2019).

Tiriant kietyjy daleliy dydj ir kiekius nustatyta, kad naudojant jprastinj dyzeling ir
HVO susidaré mazesnés kietosios dalelés (maziau nei 50 nm) ir sumazéjo HVO PM
emisija. Kiti eksperimentai parodé, kad kietyjy daleliy emisija sumazéja ankstinant SOI;
vis délto taikant iSankstinj jpur§kima susidaro didesni PM Kiekiai, palyginti su vieno
jpurskimo strategija (Huang et al., 2019).

Atlikti eksperimentiniai tyrimai, siekiant istirti skirtingo EGR nustatymo poveikj
dyzelino ir n-butanolio misiniy degimo charakteristikoms ir emisijoms. EGR veikia
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kietyjy daleliy susidaryma. Esant maziau nei 10 % EGR, néra matomy reikSmingy
poky¢iy. Didéjant EGR intensyvumui, PM emisija mazéja dél sumazéjusios degimo
temperatiiros ir ilgesnés uzsidegimo gaisties. Sis reiskinys, zinomas kaip EGR didelio
srauto ir zemos temperatiiros degimas (LTC), veiksmingai slopina azoto oksidy ir PM
susidarymg (Han et al., 2010).

Kai jprastinis dyzelinas maiSomas su butanoliu, didinant EGR intensyvuma,
sumazéja bendra visy vertinamy degaly misiniy kietyjy daleliy koncentracija. Toliau
dydéjant EGR intensyvumui kietyjy daleliy koncentracija pradeda didéti. Bendra kietyjy
daleliy masés koncentracija pradeda didéti, o daleliy geometrinis skersmuo laipsniskai
pasikeicia ir padidéja. Palyginti su D100, BD20 kietyjy daleliy susidarymo koncentracija
ir geometrinis skersmuo sumazéjo.

Naudojant biodyzeling kartu su 10 % ir 20 % EGR, NOx emisija sumazéjo
atitinkamai 14,4 % ir 27,6 %, palyginti su rezimais, kai EGR nebuvo naudojamas. Esant
dideliam EGR intensyvumui, jprastinis dyzelinas, sumai$ytas skirtingomis proporcijomis
su butanoliu ir pentanoliu, leido sumazinti bendrg iSmetamo angliavandenilio kiekj.
Nebuvo pastebimy NOx emisijos skirtumy, visy degaly emisija buvo lygiaverté esant
pastoviam EGR intensyvumui. Nustatyta, kad B10P20 ir B20P10 degaly misiniy
naudojimas veiksmingai sumazina tiek suodziy, tick CO emisijg esant skirtingam EGR
intensyvumui, prieSingai nei jprastinio dyzelino naudojimas (Liang et al., 2021).

Apibendrinant galima teigti, kad HVO ir biobutanolio degaly miSiniai turi didelj
potencialg pleciant biodegaly panaudojimg ir gali buiti tinkamas iSkastinio dyzelino
pakaitalas. Svarbu pazyméti, kad minétas degaly miSinys susideda i§ biologinés kilmés
komponenty ir atitinka Europos klimato teisés akte nustatytus tikslus. Ribota Sios srities
tyrimy apimtis palieka klausimy dél $iy degaly degimo procesy. Atliktuose tyrimuose
daugiausia démesio skirta degaly suvartojimo modeliy ir jtakos aplinkai apibendrinimui.
ISsamus energiniy ir ekologiniy rodikliy ir degimo proceso analizés jvertinimas suteikty
tvirtesniy jrodymy, kad $iy degaly misiniy naudojimas sléginio uzdegimo varikliuose
nereikalauja papildomy variklio modifikacijy.

Per¢jimas prie iskastiniy degaly pakeitimo atsinaujinanciais energijos Saltiniais yra
svarbiausias visapusés strategijos, kuria siekiama tvaraus transporto, aspektas. Siuo metu
biodegalai sudaro tik 4 % pasaulio energijos suvartojimo transporto sektoriuje. HVO ir
biobutanolio degaly mi$iniai, gaunami i§ atsinaujinanciy, tvariy ir ekonomisky $altiniy,
yra perspektyvus iskastiniy degaly pakaitalas. Minéti degaly miSiniai gali btti naudojami
transporto sektoriuje ir atitinka tvarumo reikalavimus.

Remiantis atlikta literatiiros apzvalga iSkeliami Sie uzdaviniai:

1. Istirti HVO ir biobutanolio jtaka degaly miSiniy savybéms ir degimo procesui
variklyje.

2. Istirti HVO ir biobutanolio degaly miSiniais varomo sléginio uzdegimo variklio
energinj efektyvuma ir emisijas.

3. ISnagrinéti iSmetamuyjy dujy recirkuliacijos ir jpurSkimo pradzios jtaka energiniams
ir ekologiniams rodikliams, sléginio uzdegimo vidaus degimo variklyje naudojant
tiriamus degaly miSinius.

