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This thesis investigates the cold resistance of renewable fuel oil and conventional light fuel
oil under winter conditions during transport. The aim of the thesis was to investigate and
compare the temperature behaviour and cloud point of winter grade renewable fuel oil,
conventional winter grade and conventional summer grade fuel oil under transport and
laboratory conditions and to create a mathematical model of the temperature behaviour of
fuel oil. The study was based on the practical need to investigate the performance of fuel oil
products and the stability of the product quality during transportation in cold conditions.

During transport, the temperature drop of the fuel oils was monitored every hour with a
wireless thermometer installed in the tanker. In addition, information was collected on the
prevailing outdoor temperature and the appearance of the fuel oil during unloading. In
addition to the in-transit measurements, fuel oil analyses were performed under laboratory
conditions using the standardised ASTM D2500-23 method.

Under laboratory conditions, the temperature drop of renewable fuel oil, conventional
summer grade fuel oil and conventional winter grade fuel oil was rapid due to the small
sample size and efficient and stepwise cooling. During transport, the temperature drop of the
fuel oils was much slower due to factors such as the high volume of fuel oil transported and
the varying outdoor temperatures. All three grades of fuel oil remained clear throughout
transport and no clouding of the fuel oil was observed.

The results of the thesis provided practical new material on the temperature behaviour and
cold resistance of renewable and conventional fuel oil. The material from the thesis can be
used in training material for drivers.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A Surface area m?

c Specific heat capacity Jkg K
dQ/dt Rate of thermal energy change J/s
dT/dt Temperature change rate °Cls

h Convective heat transfer coefficient W/m*-K
k Thermal conductivity W/m:-K
L Characteristic length m

m Mass of the substance kg

Q Convective heat transfer W

t Time s

T Temperature °C

U Total heat transfer coefficient W/m?-K
s Thickness m

Greek characters
A Change

A Thermal conductivity

Dimensionless quantities

Nu Nusselt number



Pr Prandtl number

Re Reynolds number

Subscripts

a Ambient

n Current time step

n+1 Next time step

p Constant pressure

inner Internal surface heat transfer coefficient
outer External surface heat transfer coefficient
Abbreviations

CFPP Cold filter plugging point

LFO Light fuel oil

n-Paraffin ~ Normal paraffin
PAH Polycyclic aromatics

RFO Renewable fuel oil
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1 Introduction

The subject of this thesis is to study the product quality of renewable fuel oil and
conventional light fuel oil and in particular their frost resistance. The research is timely, as
the need for reliable and renewable heating solutions is particularly high in the northern
regions of Finland, where extreme winter conditions challenge the performance of light fuel
oil. The increasing use of renewable fuels also highlights the need to understand their
behaviour compared to normal fuels and under challenging operating conditions. The
research is based on practical observations from working life: light fuel oil transported over
long distances to heat houses can solidify in tanker blocks and pipelines during winter
conditions. Measurements are taken to find out at what point and how quickly the
temperature of the light fuel oil drops to such an extent that it no longer corresponds to the
promised product quality. The information thus obtained will help to improve fuel transport
and use processes and will provide valuable information, especially for the training of fuel

drivers.

Although renewable fuel oil is claimed to have the same properties as conventional light fuel
oil, there is insufficient empirical data on its practical performance, for example in long
winter transport, in the company where the study is carried out. The frost resistance limit,
1.e. cloud point, of winter grade conventional light fuel oils used in Finland ranges between
-25°C and -29°C, while the cloud point of summer grade oils ranges between 0°C and -3°C.
The frost resistance limit, i.e. cloud point, for winter grade renewable fuel oil is -32 °C, while
the limit for summer-grade is -10 °C. The cold filter plugging point limits are lower, ranging
from -35 °C to -38 °C for winter grade conventional light fuel oil. For summer grade
conventional light fuel oil, the filterability point ranges from -5 °C to -8 °C. Renewable fuel
oil has a cold filter plugging point of -32 °C for winter grade and -10 °C for summer grade.

Frost resistance limits are defined by standards.

This study responds to the need to examine the frost resistance of renewable fuel oil and
compare it with conventional light fuel oil by making a concrete comparison of the changes
in temperature, appearance and fluidity of the fuel oils at different temperatures. The thesis
will involve field measurements to monitor the temperature of both renewable and

conventional light fuel oil during transport. Measurement data are collected every hour from



the fuel oil and the ambient outdoor temperature. In addition, under laboratory conditions,
cloud point analyses are carried out on winter grade conventional light fuel oil, summer

grade conventional fuel oil and winter grade renewable fuel oil.

A comparative analysis using Excel spreadsheet software is used to investigate how
renewable fuel oil and conventional light fuel oil behavies under transport and laboratory
conditions. The results of the study will provide useful information and training material for
the fuel purchasing company for which the study is being carried out. The structure of the
thesis includes a review of the properties of conventional and renewable fuel oil, the research

methods, results, analysis and conclusions from the results.



2 Properties and quality requirements for fuel oil

Fuel oil is light fuel oil, which is diesel fuel refined from crude oil. Light fuel oil is a liquid
and combustible distillate, which usually requires simple combustion equipment. Light fuel
oil is suitable for appliances with a power output of less than 1000 kW. Light fuel oil is a
key source of energy that can be used, for example, for domestic heating. (Alakangas, 2000)
Light fuel oil is available in both summer and winter grades. In Finland, its commercial
quality is defined by the national standard SFS 5968. In practice, sulphur free light fuel oil
also complies with the requirements of the European diesel fuel standard EN 590. Renewable
fuel oil has slightly different quality requirements from conventional fossil fuel oil and meets
the European quality standard EN 15940, which defines the characteristics of synthetic and
paraffinic fuels. The EN 15940 standard ensures that renewable fuel oil is suitable for use in

existing heating systems as well as in non-road machinery. (NEOT, 2024)

2.1 Composition and properties of renewable fuel oil

Renewable fuel oil is made from vegetable oil and responsibly produced waste and residual
raw materials. This bio-based fuel does not contain any fossil raw materials, so the carbon
dioxide emissions from its use are significantly lower compared to conventional light fuel
oil. The use of renewable fuel oil reduces the carbon footprint of heating by up to 90% over
the life cycle of the product. This is due to the raw materials used for renewable fuel oil,
which on average reduces greenhouse gas emissions more. Renewable fuel oil can also be
thought to burn cleaner than conventional light fuel oil. (Heating Energy Association, 2024a)
Renewable fuel oil has lower sulphur content, higher cetane number and better combustion
efficiency compared to conventional fossil light fuel oil. These characteristics reduce
emissions and improve the quality of combustion. In addition, renewable fuel oil contains
fewer aromatic compounds, which reduces the formation of harmful emissions. (Esarte and

Delgado, 2018)

Renewable fuel oil has traditionally been thought to be slightly more expensive than
conventional light fuel oil, but its cleaner combustion and lower maintenance requirements

can ultimately bring savings in the long run. Renewable fuel oil feedstocks account for



around 80% of the production costs of renewable fuel oil (Abbaszaadeh et al., 2012) In
households, switching to renewable fuel oil requires an equipment upgrade, typically by
replacing the burner flame detector with one suitable for renewable fuel oil. In general, the
costs are moderate, which makes the switch to renewable fuel oil economically viable.

(Lammitysenergia Yhdistys, 2024)

2.2 Production of renewable fuel oil and distribution obligation

Renewable fuel oil is produced from vegetable oils or fats through a hydrogenation process.
The hydrogenation process is a refining technique in which vegetable oils or fats react with
hydrogen at high pressure and temperature. The purpose of the hydrotreating process is to
remove oxygen, sulphur and nitrogen, thus improving the purity of the fuel oil. The process
also modifies the structure of the hydrocarbons, giving the renewable fuel oil properties
similar to those of fossil fuel oil. The end result is a paraffinic fuel oil with a high cetane

number and low emission levels of sulphur and aromatics. (Abbaszaadeh et al., 2012)

Table 1 shows the summer and winter grade specifications of renewable fuel oil suppliers in
Finland. The specifications are defined by standards, which means that the quality
requirements of the different suppliers are very close to each other. The key characteristics
defined in the table affect the performance and operating conditions of the fuel oil. Key

properties include viscosity, flash point, sulphur content and cold properties of the fuel oil.



Table 1. Technical specifications of summer and winter grade renewable fuel oil from
suppliers operating in Finland. (NEOT, 2023a; Neste, 2025a; Neste, 2025b; Teboil, 2021a;

Teboil, 2021b)
Company A- Company A- Company B- Company B- Company C- Company C-

Unit Summergrade |Wintergrade Summer grade Winter grade Summer grade Winter grade
Cetane number Min. 70 Min. 70 Min. 70 Min. 70 Min. 70 Min. 70
Cetane index - - - - Min. 70 -
Density at 15°C [ke/m® 765-800 765-800 765-800 765-800 765-800 765-800
Flash point C Min. 60 Min. G0 Min. 55,1 Min. 55,1 Min. 60 Min. 60
Viscosity mm-is 2,000-4,500 2,000-4,500 2,000-4,500 2,000-4,500 2,000-4,500 2,000-4,5000
Distillation at
180+=C (VW) Max. <10
Distillation at
340=C T (ViV) Min. 35
Distillation at
250°C (V) Max, 65 Max, 65 Max. 85 Max, G5 Max, <85
Distillation at
3s50=C Ta(V/V) Min.B3 Min. 85 Min. 85 Min. 85 Min. 85 -
Distillation 95% (°C Max. 360 Max. 360 Max. 360 Max. 360 Max. 360 Max. 360
Lubrieity pm Max. 400 Maz. 400 Max. 400 Max. 400 Max. 400 Max. 400
Polyeyelic
aromatics (PAH) |mg/kg - - - - - -
Sulfur mgikg Max. 5,0 Max. 5,0 Max. 5,0 Max. 5,0 Max. 5,0 Max. 5,0
Carbon residue
10% bottom I5(mim) Max. 0,1 Max. 0,10 Max. 0,2 Max. 0,3 Max. 0,10 Max. 0,1
Ash %(mi/m) Max. 0,001 Max. 0,001 Max. 0,01 Max. 0,01 Max. 0,001 Max. 0,001
Water mg/kg Max. 200 Max. 200 Max. 200 Max. 200 Max. 200 Max. 200
Sediment mg/kg Max, 24 Max, 24 Max, 24 Max, 24 Max. 24 Max, 24
Copper
corrosion 3 h/50
=C Rating class 1 class 1 class 1 class 1 1 1
Oxidation
stability g;‘rﬂ‘3 Max, 25 Max. 25 Max. 25 Max, 25 Max. 25 Max, 25
Cloud point =C -10 32 -10 32 -10 32
Cold filter
plugging point
{CFPP) =C -10 32 -10 32 -10 32

Renewable fuels have their own distribution obligation, which aims to promote the use of
renewable fuel oil, for example as a substitute for fossil fuel oil. The obligation to supply
renewable fuel oil applies to suppliers who supply more than 1 million litres of petrol, diesel,
natural gas, biofuels, biogas and non-biological renewable liquid and gaseous transport fuels
in a calendar year. The obligation to supply renewable fuels varies from year to year and is
increased annually by percentage points. Table 2 shows the increase and the amount of the
obligation to distribute renewable fuel oil between 2025 and 2030. By 2030, the total share
of renewable fuel must be 34% of the fuel supplied by distributors, an increase of 17,5%
compared to 2025.(Energiavirasto, 2024)
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The distribution obligation for biofuel oil is intended to promote the use of sustainable
biofuel oil instead of conventional fossil based light fuel oil, for example for heating houses
and machinery. A supplier who supplies at least one million litres of light fuel oil in a
calendar year is obliged to supply a minimum quantity of biofuel oil that increases each year.

(Energiavirasto, 2024)

Table 2. Finlands distribution obligation targets 2025-2030. (Ty0- ja elinkeinoministerio,
2024)

Fuel type Distribution Distribution obligation Notes
concerned (year/%)

2025:16,5 %

Petrol, diesel, natural >1 million 2026:19,5% Distribution obligation
gas, biofuels, biogas, liters/year 2027:22,5% increases yearly.
non-biological (transport fuel 2028:31% Applies to multiple
renewable fuels suppliers) 2029:32 % fuel types

2030: 34 %

2025:7,0%

. - .| >1 million o) Obligation increases

SBLf:t?tluotg)(“ght fueloil | iersiyear (light gggs g:g ZZ yearly. By 2030, 34 %

fuel oil suppliers) must be renewable

2028 and onwards: 10,0 %

2.3 Composition and properties of conventional light fuel oil

Conventional light fuel oil is a fossil fuel, as are natural gas, propane and coal. Fossil fuel
refers to fuel derived from ancient plants and animals that have formed fossils over the
million years. Fossil fuels are made up of hydrocarbons, which all living things are made up

of. (NORA, 2025)

Conventional light fuel oil is made in a refinery from crude oil, a naturally occurring fossil
fuel. Crude oil consists of hydrocarbons, sulphur, nitrogen and oxygen. Light fuel oil is
produced from crude oil by heating the crude oil to 350-400°C, after which the steam is
passed to a distillation tower and separated into different products by their boiling points.

The light fuel oil is a medium distillate, so the product accumulates in the central part of the
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distillation tower. (R. J. Clews, 2016) Figure 1 presents crude oil refining and distillation

fractions.

T Gasoline
200°C (Petrol)
Kerosene
- 300°C
Crude Qil Diesel il
370°C
Fuel Qil

i Lubricating Oil,
Paraffin Wax,

FURNACE Asphatt

Figure 1. Crude oil refining and distillation fractions. (J.M.K.C. Donev et al., 2024)

Conventional light fuel oil is mainly composed of hydrocarbons, which are organic
compounds containing carbon (C) and hydrogen (H) atoms. When considering crude oil and
its refined products, such as light fuel oil, four main categories are generally used: paraffins,
naphthene, aromatic compounds and olefins. The relative proportions of these hydrocarbon
categories have a major influence on the physical and chemical properties of light fuel oil,
such as combustion efficiency, viscosity and cold properties. Hydrocarbon solidification
points affect, among other things, the behaviour of light fuel oil in cold conditions, as
hydrocarbons with a high solidification point can cause paraffin wax formation in light fuel
oil, which reduces its fluidity and usability. The solidification point generally increases with
increasing molecular weight but is also influenced by the shape of the molecule. n-Paraffins
and aromatic compounds solidify more readily because their molecules pack easily into a
crystalline structure. Isoparaffins and naphthenes are more resistant to lower temperatures

because their irregular structure interferes with crystallisation. (Bacha et al., 2007)

Table 3 presents the freezing points of selected hydrocarbons with different molecular

structures.