4. lvertinti gauty eksperimentiniy duomeny tiksluma, sléginio uzdegimo variklyje
naudojant HVO ir biobutanolio degaly misinius.
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2. Hidrinto augalinio aliejaus ir biobutanolio miSiniy
tinkamumo sléginio uzdegimo varikliams tyrimo metodologija

Siame skyriuje pristatoma tyrimo metodologija naudojant variklio tyrimy stenda ir
automobilio traukos stendg. Taip pat pateikiamos fizinés ir chemines degaly ir jy miSiniy,
susidedan¢iy i§ dyzelino, HVO ir biobutanolio, charakteristikas. Aprasoma moksliniy
tyrimy metodika, skirta apibrézti tyrimy veiklos sekai. Tekste pateikiamas i$samus
variklio ir traukos stendo apraSymas, parametrai, jy matavimo ribos ir tikslumas.
Aprasomos degimo proceso analizés ir Pirsono koreliacijos koeficiento skaiciavimo
metodikos.

Atliekant eksperimentinius tyrimus analizuojama anks¢iau i$vardyty biodegaly
misiniy jtaka sléginio uzdegimo vidaus degimo variklio energiniams ir ekologiniams
rodikliams. S2.1 paveiksle parodyta tyrimo schema.

Eksperimentiniai tyrimo etapai:

1. Istirtos HVO ir biobutanolio degaly misiniy fizinés ir cheminés savybes.

2. Naudojant numatytus degaly miSinius, stendiniai sléginio uzdegimo vidaus
degimo variklio energiniai ir ekologiniai rodikliai tirti esant pastoviam 2000
aps/min greiciui ir jvairioms apkrovoms.

3. EGR intensyvumo ir jpurSkimo pradzios (SOI) parametrai koreguoti
nurodytomis saglygomis.

4. Variklio energiniai ir ekologiniai rodikliai, esant jvairiems variklio stikiams,
iSanalizuoti naudojant traukos stenda.

5. Dumingumo nustatymo testas atliktas pagal Reglamento EB 595/2009 metodika,
PN ir dimingumo matavimai atlikti naudojant anks¢iau minétus degaly miSinius.

Sléginio uzdegimo vidaus degimo variklio energiniy ir ekologiniy aspekty tyrimas

[
Eksperimentiniai tyrimai esant pastoviems variklio
stkiams ir jvairioms apkrovoms

'— Degaly misiniy fizikiniy ir cheminiy charakteristiky analizé

Papildomi EGR intensyvumo ir SOI Eksperimentiniai tyrimai, susije su placiu
keitimo tyrimai variklio stkiy diapazonu
. —]
Papildomi dimingumo
ir PN tyrimai Parametry, tirty placiu variklio stkiy diapazonu, koreliaciné

analizé

Ddmingumo ir PN koreliaciné
analizé

S2.1 pav. HVO ir biobutanolio degaly miSiniy tyrimo metodikos schema (sudaryta autoriaus)

Eksperimentiniai tyrimai atlikti naudojant gryna jprastinj dyzeling (D100), gryna
hidrintg augalinj aliejy (HVO100), hidrinto augalinio aliejaus ir biobutanolio misinius
(S2.1 lentelg) skirtingomis proporcijomis: 95 % hidrinto augalinio aliejaus ir 5 %
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biobutanolio, 90 % hidrinto augalinio aliejaus ir 10 % biobutanolio, 80 % hidrinto
augalinio aliejaus ir 20 % biobutanolio tario (atitinkamai vadinama HVOB5, HVOB10 ir
HVOBZ20). Siekiant pagerinti tepumo savybes, i HVO ir biobutanolio miSinius buvo
maiSomas ricinos aliejaus kaip tepuma gerinantis priedas, o ricinos aliejus sudaré 5 % viso
biobutanolio tiirio.

Atlikta naudojamy degaly ir jy misiniy fiziniy ir cheminiy savybiy analizé. Siekiant
degalams suteikti degaly savybes, eksperimentuose degalai, biitent HVO ir biobutanolis,
sumaisyti pries pat panaudojima. Siekiant sumazinti galimg temperattiros svyravimy jtaka
tankiui, eksperimente naudojami degalai prie§ tyrimg buvo laikomi vienodoje
temperatiiroje.

Prie§ eksperimentg ir jo metu degalai ir jy misiniai buvo atitinkamai nuosekliai
maiSomi, kad biity i§vengta sluoksniavimosi dél skirtingo komponenty tankio ir ilaikytas
misinio vientisumas. Pagal degaly kokybés standarta EN ISO 3104 : 1996 virSutiné ir
apatiné kinematinés klampos ribos esant 40°C yra atitinkamai nustatytos 3 ir 5mm?/s.
HVOB20 degaly misinio klampumas yra biitent 3,08 mm?/s. Padidinus biobutanolio
koncentracija daugiau nei 20 % HVO degaluose, tai vir§yty minimalius standarto EN I1SO
3104 : 1996 apribojimus.