Table 3. Freezing points of hydrocarbons. (Bacha et al., 2007)

Compound Chemical Hydrocarbon Freezing Point
Formula Class (°C)
Naphthalene C10H8 Aromatic 80
Tetralin C10H12 Aromatic -35
cis-Decalin C10H18 Naphthene -43
1,3-Diethylbenzene C10H14 Aromatic -84
n-Butylcyclohexane C10H20 Naphthene -75
n-Pentylcyclopentane C10H20 Naphthene -83
Decane C10H22 n-Paraffin -30
Anthracene C14H10 Aromatic 215
1-Pentylnaphthalene C15H18 Aromatic -24
n-Nonylcyclohexane C15H30 Naphthene -10
n-Decylcyclopentane C15H30 Naphthene -22
n-Pentadecane C15H32 n-Paraffin 10
2-Methyltetradecane C15H32 Isoparaffin -8
1-Decylnaphthalene C15H28 Aromatic 15
n-Tetradecylbenzene C20H34 Aromatic 16
n-Tetradecylcyclohexane C20H40 Naphthene 25
n-Pentadecylcyclopentane C20H40 Naphthene 17
Eicosane C20H42 n-Paraffin 36
2-Methylnonadecane C20H42 Isoparaffin 18

12

Among hydrocarbons, straight-chain paraffins are known for their high cetane number,

which indicates how readily the fuel autoignites in diesel engines. Fuels with elevated cetane

values ignite rapidly once delivered into the combustion chamber, resulting in a briefignition

delay. A prolonged ignition delay, on the other hand, signals a lower cetane number,

meaning the fuel is more resistant to autoignition.

Despite their high cetane ratings, straight-chain paraffins generally perform poorly in terms

of low-temperature fluidity. In contrast, aromatic hydrocarbons typically exhibit better flow

behavior at low temperatures and offer a higher energy density. Isoparaffins and naphthenes

fall somewhere between these two types, offering a compromise between ignition quality

and cold flow characteristics. (Bacha et al., 2007)

The Table 4 below shows how hydrocarbon categories affect the properties of light fuel oil.
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Table 4. Comparison of fuel properties across different hydrocarbon categories. (Bacha et

al., 2007)
Fuel property Normal paraffin Isoparaffin Naphthene Aromatic
Cetane number + 0/+ 0/+ 0/-
Low-temperature
operability - 0/+ +

Heating value

Explanation of symbols

+ = Positive or beneficial effect on the fule property

0 = Neutral or minor effect

- = Negative or detrimental effect

The heating value is an important property of fuel oil that describes the energy content of

the fuel oil, i.e. how much heat is released during combustion. For fuel oil, the heating value

is expressed in MJ/kg and gives an indication of the energy content in relation to the weight

of the fuel oil. A typical heating value for a conventional light fuel oil is 35 MJ/kg. When

the heating value is higher, the combustion process becomes more efficient, and a smaller

amount of fuel oil is required. (McAllister, Chen and Fernandez-Pello, 2011)

Table 5 presents the technical specifications of summer and winter grade light fuel oil

products from suppliers operating in Finland.
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Table 5. Technical specifications of summer and winter grade light fuel oil from suppliers
operating in Finland. (NEOT, 2022; NEOT, 2023b; Neste, 2025c; Neste, 2025d; Teboil,

2021c; Teboil, 2023)

Company A - Company A- Company B- Company B- CompanyC - Company C-

Unit Summer grade |Wintergrade Summer grade Winter grade Summer grade Winter grade
Cetane number Min. 51 Min. 51 Min.51 Min. 51 Min. 51 Min. 51
Cetane index Min. 46 Min. 43 Min. 46 Min. 46 Min. 46 Min. 43
Density at 15°C |kg/m® 820-845 200-2840 820-845 200-840 820-845 200-840
Flash point =C Min. 55.1 Min. 55,1 Min. 60 55,1 Min. 55.1 Min. 56
Viscosity mm-/s 2,000-4,500 1,400-4,000 2,000-4,5000 1,500-4,000 2,000-4,500 1,500-4,500
Distillation at ) ) )
180=C W(V/V) Max. 10 Max. 10 Max. 10
Distillation at
340=C W(V/V) - Min. 95 - Min. 85 - Min. 35
Distillation at
250+=C (VW) Max. 65 - Max. G5 - Max. 65 -
Distillation at
380=C T (ViV) Min.B5 - Min. 25 - Min. 85 -
Distillation 95% |*C Max. 360 - Max. 360 - Max. 360 Max. 360
Lubricity pm Mazx. 460 Max. 450 Max. 460 460 Mazx. 460 Mazx. 460
Polycyclic
aromatics (PAH) |mgikg Max. 8 Max. 8 Max. 8 2 Max. 8 Max. 8
Sulfur mgikg Max. 10 Mazx. 10 Max. 10 10 Max. 10 Max. 10
Carbon residue
10% bottom %%(mim) Max. 0,3 Max. 0,3 Max. 0.2 Max. 0.3 Max. 0,3 Max. 0,3
Ash 35(mfm) Max. 0,01 Max. 0,01 Max. 0,01 Max. 0,01 Max. 0,01 Max. 0,01
Water mgikg Max. 200 Max. 200 Max. 200 Max. 200 Mazx. 200 Mazx. 200
Sediment mgikg Max, 24 Max. -24 Max. 24 24 Max. 24 Max, 24
Copper
corrosion 3 h/50
=C Rating class 1 class 1 class 1 class 1 1 1
Oxidation
stability g;;‘rﬂ‘3 Max. 25 Max. 25 Max. 25 Max. 25 Max. 25 Max. 25
Cloud point C 0*and-3** -29 0*and-3** -25 0*and-3** -29
Cold filter
plugging point
|CFPP) =C -5*and -8** -38 -5* and -8** -35 -7*and-8** -38

* The cloud point of light fuel oil delivered between 1 May and 31 August is 0 °C and cold

filter plugging point varies between -5 °C and -7 °C

** The cloud point of light fuel oil delivered between 1 September to 30 April is -3°C and

cold filter plugging point -8 °C
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3 Cold properties of fuel oil

The cold resistance of fuel oil is indicated by its turbidity and filterability scores. The cloud
point refers to the lowest storage temperature and the cold filter plugging point (CFPP) to
the lowest operating temperature, i.e. the temperature at which the fuel oil retains sufficient
fluidity to pass through the filter without clogging. The cloud point and CFPP therefore
affect the usability of the fuel oil.

3.1 Factors affecting cold properties of fuel oil

When the oil falls below the cloud point, paraffin begins to separate from the oil, which
accumulates in a separate layer at the bottom of the oil tank, for example, and can block fuel
lines and cause other problems in the fuel system. In addition, the appearance of the fuel oil
becomes cloudier and the product quality no longer matches the fully fluid and clear quality
that fuel oil should have. In Finland, summer grade fuel oils typically have a cloud point
between 0 and -3 degrees Celsius and winter grade between -25 and -29 degrees Celsius.
(NEOT, 2022; NEOT, 2023b; Neste, 2025a; Neste, 2025b; Neste, 2025¢c; Neste, 2025d;
Teboil, 2021a; Teboil, 2021b; Teboil, 2021¢; Teboil, 2023)

The reason for the main difference between the cloud points of different fuel oils can be
found in the distillation stage of the crude oil. Winter grade fuel oil is collected at a slightly
higher level during distillation than summer grade fuel oil. This procedure allows the
separation of the heavier hydrocarbons, i.e. the paraffins with the highest melting point, as
it is these hydrocarbons that start to crystallise first when the temperature drops, thus
affecting the fuel oil's cloud point and the lowest operating temperature. In addition, winter
grade fuel oil differs in viscosity, density and slightly in calorific value from summer grade

fuel oil. (Mikkonen, S. Niemi, M. & Orpana, K, 2007)

Of the hydrocarbons in fuel oil, it is the paraffins that cause problems, especially in cold
conditions. Once the filtration point is reached, the fuel oil will no longer filter through the
float filter. This is because the paraffin crystals in the fuel oil have grown large enough when
the temperature is too low to block the filter and prevent the fuel oil from flowing through

the filter. (Oljykattilalaitoksen kiyttd- ja suunnittelutietoa 1987, 14)
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Viscosity is a property of fuel oil that tells you how much the substance resists flow. As the
temperature drops, the viscosity of the fuel oil increases which means that the fuel oil
becomes more rigid. Changes in temperature therefore affect the viscosity of fuel oil
(Mikkonen, S. Niemi, M. & Orpana, K, 2007) The viscosity of fuel oil has the greatest effect
on the pumpability and use of the oil in burners. (Huhtinen, M. Jalonen, O. Naskali, T.
Pitkénen, A. Rauhala, H. Tapper, J. Virta, K, 1999)

Additives can partly improve the cold resistance properties of fuel oil. Different additives
can vary the quality and performance of the fuel oil. For example, additives can improve the
combustion process and make the fuel oil more burner friendly. Glycols and alcohols act as
antifreezing additives, so that the additive can be said to act as a cold resistance enhancer. In
addition, the additive may be composed of polymers that react with crystallisable paraffins
by changing their size and shape when the temperature falls below the cloud point. (Bacha

et al., 2007)

However, fuel oil suppliers do not recommend adding additives to fuel oil afterwards; the
necessary additives are already added to the fuel oil during the supply chain. Incompatible
additives or excessive amounts of additives can cause disadvantages in the use of fuel oil.
The supplier of fuel oil is no longer responsible for the product quality of the fuel oil if an
additive is subsequently added to the fuel oil. (Mikkonen, S. Niemi, M. & Orpana, K, 2007)

The cold resistance of fuel oil is a critical factor for the reliable operation of fuel oil. Cloud
point and CFPP define the limits of the usability of fuel oil at different temperatures and
conditions. Therefore, the control of cloud point and CFPP is essential during the production
process of fuel oil and during the distillation of crude oil. (Bacha et al., 2007) From the
consumer's point of view, it is important to store and use fuel oil according to the storage
and use instructions provided by the suppliers in order to maintain optimal fuel oil flow

characteristics and fuel system performance.
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4 Heat transfer and temperature behaviour of fuel oil during

transport

Temperature changes in fuel oil during transport are critical, as they affect the availability
and quality of the fuel oil. Under cold transport conditions, fuel oil can reach its cloud point

and CFPP, whereby the fuel oil starts to form paraffin crystals and starts to lose its fluidity.

4.1 Thermodynamics

Thermodynamics is a branch of physics that studies in particular thermal energy, the
transformation of energy into different forms and the way work is done. Thermodynamics
focuses on how heat energy is transferred and how it affects the behaviour of matter. Key
concepts in thermodynamics such as heat transfer, internal energy, entropy and work are

essential to understanding thermodynamics. (Drake, 2025)

The main rules of thermodynamics are the first and second main laws. According to the first
law of thermodynamics, energy follows the law of conservation. This means that energy
cannot be created or destroyed. So energy is conserved, but it changes its form from one

form to another. The first fundamental law of thermodynamics is illustrated by the formula

AU=Q-W (1)
Where:
AU= the change in internal energy (J)
Q= heat energy added to the system (J)

W= work done by the system (J)

The second main rule of thermodynamics is entropy growth, which means that heat energy
cannot move from cold to hot without external energy. The second law of thermodynamics

explains the direction in which heat energy is transferred and why energy can never be used
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to 100% advantage. According to the second rule, thermal energy always moves
spontaneously from hotter to colder and entropy, or disorder, always increases naturally.
Every energy conversion produces waste energy, so that no system can achieve perfect

efficiency. (Drake, 2025)

4.2 Heat transfer mechanisms

The temperature of the fuel oil can be thought of as changing during transport as a result of
heat transfer processes. Heat transfer can occur by three different mechanisms; conduction,
convection or radiation. (Hirvijoki, 2022) In the real world, heat transfer occurs
simultaneously in all three ways, but heat transfer does not occur with equal intensity in all

three ways. (Atlas Copco, 2025)

Conduction refers to the transfer of thermal energy between two substances in contact with
each other at different temperatures without mixing. In convection, the heat flow from the
flow of a liquid or gas is transferred from a solid to a liquid or vice versa. Convection takes
two forms; free convection and forced convection. In free convection, heat transfer occurs
naturally from a hotter surface to, for example, cooler air, while in forced convection, the
flow of cooler air is increased by forcing, for example by blowing cooler air into a hotter

object as shown in Figures 2 and 3. (Cengel, 2008)

Warmer air
rising
AIR /‘Q N =
A NS
., -~ - % /
NPeas il AARNNET
|

Figure 2. Free convention. (Cengel, 2008)
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Figure 3. Forced convection. (Cengel, 2008)

Conduction and convection allow efficient heat transfer between, for example, two liquids
or gases that you do not want to mix. Heat energy can also be transferred by radiation, which
is the transfer of heat in electromagnetic waves without the need for a medium. This means
that heat can also be transferred in a vacuum, just as heat energy is transferred from the sun

to the earth. (Hirvijoki, 2022)

Figure 4 simply illustrates what convection, conduction and radiation mean in the transfer
of thermal energy. In the picture, a cooking pot is placed over a fire, so that as the temperature
of the water increases, the density of the water decreases and the hotter water starts to rise
upwards, while the cooler water sinks down. This circular motion creates convection

currents through which heat is distributed within the water. (Simscale, 2024)

The bottom of the boiler is in direct contact with the fire, which heats it by conduction. The
heat is transferred from the bottom of the metal boiler to the boiler walls and handle. At the
same time, heat conduction transfers heat energy to the lower layers of water, where the

water is in direct contact with the hot bottom of the boiler. (Simscale, 2024)

Fire also emits thermal energy as electromagnetic radiation, which is transmitted directly
into the air, even without an intermediate medium. The radiation also transfers heat to the

bottom of the boiler. (Simscale, 2024)



20

Conduction
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Figure 4. Convention, conduction and radiation.(Simscale, 2024)

4.3 Heat transfer of fuel oil during transport

The transfer of thermal energy between the fuel oil being transported and the environment
1s influenced by a number of factors, such as the loading temperature of the fuel oil, the
ambient ambient temperature, the speed of the vehicle, the temperature of products in
adjacent blocks, the quantity of fuel oil being transported and the physical and chemical
properties of the fuel oil. The changes in the temperature of the fuel oil can be modelled
mathematically to estimate how much the temperature of the fuel oil changes during

transport and how long it takes.

During the transport of fuel oil, heat transfer occurs mainly by conduction and convection.
These mechanisms are the most efficient in transferring heat, as the fuel oil is a liquid and
the tanker surface exchanges heat directly with the outside air. Radiation works best in a
vacuum and is not the most efficient heat transfer mechanism between the fuel oil and the
tanker, as the tanker is surrounded by air. In addition, the metal surfaces of the tanker reflect

thermal radiation and do not radiate effectively outwards.
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Changes in the temperature of fuel oil during transport can be modelled by Newton's law of
cooling, which describes how quickly the temperature of the fuel oil decreases in relation to
the time spent. Newton's law of cooling represents the rate of heat transfer by convection
and the rate of heat transfer between the surface and the environment. Newton's law of

cooling is given in its basic form by formula 2.

Q=U-A-(Tpo — To) ()
Where:

Q= total convective heat transfer (W)

U = total heat transfer coefficient (W/m? -K)

A = surface area (m?)