S2.1 lenteléje pateikiama informacija apie sléginio uzdegimo vidaus degimo
variklius, jy modelius ir konkrecias salygas, kuriomis atlickami eksperimentai.

Tyrimai atlikti Vilniaus Gedimino technikos universiteto Transporto inZinerijos ir
logistikos laboratorijoje — VILNIUS TECH. Laboratorijoje naudotas variklio tyrimy
stendas, kurio schema pavaizduota S2.2 pav.

Variklio alkiininis velenas jungtimi sujungtas su apkrovos stendu KI-5543. Degaly
sanaudos matuotos degaly svarstyklémis, o iSmetamyjy terSaly emisijos matuotos AVL
DiCom 4000 dujy analizatoriumi ir damingumo matuokliu. Dimingumo matavimas
atliktas jvertinant Sviesos intensyvumo sumazéjimg, kurj sukelia sklaidos ir absorbcijos
procesai.

Skaitiné degimo proceso analizé atlikta taikant AVL BOOST programing jrangg.
Silumos i3siskyrimo degimo metu greitis (ROHR) apskaiéiuotas naudojant tyrimy metu
iSmatuotus slégius cilindre, oro ir degaly sgnaudas, naudojamy degaly savybes, variklio
parametrus. Nustatyti Sie degimo proceso rodikliai: degimo pradzia, temperattira cilindre,
temperatiiros padidéjimas cilindre ir slégio padidéjimas cilindre. Minéti degimo proceso
parametrai padéjo analizuoti ekologinius ir energinius rodiklius naudojant jprasta
dyzeling, hidrintg augalinj aliejy bei hidrinto augalinio aliejaus ir biobutanolio miSinius.

S2.1 lentelé Vidaus degimo varikliy eksperimentiniy tyrimy Seka ir salygos

Testo Variklio modelis Testo rezimas Nfil{dotl g?gala'
Nr. ir jy miSiniai
1 Pastovis alktininio veleno siikiai, n = 2000 aps/min,
1,9 TDI VW-Audi 1Z variklio apkrova 30 Nm, 60 Nm, 90 Nm and 120 Nm
66 kW (4000 aps/min) Pastoviis alkiininio veleno siikiai, n = 2000, variklio
2 182 Nm (2000 aps/min) apkrova 30 Nm, 60 Nm, 90 Nm and 120 Nm, taikant D100 HVO100
skirtinga EGR intensyvuma: 0 %, 10 %, 20 %, 30 % HVOB5
Dimingumo matavimas, kietyjy daleliy koncentracijos HVOB10
3 19TDI ALH matavimas HVOB20
(Skoda Octavia) TSorinés greitio charakteristikos matavimas: sukim,
4 | SBKW (4000 apsimin) S omentas | alia - variklio siiai
210 Nm (1900 aps/min) (n =1400 — 4600 aps/min)




SUMMARY IN LITHUANIAN 141

S2.2 pav. Eksperimento variklio tyrimo schema: 1 — variklis, 2 — matavimo jranga, 3 — variklio

apkrovos blokas, 4 — auksto slégio degaly siurblys, 5 — svarstyklés, 6 — degaly bakas,

7 — kompresorius, 8 — turbina, 9 — tarpinis oro ausintuvas, 10 — iSmetamyjy dujy analizatorius,
11 — damomatis, 12 — ECU, 13 — oro masés matuoklé, 14 — jsiurbiamo oro temperatiros jutiklis,
15 — slégio jutiklis, 16 — temperatiros jutiklis, 17 — alk@ininio veleno padéties jutiklis, 18 — slégio

jutiklis cilindre, 19 — iSmetimo vamzdis , 20 — EGR voZtuvas, 21 — EGR valdiklis, 22 — oro filtras,
23 — osciloskopas, 24 — purkstuvas.

VILNIUS TECH automobiliy traukos stendas MAHA LPS 2000 buvo naudojamas
iSplésti tyrimams ir jvertinti variklio energinéms bei ekologinéms charakteristikoms
placiame variklio siikiy diapazone. Tyrimo schema pavaizduota S2.3 pav., automobilio
traukos stendas sukomplektuotas su elektromagnetiniu stabdziu, galin¢iu iSmatuoti
maksimaly 6 kN sukimo momenta ir 260 kW maksimalig galig. Matavimo paklaida + 2 %.

Ventiliatorins

Ekranas

Dimomatis

Valdyme blokas

Dalcliy

skaitiavimas

72

Tvirtinimas

Bandymu stendas

S2.3 pav. Automobilio traukos stendas su kietyjy daleliy koncentracijos ir dimingumo
matavimo jranga (sudaryta autoriaus)

Eksperimentiniy tyrimy metu buvo naudojama automobiliy diagnostikos jranga
ROSS-TECH VCDS, atliktas duomeny nuskaitymas prisijungus prie elektroninio
valdymo bloko OBDII jungties, siekiant jvertinti Siuos parametrus: degaly sgnaudas,
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turbokompresoriaus slégj ir degaly jpurskimo laika. Si diagnostiné jranga buvo naudojama
duomenims fiksuoti mazdaug 2,5 sekundés intervalais.