Tt = fuel oil temperature (°C)

Ta = ambient temperature (°C)

The total heat transfer coefficient U can be further determined by taking into account the

heat transfer between the inner surface, the tank wall and the outer surface:

— 1 +£+ 1

1
U Rinner A houter

€)

Where:

hinner = internal surface heat transfer coefficient (W/m?-K)
houter = €xternal surface heat transfer coefficient (W/m?-K)
s = the thickness of the tank wall (m)

A = thermal conductivity of the tank material (W/m-K)
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In forced convection, the heat transfer coefficient # depends on flow conditions such as fluid
motion, viscosity and thermal properties. In many cases, the heat transfer coefficient can be
estimated using the Nusselt number (Nu), which describes the ratio of convective to

conductive heat transfer across the interface.

The Nusselt number is defined as follows:

Nu= 225 p="22 4)
Where:

h = convective heat transfer coefficient (W/m?-K)

L = length (m)

k = thermal conductivity of the fluid (W/m-K)

During transport, the flow around the tanker is assumed to be forced and turbulent, so Dittus-

Boelter correlation is used to estimate the Nusselt number:

Nuy, = 0,023Re}/°Prn (5)

The value of the exponent % in formula 4 depends on whether the flowing fluid is heating or

cooling. n= 0,4 for a area that is heating (i.e. 7s>T,) and n= 0,3 for a area that is cooling (i.e.

T5<T,). T here means the wall temperature and 7, the average temperature of the fuel oil.
The Dittus-Boelter correlation holds under the following conditions:
0,7 < Pr <160
Rep = 10000

L/D =z 10
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The change in temperature of a substance can be studied using the law of conservation of
energy, formula 6. This formula expresses how thermal energy changes with time in a

substance.

do dar
dt dt

(6)
Where:

dQ/ dt = rate of change of thermal energy with respect to time (J/s)

m = the mass of the given substance (kg)

cp = specific heat capacity (J/kg-K)

dT/ dt = rate of change of temperature with respect to time (°C/s)

By combining Newton's law of cooling and the law of conservation of energy, it is possible

to express the rate of temperature change over time in a substance as a function of its thermal

and physical properties.

dr
me, — = —hA(T — Ty,) (7)
Where:

m = the mass of the given substance (kg)

cp = specific heat capacity (J/kg-K)

dT/dt = rate of temperature change over time (°C/s)
h = convective heat transfer coefficient (W/m?K)

A = surface area (m?)

T = system temperature at time t (°C)
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Tt = fuel oil temperature (°C)

To predict temperature as a function of time, a numerical method can be used to implement

the solution in an Excel spreadsheet. In discretised form, this is shown in formula 8.
UA
Thy1=Th + (W)(Ta — TW)At )]
D

Where:

Tn+1 = temperature at the next time step (¢+4¢)
Tn = temperature at the current time step (¢)

U = total heat transfer coefficient (W/m*K)

A = surface area (m?)

m = the total mass of the substance (kg)

cp = specific heat capacity (J/kg-K)

Ta = ambient temperature (°C)

At = time step (s)

In a real transport situation, the speed of the container truck affects the convection
coefficient. In addition, the materials in the tanker can slow down convective heat transfer.
The properties of the fuel oil and the mass being transported also affect how quickly the

temperature of the fuel oil changes.

The information in Table 6 has been used to predict the behaviour of the renewable fuel oil
temperature during transport. In Tables 6, 7, and 8, the conditions correspond to the actual
transport conditions. The change in fuel oil temperature is monitored hourly, and the Tables

show the values used for each hour.



Table 6. Thermal parameters for heat transfer calculation of renewable fuel oil.
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Parameter

Value (1 hour)

Value (1 hour)

Value (1 hour)

Value (1 hour)

Value (1 hour)

Value (1 hour)

Unit

Total heat transfer coefficient (U)

25

25

25

25

25

25

W/m’K

Surface area (A)

27

27

27

27

27

27

Mass (m)

6800

6800

6800

6800

6800

6800

kg

Specific heat capacity (cp)

2000

2000

2000

2000

2000

2000

)/ kK

Ambient temperature (T;)

-11

-10

-13

-16

-18

-18

°C

3600

3600

3600

3600

3600

3600

Time step (At)

Figure 5 shows a mathematical modelling of the temperature change of renewable fuel oil
as a function of time during transport. The mathematical model is based on the equation
shown in formula 8. In the example below, the temperature of the renewable fuel oil after
one hour under transport conditions is calculated using a discretised heat transfer formula
(8). The loading temperature of the fuel oil is 13°C and the outdoor temperature at this point
is -11°C. The physical values in Table 6 are placed directly into the formula, resulting in a
calculated temperature of 8,72 °C after one hour. This means that the renewable fuel oil
cools down by about 4,3 °C during the first hour under the influence of the outside

temperature.

Similar calculations have been made for several subsequent hours at different outdoor

temperatures to give a modelled temperature curve as a function of time (Figure 5).

UA
Thy1 =T, + (m_cp)(Ta - Tn)At

25:27

T, = 8,72 °C
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Mathematical modelling of temperature changes in renewable fuel oil
Temperature (°C)
14
12

10

-6 Elapsed time (h)

Figure 5. Mathematical modelling of temperature changes in renewable fuel oil.

The information in Table 7 has been used to predict the behaviour of the conventional

summer grade fuel oil temperature during transport.

Table 7. Thermal parameters for heat transfer calculation of conventional summer grade
fuel oil.

Parameter Value (1 hour) _|Value (2 hour) _[Value (3 hour) [Value (8 hour) |Value (10 hour) |Value (11 hour) [Value (12 hour) |Value (13 hour) |Value {14 hour) |Value (15 hour) [Unit
Total heat transfer coefficient (U} 25 25 25 25 25 25 25 25 25 25 WimK|
Surface area (A) 27 27 27 27 27 27 27 27 27 27 m]
Mass (m) 6800 6500 6600 6500 6800 6500 6800 6500 6800 5600 g
Specific heat capacity (cp)

2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 drigK]
Ambient temperature (T,) -9 -10 12 -10 8 -13 12 -10 -15 -16 °(|
Time step (A1) 3600 3600 3600 3600 3600 3600 3600 3600 3600 3600 §

Figure 6 shows a mathematical model of the temperature changes during transport of a
conventional summer grade fuel oil. The situation in Figure 6 corresponds to the actual
transport conditions. The temperatures above the graph represent the prevailing ambient
temperature. The mathematical model also takes into account the longer break during

transport, which also corresponds to the actual transport situation.



Mathematical modelling of temperature changes in conventional summer grade light fuel oil

Temperature (°C)
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27
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Figure 6. Mathematical modelling of temperature changes in conventional summer grade

fuel oil.

The information in Table 8 has been used to predict the behaviour of the conventional winter

grade fuel oil temperature during transport.

Table 8. Thermal parameters for heat transfer calculation of conventional winter grade fuel

oil.

Parameter Value 1 hour) |Value (2 hour) |Value (3hour) |Value (14 hour|Value {15 hour|Value (16 hour)|Value (17 hour]Value (18 hour| Value (19 hour)| Value (20 hour)| Value (21 hour|Value (22 hour)|Value (23 hour)| Unit
Total heat transfer coefficis 25 25 25 25 25 25 25 25 25 25 25 25 25 Wim’K|
Surface area (A) 27 27 27 27 27 27 27 27 27 27 27 27 27 m’|
Mass (m) 6800 6800 8800 6800 6800 6800 6300

6800

6800

6800

6800

Kg|

Specific heat capacity (cg)
2000 2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

KI/kgk|

Ambient temperature (T,) 0 -1

Time step (81) 3600 3600

3600

3600

3600

3600

3600

3600

3600

3600

3600

3600

3600 |

Figure 7 shows a mathematical model of the temperature changes during transport of a

normal winter grade fuel oil. The mathematical model of the temperature behaviour of a

winter grade fuel oil corresponds to the real transport conditions and the mathematical model

also takes into account the longer pause in transport in the real situation.
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Mathematical modelling of temperature changes in conventional winter grade light fuel oil

Temperature (°C)

0,5

-2,5

Elapsed time (h)

da

Figure 7. Mathematical modelling of temperature changes in conventional winter grade
fuel oil.

The cooling of the fuel oil during transport is influenced by the thermal conductivity of the
tanker material, the temperature of the outside air, the temperature of the products in the
adjacent blocks, the temperature at which the fuel oil is loaded and the chemical properties
of the fuel oil, such as viscosity. The thermal conductivity of the tanker material determines
how efficiently heat is transferred through the tank wall, while the prevailing outside
temperature and the temperature of the substances in adjacent blocks affect how quickly heat
1s transferred out of the fuel oil and how much heat is transferred from adjacent blocks into
the fuel oil. In addition, the viscosity of the fuel oil affects the temperature behaviour of the
fuel oil. Fuel oil with a higher viscosity is thicker and resists flow, which reduces the rate of
heat transfer within the fuel oil. Low viscosity fuel oil is more pliable, allowing for faster

mixing and thus faster cooling of the fuel oil.
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5 Research methods

In this thesis, an empirical measurement method was chosen that allows to study the
temperature changes of renewable and conventional fuel oil under practical conditions

during transport.

5.1 Measurements methods during transport

Measurements were carried out on winter grade renewable fuel oil, winter grade
conventional fuel oil and summer grade conventional fuel oil. During the transit

measurements, measurement data were collected every hour from three different sources:
1. Fuel oil loading temperature (measured during loading)

2. Prevailing ambient temperature (checked at the same time as the fuel oil

temperature is measured)
3. Fuel oil temperature in the tank (measured every hour during transport)

In addition, the fuel oil unloading temperature was collected and the fuel oil was also visually
inspected through the tanker's sight glass. Measurements were taken with a wireless gauge
mounted in the tanker block, allowing accurate temperature data to be collected directly from

the driver's cabin.

During the transit measurements, the instrument used was the Suomen Ladmpdmittari 7410,
which has a wireless transmitter for recording and transmitting temperature data. More

details of the meter are given below:

- Measuring ranges: indoor temperature 0...+60°C, outdoor temperature -

40...+150°C
- Wireless data transmission at 433 MHz
- Carrying capacity up to 80 m (in free space)

- Quartz clock and maximum-minimum memory, which allows data to be

recorded accurately in time
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- Power supply: 5 x 1.5V AAA batteries

- Transmitter dimensions: 110 x 45 x 21 mm, display dimensions: 102 x 75 x

20 mm

Figure 8. Suomen Lampomittari 7410.
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6 Results and analysis during transport

This chapter compares the temperature behaviour of fuel oil under transport conditions and
mathematical modelling. The comparison will allow an assessment of the influence of the
different conditions on the measurements of the fuel oil temperature and the accuracy of the
mathematical model. The comparison shows how different environmental factors such as
fuel volume, prevailing ambient temperature and type of convection affect the temperature
change of the fuel oil. At the same time, it will be possible to assess how well the
mathematical model reproduces practical measurement results and cooling curves under

different conditions.

6.1 Results and analysis during transport of renewable fuel oil and comparison

with mathematical modelling

Figure 9 shows the temperature changes of renewable fuel oil under transport conditions and
mathematical modelling. The X-axis of the graph represents the elapsed time in hours and
the Y-axis represents the temperature of the reneweable fuel oil in degrees Celsius. The
temperatures marked above the measurement points represent the ambient temperature at the

time of the measurement.
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Temperature changes of renewable fuel oil under transport conditions and

mathematical modelling (°C)
Temperature (°C)

1413 30

® Transport

=C —— Mathematical model

Elapsed time (h)
0 1 2 3 4 5 6

® Numbers above dots indicate outdoor temperature (°C)

Figure 9. Temperature changes of renewable fuel oil under transport conditions and
mathematical modelling.

The total duration of the transport was five hours. At the beginning of the measurement, the
temperature of the renewable fuel oil at loading was +13 °C. During the first hour, a
significant drop in temperature of more than 5°C was observed. The rapid cooling of the
renewable fuel oil is explained by the large temperature difference between the fuel oil and
the environment, which increases the rate of convective heat transfer according to Newton's

law of cooling. The outside temperature at the beginning of the measurement was -11 °C.

During the following hours, the temperature of the renewable fuel oil steadily decreased,
reaching a temperature of about +2 °C between the first and third hour. After the third hour,
the rate of cooling of the renewable fuel oil slowed down slightly, although the prevailing
outdoor temperature reached a minimum of -18 °C. The levelling off of the product
temperature cooling rate is typical of conventional cooling, indicating that the temperature
difference between the renewable fuel oil and the environment was no longer sufficient for
rapid heat transfer. The last measured temperature of the renewable fuel oil was -1,2 °C,
which was also the unloading temperature of the renewable fuel oil. At this point, the product
was still clear and no clouding could be detected through the sight glass. The product
therefore corresponded to its promised product quality at the time of unloading. In total, the

temperature of the renewable fuel oil fell by 14,2 °C during transport.
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The shape of the temperature curve in Figure 9 is similar to that of exponential cooling. The
force driving the cooling of the renewable fuel oil weakens as the temperature of the
renewable on fuel oil approaches the ambient temperature and the temperature difference is
no longer as large as it was at the beginning. In addition, the changes in the temperature of
the renewable fuel oil were influenced by the temperatures of the fuels transported in the
other blocks of the tanker. During transport, the ambient temperature reached a low of -18°C.
It is likely that the walls of the tanker also had an effect on the heat transfer out of the

renewable fuel oil.

In Figure 9, the mathematical model is based on Newton's law of cooling using the Excel
spreadsheet and a prediction of the cooling of the fuel oil based on the principle of
conservation of energy, assuming the same conditions as during the transport of the fuel oil.
The modelling assumes forced convection corresponding to the actual transport situation and
takes into account the mass of the fuel oil, the specific heat capacity, the surface area of the

tank and the convection coefficient.

The temperature changes in the in transit and mathematical models are similar most of the
time. The temperature changes and cooling rate of the renewable fuel oil remained fairly
constant under both the mathematical modelling and transport conditions. The flatness of the
graphs indicates that the mathematical model describes well the cooling behaviour of the
renewable fuel oil under real transport conditions. At the very end of the graphs, a small
difference is seen where the mathematical model shows a more drastic temperature drop
compared to the actual transport condition. This difference may be due to a number of
factors, such as a slowing down of heat transfer in the real situation, for example due to an

increase in viscosity of the fuel oil.

In summary, the results clearly show how different conditions and environmental factors
such as temperature differences, insulation and convection affect the cooling rate of the fuel

oil.

Table 9 illustrates the blocking of a tanker used for transport. The tanker's tank section is
divided into several separate blocks by internal walls. This allows different qualities of
product to be transported at the same time, but it is also important for weight distribution
and load balance. In this study, a total of 1500 litres of renewable fuel oil was transported in

one of the tanker's blocks. The structure of the block and the amount of product being
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transported affects how quickly heat is transferred to and from the fuel oil. Heat transfer is

determined by the surface area, material and geometric shape of each block.

Table 9. Blocks and products in tanker truck during renewable fuel oil transport.