Analizuojant duomenis i§ variklio ECU pastebéta, kad jrasyti duomeny taskai
perduodami atskirais blokais ir triiksta tikslaus sinchronizavimo laiko atzvilgiu. Sie
duomeny taskai apima variklio stikiy skai¢iy (aps/min), ciklinj degaly kiekj (mg /per
ciklg), cikling oro mas¢ (mg/per cikla) ir degaly jpurskimo laika (BTDC), turbo-
kompresoriaus slégj (mpar) ir degaly jpurskimo laika (mg / per ciklg).

Atliekant tyrimg automobilio traukos stende papildomai buvo naudotas kietyjy
daleliy (KD) koncentracijos matuoklis P-Trak ultrafine particle counter 8525, kuriuo
matuojama 0,02—1 pm aerodinaminio skersmens daleliy koncentracija 0-500 000 vnt/cm?®
diapazone (aprasymas pateiktas (Rimkus et al., 2019)). Kietyjy daleliy koncentracijos
matavimas buvo atliktas varikliui veikiant tus¢iaja eiga, pries tai iSmatavus diminguma.

Dyzeliniy automobiliy emisijos jvertinimas atlickamas taikant dvi skirtingas
metodikas — i$metamyjy dujy damingumo matavimg ir kietyjy daleliy koncentracijos
vertinimg. Diumingumo detektorius CET2200C naudojamas dimingumui matuoti
nustatant §viesos absorbcijos koeficients. Sis koeficientas parodo, kiek skaitiklio $altinio
skleidZziamos $vies0S sugeria transporto priemonés skleidziamas dimingumas.
Diimingumo jrangos matavimo ribos svyruoja nuo 0 iki 99,99 m~* 0,01 m tikslumu.

Degimo analizei atlikti taikoma AVL BURN programa. Silumos issiskyrimo greitis
gautas iSmatavus cilindro slégio kreives. Taikant AVL BOOST degimo modelj, slégis
cilindre ir temperatiira apskaiCiuoti pagal analizés metu nustatyta Silumos iSsiskyrimo
greiti. BOOST jrankis pagristas algoritmais, naudojamais BOOST cilindre §iai uzduociai
i§spesti.

Pirsono koreliacijos koeficientas leidzia iSmatuoti tiesinius ry$ius tarp dviejy
kintamyjy, ox ir oy yra atitinkamai dviejy atsitiktiniy dydziy X ir Y standartiniai
nuokrypiai. Skai¢iuojamas kintamyjy Pirsono koreliacijos koeficientas (Bowerman &
O'Connell, 1997).

Pateikiamos antrojo skyriaus i§vados:

1. Konkre¢ios HVO ir biobutanolio degaly misiniy proporcijos buvo parinktos
atsizvelgiant j jy fizikines ir chemines savybes. Sio metodo parinkimas yra
tyrimo tikslo — padidinti variklio efektyvuma ir sumazinti neigiamas pasekmes
ekologijai. Tai rodo $iy biodegaly misiniy potencialg kaip pakaitaly tvariems
energetikos sprendimams. Tai parodo Siy biodegaly miSiniy potenciala kaip
realiy pakaitaly tvariems energetikos sprendimams.

2. HVO ir biobutanolio degaly misiniy eksperimentiniai tyrimai susieti su sléginio
uzsidegimo variklio energiniy, degimo proceso ir ekologiniy rodikliy metody
parinkimu, klasifikavimu ir patvirtinimu.

3. Remiantis gautais eksperimenty rezultatais buvo patvirtintas teorinio tyrimo
duomeny patikimumumas ir jy pagrjstumas.

4. Tyrimy rezultaty parametrams jvertinti ir tarpusavio priklausomybei nustatyti
taikytas Pearsono koreliacijos metodas, leidZiantis aproksimuoti variklio
veikimo tolydzius duomentis, kiekybiSkai jvertinant tiesinés koreliacijas.
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3. Hidrinto augalinio aliejaus ir biobutanolio misiniais varomo
sléginio uzdegimo variklio eksperimentiniy tyrimy rezultatai

Siame skyriuje pateikiama ekologiniy ir energiniy rodikliy analizé, siekiant istirti HVO ir
biobutanolio degaly miSiniy panaudojimo poveikj slégio uzdegimo vidaus degimo
varikliui. Ipurskimo pradzia buvo reguliuojama ECU pagal pateikta variklio gamintojo
algoritma. Pateikiami energiniai rodikliai BTE, BSFC ir degimo proceso charakteristikos,
iskaitant SOI, SOC, ROHR, bei ekologiniai rodiklai, jskaitant dimingumg, NOx, CO; ir
PN, priklausomai nuo konkretaus naudojamo degaly misinio. Aprasyti variklio parametry
koreliacijos parametrai, gauti naudojant jvairius degaly miSinius. Remiantis tyrimy
rezultatais paskelbtos keturios mokslinés publikacijos.