Block 1. Block 2. Block 3. Block 4. Block 5.
Product Diesel Diesel RFO Gasoline LFO (summer grade)
Amount (L) 6608 4899 1500 5902 3500
Loading temperature of product (°C) 2,9 2,9 13 -3,9 9,4

Renewable fuel oil was transported in block 3 and was the first to be unloaded. In block 2,
next to the renewable fuel oil, a total of 4899 litres of diesel was transported and the loading
temperature of the diesel was +2.9°C. In block 4, a total of 5905 litres of gasoline were
transported, with a loading temperature of -3.9°C. The temperatures of the products in
adjacent blocks could have both a retarding and an accelerating effect on the cooling of the
renewable fuel oil, depending on the heat transfer through the walls between the blocks. The
walls between blocks can act as a kind of insulator or heat source if the product in the
adjacent block is warmer or colder than the product under investigation. The gasoline in
block 4 was loaded at a negative temperature, which may have accelerated the cooling of the
renewable fuel oil at the beginning of the transport. In blocks 1, 2 and 5, the loading
temperature of the products has remained on the plus side, which may have partially slowed
down the cooling of the renewable fuel oil. This could partly explain the temperature

stabilisation at the end of the observed cooling periods.

Overall, the blocking and structure of the block, as well as the temperature and unloading
sequence of the products, will affect the temperature behaviour of the renewable fuel oil

during transport.
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6.1 Results and analysis during transport of conventional summer grade fuel oil

and comparison with mathematical modelling

Figure 11 shows the temperature changes of conventional summer grade fuel oil during
transport and mathematical modelling. The loading temperature of the summer grade fuel
oil was about +12 °C and the total duration of the transport was 14 hours. The outside

temperature varied between -8 °C and -16 °C during transport.

Temperature changes of conventional summer grade fuel oil under transport conditions and mathematical modelling (°C)

Temperature (°C)

® Transport

Mathematical model

-10 Elapsed time (h)
0 2 4 6 8 10 12 14 16

@ Numbers above dots indicate outdoor temperature (°C)

Figure 10. Temperature changes of summer grade fuel oil under transport conditions and
mathematical modelling.

During the first two hours, a significant temperature drop of 6 °C was observed in the
summer grade fuel oil. The temperature difference between the summer fuel oil and the
ambient temperature was up to 20 °C, which explains the rapid cooling based on Newton's
law of cooling. Over the next few hours the cooling continued at a slower rate and by the
middle of the transport the temperature of the summer fuel oil had dropped to around 0 °C.
The final unloading temperature of the summer grade fuel oil was about -5 °C. In total, the
temperature of the summer grade fuel oil fell by 17 °C during transport. The temperature
curve in Figure 11 resembles exponential cooling, where the temperature difference between
summer grade fuel oil and the ambient decreases over time, slowing down heat transfer.
There was also a longer break of about five hours during the transport, so that, for example,
driving weather did not affect the cooling of the summer grade fuel oil. The mathematical
model again follows the curve of transport conditions. Only at the end a small temperature

difference between the curves is observed.
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At the time of unloading, the summer grade fuel oil was clear and no clouding could be
detected through the sight glass. Figure 12 shows the view through the sight glass of the

tanker truck. The picture clearly shows that the summer grade fuel oil is bright and clear.

Figure 11. View through the tanker truck’s sight glass.

Table 10 shows the products loaded in the different blocks, their quantities and the loading
temperatures. Summer grade fuel oil was transported in block 3 and a total of 6998 litres of
summer grade fuel oil was transported. In blocks 2 and 4 were transported products with
cold loading temperatures. The loading temperature of the gasoline in block 2 was -6.4 °C
and the loading temperature of the winter grade fuel oil in block 4 was -6 °C. In addition,
blocks 1 and 5 carried gasoline at sub-zero temperatures of -4.8°C and -3.9 °C respectively.
The summer grade fuel oil was surrounded by cold products throughout the transport. The
low temperatures of the products in adjacent blocks may have accelerated the cooling of the
summer grade fuel oil at the beginning of the transport. In addition, the cold products may
have increased heat transfer and cooling of the summer grade fuel oil through the walls

between the blocks.
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Table 10. Blocks and products in tanker truck during summer grade fuel oil transport.

Block 1. Block 2. Block 3. Block 4. Block 5.
Product Gasoline Gasoline LFO (summer grade) | LFO (winter grade) Gasoline
Amount (L) 2007 6007 6998 4997 3003
Loading temperature of product (°C) -4,8 -6,4 11,9 -6 -3,9

Summer grade fuel oil was the first product to be unloaded. Consequently, the adjacent
blocks were full of cold products and the conditions that contributed to the temperature

changes in this respect remained unchanged throughout the transport.

In summary, the temperature behaviour of summer grade fuel oil was influenced by the
filling rate of the blocks, the temperatures of adjacent products, the unloading sequence and

the prevailing ambient temperature.

6.1 Results and analysis during transport of conventional winter grade fuel oil

and comparison with mathematical modelling

Figure 13 shows the temperature changes of conventional winter grade fuel oil during
transport. The loading temperature of the winter grade fuel oil was 0.3°C and the total
duration of the transport was about 24 hours, including an extended break by the driver
during transport. The prevailing outside temperature during the transport varied between 0
°C and -7 °C. The prevailing outdoor temperature is shown in Figure 12 above the points on

the graph.

Figure 13 shows a steady decrease in temperature at the beginning of the transport. At about
18 hours, the lowest temperature for winter grade fuel oil was reached at -2,0 °C. Thereafter,
the temperature of the winter grade fuel oil remained constant and at the very end of the
transport, at the unloading point, the temperature of the winter grade fuel oil even rose to -
1,5 °C. This may indicate that the outside temperature has not been low enough to cool the
winter grade fuel oil and that the winter grade fuel oil has reached temperature equilibrium
with the environment. In total, the temperature of the winter grade fuel oil decreased by 2.3

°C during transport.
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In the case of winter grade fuel oil, the temperature drop was remarkably slow even though
the transport lasted almost 24 hours, with the winter grade fuel oil reaching a minimum
temperature of -2°C. The outside temperature remained at around -2 °C for most of the time
and only briefly dropped to a minimum of -7 °C. The outside temperature partly explains

why the temperature of the winter grade fuel oil did not start to fall during transport.

There is a noticeable difference between the mathematical model and the actual transport
situation. These differences may be due to factors such as the effect of longer stops,
variations in driving speed and the chemical properties of the fuel oil. The temperature
curves show similar behaviour, but the largest differences are observed after a longer break

in transport.

Temperature changes of conventional winter grade fuel oil under transport conditions and mathematical
modelling (°C)

Temperature (°C)
0=C .
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® Numbers above and under dots indicate outdoor temperature °C

Figure 12. Temperature changes of winter grade fuel oil under transport conditions and
mathematical modelling.

Table 11 shows the products loaded in the tanker truck blocks and their temperatures during
the transport of winter grade fuel oil. The winter grade fuel oil was transported in block 4,
which contained a total of 4001 litres of winter grade fuel oil. The adjacent block of winter
grade fuel oil contained a total of 7000 litres of diesel in block 3 and had a loading
temperature of 2.3°C. In block 5, a total of 3994 litres of gasoline was transported with a
loading temperature of 0.3 °C. The winter grade fuel oil environment for the other products
transported has been temperature balanced and the temperatures of the other products have

not exceptionally affected the cooling of the winter grade fuel oil.
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The winter grade fuel oil was partially unloaded from block 4. The winter grade fuel oil was
unloaded in three stages before the block was completely emptied. The first unloading of
winter grade fuel oil took place at about 16 hours, when a total of 1000 litres were unloaded
from block 4, and the next unloading at about 18 hours, when 1600 litres were unloaded
from the block. The last unload of winter grade fuel oil from block 4 was at about 23 hours

and totalled 1400 litres.