Eksperimentiniai tyrimai atlikti VILNIUS TECH Transporto inZinerijos ir logistikos
laboratorijoje 20202022 m. Tyrimo metodika pateikta antrajame skyriuje.

Tyrimo metu variklio siikiai ir apkrova buvo pastovi, pastebéti energiniy rodikliy
svyravimai, eksperimenttuota su CI varikliu, naudojant degaly misinius: D100, HVO100
ir HYOB5, HVOB10, HVOB20. Eksperimentiniai tyrimai atlikti esant pastoviems
variklio stikiams, kai n = 2000 aps/min. Parinktos 30 Nm, 60 Nm, 90 Nm ir 120 Nm
variklio apkrovos, atitinkan¢ios 50 km/h, 80 km/h, 100 km/h ir 110 km/h vaziavimo greitj.
Taip pat buvo nustatomas skirtingas EGR intensyvumas, atitinkamai 0 %, 10 %, 20 % ir
30 %.

Tyrime lyginamas D100 ir HVOB20 degaly ir tiriamy HVO ir biobutanolio miSiniy
degimo pradzios laikas ir uzsidegimo gaistis, daugiausia démesio skiriant variklio
apkrovos (BMEP) ir EGR intensyvumo skirtumui (S3.1 pav.). Remiantis experimentiniais
duomenimis ir taikant AVL BOOST programa nustatyti degimo proceso rodikliai. D100
degaly uzdegimo laikas buvo 2,4 CAD BTDC, o HVOB20 - 0,2 CAD BTDC, todél
atsirado 2,2 CAD gaistis. JpurSkimo pradzia buvo reguliuojama ECU pagal variklio
gamintojo algoritma.

0,6

GAISTIS —-D100

HVO100

HVOB5
~+HVOB10
—~-HVOB20

Alktininio veleno pasisukimas, CAD

-0,2

-0,3

EGR, %
S3.1 pav. SOI, SOC ir uzsidegimo gaisties priklausomybé nuo naudojamy degaly ir
EGR intensyvumo
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Maksimalios ROHR reik§més buvo palygintos su jprasto dyzelino reik§mémis
(S3.2 pav.). Kai EGR intensyvumas buvo padidintas iki 30 %, pastebétas intensyvesnis
ROHR kitimas: i§ anksto sumaiSyty degaly degimo fazés metu nustacius 30 % EGR
intensyvuma, D100 ROHR sumazéjo 16 %, 0 HVO100 — 13 %, palyginti su EGR rezim 0 %.

40

BMEP = 0,4 MPa —100D
35z anksto sumaisyty ’E'g:g‘;g aps/min 100HVO
30(degaly degimo faze HVOB5

—HVOB10
—HVOB20

25 \

20 |

15 —
Kontroliuojama

degimo faze

ROHR, J/CAD

10

-10 -5 0 5 10 15 20 25 30 35 40 45 S0
Alkuninio veleno padétis, CAD

$3.2 pav. Silumos isiskyrimo greiio cilindre priklausomybé nuo degaly miginio

Esant variklio apkrovai esant 0.4 MPa, EGR 0 % (S3.3 pav.), BTE reik§mé, naudojant
HVOB20, palyginti su D100, sumaZéjo mazdaug 1,4 %, (BTE sumazéjo nuo ~0,301 iki
~0,297). Nustacius EGR rezimg nuo 0 % iki 30 %, naudojant HVO degalus, jtakos BTE
turi kintanti variklio apkrova. Nustac¢ius EGR 0 %, HVO100 BTE yra 0,2-0,4 % didesnis
nei D100. Tadiau BTE mazéja, kai nuo 5 % biobutanolio koncentracijos pereinama prie
20 % koncentracijos. Lyginant EGR 30 % ir EGR 0 %, BTE vertés naudojant HYOB20
sumazéjo 4 %, palyginti su vertémis naudojant D100.

| m D100 HVO100 HVOBS m HVOB10 m HVOB20 |
EGR EGR EGR
0% 10% 20%
0,38 | LA
EGR EGR
0% 10%
EGR
0,36 200
EGR EGR EGR
0,34 0% 10%  20% H‘\
I~
[}

rL\

0,30
0728 EGR EGR EGR
0% 10% 20%
026 Ay
024 1Mty
0,40

0,20

EGR
30%
0,32 [N
0,6

0

S3.3 pav. BTE priklausomybé nuo naudojamy degaly ir variklio apkrovos,
esant skirtingam EGR intensyvumui

, 0,80
BMEP, MPa
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Analizuojant EGR jtaka dimingumui pastebéta, kad naudojant HVO100 bei HVO ir
biobutanolio degaly misinius dimingumo emisija buvo maZzesné, palyginti su D100 (kaip
parodyta S3.5 pav.), esant panasioms apkrovoms ir EGR intensyvumui. I8 tyrimo rezultaty
matoma, kad EGR padidinus nuo 0 % iki 30 %, esant pastoviai variklio apkrovai (BMEP),
pastebimai padidéjo diimingumas. Taip yra dél sumazéjusio O lygio ir padidéjusio CO-
ir H.O cilindre. Esant pastoviai 0,4 MPa variklio apkrovai, i§jungus EGR HVO100
diimingumo emisija sumaZéjo mazdaug 29 % (nuo ~0,13 m iki ~0,02 m1), palyginti su
D100, o HVOB20 sumazéjo beveik 80 %. EGR intensyvumas daro reikSminga jtaka
diimingumui, esant 0,4 MPa variklio apkrovai. Padidéjus EGR intensyvumui, naudojant
iprasta dyzeling dimingumas padidéjo $esis kartus. Taciau naudojant HVO ir biobutanolio
misinius dimingumas sumazéjo mazdaug 57 % (nuo ~0,93 m iki ~0,4 m, kai BMEP
0,4 MPa, EGR 30 %). Tai rodo, kad HVO ir biobutanolio mi$iniai padidina damingumo
mazinimo efekta, EGR veikiant mazesniu intensyvumu, o didesnis EGR intensyvumas
susilpnina teigiamg biobutanolio poveikj mazinant diminguma.

| m D100 HVO100 HVOBS m HVOB10 m HVOB20 |
EGR
1,60 2%
1,40 '
1 20 EGR

30%
EGR

t 100 A o

W

£ 0,80 [

3 EGR

%n 0.60 EGR EGR m%. E;': ig:‘

E EGR EGR Zon:, o
0,40 0% 10% H-YJ_
i 1 “ |
0,00 l --I II Il I I. Il |I I Il| II I | III

0,20 0 0,60 0,80

BMEP, MPa

S3.5 pav. Dumingumo priklausomybé nuo naudojamy degaly ir variklio apkrovos, esant
skirtingam EGR intensyvumui

Eksperimentinio tyrimo metu nustatyta, kad D100 NOx emisija gauta didziausia, o
HVO0100 — maziausia (S3.6 pav.). Padidinus biobutanolio koncentracija HVO degaluose,
padidéjo NOx emisija dél intensyvesnio degimo esant visoms variklio apkrovoms ir EGR
rezimams, bet nebuvo emisijos didesnés nei D100. Palyginus HVO100 ir miSiniy su
biobutanoliu ir D100 sukeliamas NOx emisijas, kai BMEP yra 0,4 MPa ir EGR
intensyvumas 0 %, naudojant HYO100 NOx emisija sumazéjo 7 % (nuo ~237 g/kWh iki
~220 g/kWh). Didéjant EGR intensyvumui, mazéja azoto oksidy emisija (S3.7 pav.), dél
j cilindra recirkuliuojamo anglies dioksido, vandens gary ir kity Salutiniy degimo
produkty. Sis procesas sumazina degimo intensyvumg ir temperatiira, todél sumazéja
azoto oksidy susidarymas. Esant 30 % EGR intensyvumui, HVO100 ir HVOB20 degaly
azoto oksidy emisija sumazejo atitinkamai 22 % ir 12 %.
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= D100 HVO0100 HVOBS = HVOB10 = HVOB20 |
EGR

5,00 %

EGR

0% r_1_1 EGR
4J50 EGR 10%
o EGR ‘J_\
4,00 EGR EGR ' 10% £GR EGR
0%  10%
20% 1% EGR
FLV'L\ e ear %
EGR 20%

30%

w
"
=]

3,00
% 2,50

NO,, g/kWh

2,00
1,50
1,00
0,50
0,00

0,20 0,40 0,60 0,80
BMEP, MPa

S3.6 pav. NOx priklausomybé nuo naudojamy degaly ir variklio apkrovos,
esant skirtingam EGR intensyvumui

Teoriné paklaidy analizé parodo ry$j tarp biobutanolio koncentracijos HVO
miSiniuose ir energiniy bei ekologiniy parametry paklaidy. Didéjant biobutanolio
koncentracijai, atitinkamai PN paklaidos padidéjo 14 %, HC paklaidos padidéjo apie 5 %,
7 % ir 14 %. Panasiai, didéjant Sio parametro absoliutinei vertei, iaugo iSmetamyjy dujy
temperatiiros netikslumai. NOx paklaidy jvertinimas rodo ry$j tarp didéjancio
biobutanolio kiekio ir kylan¢ios temperattiros tendencijos. Pageréjes biobutanolio degimo
procesas siejamas su esanéiu papildomu deguonimi. Sis papildomas deguonis padidina
BTE ir prc paklaidas atitinkamai apie 11 % ir 5 %. Tadiau tai kartu sumazina CO; paklaidas
atitinkamai 2 %, 7 % ir 12 % ir CO paklaidas atitinkamai 7 %, 9 % ir 13 %. Didéjant
absoliu¢ioms parametro vertéms, sumazéjes biobutanolio kaloringumas padidina BSFCr,
paklaidas apie 6 %. PanaSi tendencija matoma vertinant BMEP rodiklio paklaidos.
Vertinant automobilio variklio sukimo momento ir galios ir duomenis, didéjant
biobutanolio kiekiui pastebima mazéjimo tendencija. Vertinant diminguma variklio
stende §i tendencija nepastebéta. Kity rodikliy (P, SOI, 1) pastebimy paklaidy poky¢iy,
padidéjus biobutanolio koncentracijai, nepastebéta.

Eksperimentiniai tyrimai rodo, kad HVO ir biobutanolio degaly misiniai turi poveikj
variklio veikimui ir i§metamuyjy tersaly kiekiui, tarp keliy veiksniy nustatyti rysiai. Sie
rezultatai pabrézia Siy biodegaly galimybe biiti naudojami, kaip tvariis pakaitalai,
mazinant poveikj aplinkai ir laikytis iSmetamuyjy terSaly reikalavimy.

Tyrimy rezultaty koreliacijos suskirstytos i dvi dalis:

1. Koreliacija tarp ekologiniy ir energiniy variklio rodikliy, kai taikytas platus

variklio siikiy diapazonas.

2. Koreliacija tarp dimingumo ir PN verciy.

Eksperimente analizuojamos skirtingy degaly Saltiniy tarpusavio priklausomybés
charakteristikos, naudojant biodegalus ir jy miSinius, taip pat jprasta dyzelina kaip
palyginamajj etalona.
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Ivertinant biobutanolio koncentracijos poveikj priklausomybés stiprumui, buvo
naudojami koreliacinés priklausomybés duomenys, tiksliau jvertinti kintamyjy kitimo ir
koreliacijos tendencijas.

Nustatyta stipri koreliacija tarp variklio stikiy, variklio galingumo ir SOI. Biodegalai,
be priedy arba sumaisyti, rodo stiprig koreliacija tarp variklio apkrovos, degaly kiekio ir
oro kiekio. Skirtumai tarp skirtingy biodegaly yra mazesni nei 10 %, tai rodo autonoming
koreliacija, nepriklausoma nuo biodegaly klasifikacijos. HVO ir biobutanolio degaly
miSiniai mazina diminguma.

Pateikiamos treciojo skyriaus isvados:

1.

Didziausias dimingumas nustatytas naudojant D100. Naudojant HVO100 dél
sumazéjusio C/H santykio dimingumas sumazéja apie 40 %. Pridéjus
biobutanolio dimingumas dar labiau sumazé¢ja.

Kai EGR intensyvumas 30 %, reik§mingai sumazéja NOx emisija ir biobutanolio
koncentracijos padidéjimas miSinyje neturi didelés jtakos didéjanéiai NOx
emisijai, nes didelis recirkuliuvojamy CO> dujy kiekis gerokai sumazina degimo
temperatiirg ir slopina degima gerinantj deguonies, esancio biobutanolyje,
poveikij.

HC emisijos, kai EGR 0 % naudojant HVO100 sumazéja ~30 %, palyginti su
D100, HVOB5 ~21 %, HVOB10 ~3,7 %, HVOB20 jos yra ~1,6 % didesnés nei
D100. HC emisijy padidéjima lemia butanolio pridéjimas, dél kurio sumazéja
degaly misinio klampumas. Dél to degaly laSeliai patenka j degimo kameros
pakras¢ius, kur jie netinkamai susimaiSo su oru ir ne iki galo sudega.
Biobutanolio pridéjimas § HVO degaly miSinius padidina PN ir HC paklaidas
~14 % dé¢l padidéjusio degaly miSinio garavimo. D¢l Sios priezasties padidéja
NOx, BTE ir prc paklaidos atitinkamai ~11 % ir ~5 %. Taéiau CO; ir CO
paklaidos mazéja. Didéjant biobutanolio kiekiui HVO degaly miSiniuose mazéja
degaly Silumingumas, dél to BSFC m paklaidos padidéja mazdaug 6 %.
Biobutanolio koncentracijos didinimas neturi jtakos rySio stiprumui tarp
dimingumo ir PN rodikliy. Dyzeling pakeitus biodegalais, jvertinus Pearsono
koreliacijos koeficients, rySys tarp diimingumo ir PN rodikliy, sumazéja 45 %.

Bendrosios iSvados

1.

D100 pakeitus HVO ir biobutanolio miSiniais dél degaly tankio, klampos ir
spudumo skirtumy véliau jpurSkiami degalai. Biobutanolio uzsidegimo gaistis
yra ilgesné dél mazesnio cetano skaiCiaus, didesnés latentinés garavimo Silumos
ir savaiminio uzsidegimo temperatiros, todél gautas didesnis maksimalus ROHR
i§ anksto sumaiSyty degaly degimo fazéje. Dél ~20 % trumpesnés HVO100
uzsidegimo gaiSties i§ anksto sumaiSyty degaly degimo fazéje miSiniy su
biobutanoliu HVOB5, HVOB10 ir HYOB20 ROHR yra atitinkamai ~29 %,
~19 % ir ~5,5 % mazesnis, palyginti su D100 (~37 J/CAD). Kontroliuojamo
degimo fazés metu didziausias ROHR padidéja atitinkamai 6 %, 8 %, 5 % ir 3 %
del sumazéjusios LHV v reik§més ir ilgesnés jpurskimo trukmés, palyginti su
D100 (~32 J/CAD).
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BSFC sgnaudos naudojant HVO100 buvo mazesnés ~2,5 % (dél 2,3 % didesnio
LHV , palyginti su D100). Pridéjus biobutanolio j HVO, degaly misinio LHV
sumazéja, todél HVOB20 BSFC n ~5 % (nuo ~266 iki ~279 g/kwWh) didesnés,
palyginti su D100. Vertinant BSFC v pokytj, HVO100 jis padidéja ~5 % (nuo
~318 iki ~335 ml/kwh), HVOB20 ~12 %, palyginti su D100, nes HVO100
LHV_y yra ~5 % mazesnis, palyginti su D100. HYO100 BTE yra 0,2 — 0,4 %
didesnis. Dél padidéjusios biobutanolio koncentracijos HVO degaluose (nuo 5 %
iki 20 %) atitinkamai BTE reik8més mazéja, palyginti su D100, nuo 0,1 iki 0,4%.
Padidinus EGR intensyvuma, sumazéja visy degaly BTE, taciau padidinus
biobutanolio koncentracijg nuo 10 % iki 20 %, esant EGR 30 %, BTE nustoja
mazeéti.

D100 pakeitus HV0100 damingumas sumazéja ~11 %. Be to, | HVO jmaisius
nuo 5 % iki 20 % biobutanolio, dimingumas sumazinamas atitinkamai nuo 23 %
iki 57 % (nuo ~0.93 m iki ~0.4 m™), palyginti su D100. SumaZ&jimas siejamas
su sumazéjusiu HVO ir biobutanolio C/H santykiu bei padidéjusia deguonies
koncentracija degaly miSinyje. Variklio apkrovos didinimas parodé teigiama
biobutanolio poveikj mazinant diminguma. Padidinus EGR intensyvuma iKi
30 % dél zemesnés degimo temperatiiros ir maZesnio stechiometrinio oro ir
degaly santykio (AFR) dimingumas padidéja apie 40 %.

Didesnis HVO cetaninis skai¢ius sumazina ROHR intensyvuma ir degimo
temperatiirg, todél NOx emisija sumazéja 17-20 % visame variklio apkrovos
diapazone, lygnant HYO100 su D100. I HVO pridéjus iki 20 % biobutanolio,
sumazéja degaly miSinio cetaninis skaicius, padidéja deguonies koncentracija,
didéja ROHR intensyvumas ir degimo temperatira. Kai EGR 30%, pridéjus
biobutanolio ] HVO atitinkamai padidéja 5 %, 10 % ir 20 % NOx emisija arba
atitinkamai 6 %, 4% ir 12 %, palyginti su HVO100 (~1,62 g/kWh), bet reik§meés
iSlieka mazesnés nei D100 (~2,05 g/kWh).

Pakeitus D100 j HV0O100 CO; emisija sumazéja iki 3 %, HC ~30 %. HVOB20
CO; emisija buvo iki 6,4% mazesné, HC ~1,6 % didesné, palyginti su D100. CO;
emisijai jtakos turéjo mazéjantis C/H santykis, D100 buvo 6,25, 0 HV0100 —
5,47 (12,5 % mazesnis, palyginti su D100). HC emisijy padidéjima lémé
butanolio jvedimas, dél kurio sumazéja degaly miSinio klampumas. Dél to degaly
lageliai patenka j degimo kameros pakras€ius, kur jie netinkamai susimai$o su
oru ir ne iki galo sudega. Padidinus EGR intensyvuma iki 30 % dél didéjanciy
BSFC reik$miy didéja CO, emisija, 0 HC emisija mazéja: D100 sumazéja 13 %,
HVOB20 — 17 % (iki 0,19 g/kWh), nors EGR sumazina degimo temperatiirg ir
bloging degima, taciau biobutanolyje esantis deguonis palaiko degimo gerinimo
efekta (padidina degimo temperatiirg), taip sumazindamas HC emisijas.
Pearsono koreliacijos koeficientai rodo stiprig koreliacijg (0,87...0,99, naudojant
biodegaly misinius) tarp dumingumo ir PN rodikliy tirtuose sléginio uzdegimo
varikliuose. Panaudojus biodegalus, koreliaciné priklausomybé tarp dimingumo
ir PN sumazéja 45 %, palyginti su jprastinio dyzelino.
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