Table 11. Blocks and products in tanker truck during winter grade fuel oil transport.

Block 1. Block 2. Block 3. Block 4. Block 5.
Product Diesel Off-road diesel Diesel LFO (winter grade) | Gasoline
Amount (L) 2001 5997 7000 4001 3994
Loading temperature of product (°C) 2,4 -0,2 2,3 0,3 -0,3

The adjacent blocks 3 and 5 of winter grade fuel oil were not unloaded until after block 4,
so that the conditions affecting temperature changes in this respect remained unchanged

throughout the transport.
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7 Laboratory test results and analysis

In addition, measurements of the fuel oil cloud point were carried out under laboratory
conditions using ASTM standard test method D2500-23 as the test method. Test method
D2500-23 determines the cloud point of petroleum products and liquid fuels, i.e. the
temperature at which the first wax compound crystals begin to form when the sample is
cooled. The D2500-23 analytical method is suitable for clear petroleum products and liquid
fuels with a cloud point below 49 °C. The measurements made under laboratory conditions
support the results obtained in practical measurements, making it easier to understand the

temperature variation under different conditions.

The laboratory tests were carried out on all three grades of fuel oil, renewable fuel oil,
conventional summer grade fuel oil and conventional winter grade fuel oil. The analysis is
started by heating the sample to at least 14 °C above the estimated condensation point and
filtering out any moisture, i.e. water, from the sample. Figure 16 shows how the sample is

poured into the sample container through the filter paper.

Figure 13. Filtering the water from the sample before analysis.

The sample container should be a clear cylindrical glass container with a flat bottom and a

diameter between 33,2 and 34,8 mm measured from the outside and 30 mm to 32,4 mm



41

measured from the inside. The height of the sample container shall be between 115 mm and
125 mm. The sample container shall be marked at 54 mm + 3 mm indicating the height of
the sample. The temperature of the sample is measured with a standard thermometer. Figure
17 shows how all three samples have been poured into a sample container according to the

analytical method and a thermometer has been placed on the sample.

L
.
k‘l—j

Figure 14. Fuel oil samples in a sample container according to the analytical method.

Figure 14 gives a more detailed description of the equipment and proportions used in the

D2500-23 analytical method.
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Figure 15. Apparatus for cloud point test. (ASTM International, 2023)

First, the sample is placed in a 0 °C bath and allowed to stand until it reaches a temperature
of 9 °C. The sample is examined every 1 °C and the temperature at which clouding is first
observed is monitored. When the sample reaches 9 °C, the sample is transferred to the -18
°C bath where it is allowed to cool to -6 °C. The sample is then transferred to a -33 °C bath
where the sample temperature is allowed to fall to -24 °C and then to a -51 °C bath. At -51
°C the sample temperature is allowed to fall to -42 °C and then the sample may be transferred
to a further -69 °C bath where the sample temperature may fall to -60 °C. Figure 15 shows
the baths and temperature ranges used in the D2500-23 standardised test method.

Sample Temperature Range,

Bath Bath Temperature Setting, °C
1 015 Start to 9
2 -18x1.5 9to -6
3 3315 -6 o =24
4 =51+ 1.5 =24 to =42
5 -G9 + 1.5 =42 to =60

Figure 16. Bath and sample temperature ranges in D2500-23 standard test method. (ASTM
International, 2023)

Finally, the temperature at which the first wax crystals begin to form in the sample and
clouding is observed in the sample is recorded. Record the determined cloud point to the

nearest 1 °C.
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In Figure 18, the samples are placed in a cold bath. The samples are placed in the cold bath

on a glycol sheet and the sample container does not touch the walls of the cold bath.

Figure 17. Cold bath in ASTM D2500-23 analytical method.

7.1 Results and analysis of renewable fuel oil under laboratory conditions

Figure 19 shows the changes in temperature of the renewable fuel oil during the test under
laboratory conditions. The test analysed the cloud point of the renewable fuel oil, i.e. the
point at which the paraffinic components of the fuel oil begin to crystallise and the brightness
of the fuel oil deteriorates. The horizontal axis of the graph in Figure 16 represents the time
taken for the analysis in minutes (min) and the vertical axis represents the temperature of the
fuel oil in degrees Celsius (°C). The temperature zones (0 °C, -18 °C, -33 °C and -51 °C)
below the graph represent the temperatures of the different cold baths used in the test. The
figures above the points on the graph represent the current temperature and elapsed time of
the renewable fuel oil. The total time required for the renewable fuel oil to become cloudy

was 66 minutes and was achieved at a renewable fuel oil temperature of -30 °C. The standard
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cloud point for renewable fuel oil is -32 °C degrees Celsius. The test therefore showed that

the renewable fuel oil did not fully meet the requirements of the standard.

Renewable fuel oil temperature changes (°C)

Temperature (°C)
30
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20 @ 14 min
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0°C 37 min
0 ° 6°C
° 42 min 95 min 62 mi
10 340 min
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[ ]
-30 o g
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® Product emperature (°C)

Figure 18. Renewable fuel oil temperature changes during laboratory test.

At the beginning of the test, the temperature of the renewable fuel oil was 21 °C. The
temperature of the renewable fuel oil was allowed to drop to 9 °C initially, according to the
D2500-23 analytical method. The appearance of the renewable fuel oil was monitored at
each degree and at 9 °C the product was still clear. The temperature of the renewable fuel
oil decreased fairly steadily, but a more rapid temperature change was observed at 37
minutes, with a total decrease of 12 °C in the renewable fuel oil temperature over a 5 minute
period. After that, the temperature of the renewable fuel oil continued to drop steadily and
finally reached its cloud point at -30°C. The clouding of the renewable fuel oil can be

observed in Figure 20.
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Figure 19. Visual observation of a cloud point of a renewable fuel oil.

7.2 Results and analysis of conventional summer grade fuel oil under laboratory

conditions

Figure 21 shows the temperature changes of summer grade fuel oil during the laboratory
test. Also for summer grade fuel oil, the cooling of the sample was monitored as a function
of time. At the beginning of the test, the temperature of the summer grade fuel oil was 21 °C
and the sample temperature steadily decreased to -6 °C, where a clouding of the sample was
observed. The total time taken for the sample to become cloudy was 37 minutes. The cooling

of the summer grade fuel oil proceeded in a steady and almost linear manner.

There was no time to move the sample of summer grade fuel oil beyond the -18 °C cold

temperature, as the cloud point of the sample was already observed at -6 °C. The summer
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grade fuel oil tested had a standard condensation point of -3 °C, which means that the product

met and even exceeded the standard.

Conventional summer grade fuel oil temperature changes (°C)
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Figure 20. Conventional summer grade fuel oil temperature changes during laboratory test.

Figure 22 shows the clouding of a summer quality fuel oil sample during the laboratory test.
The clouding of the sample always starts at the bottom of the sample container where the
paraffinic components start to crystallise. From the sample container, it can be observed that
the sample is no longer completely clear but a slight clouding can be observed. The
determination of the cloud point of the sample was done visually by looking at the sample
container and the brightness of the sample against the light, as the interpretation of the cloud

point is based on the change in appearance of the sample.



47

Figure 21. Visual observation of a cloud point of a conventional summer grade fuel oil.

7.3 Results and analysis of conventional winter grade fuel oil under laboratory

conditions

Figure 23 shows the temperature changes of winter grade fuel oil during the laboratory test.
At the beginning of the laboratory test, the temperature of the winter grade fuel oil was 21°C,
which was the same as the room temperature. During the laboratory test, the temperature of
the winter grade fuel oil decreased from 21°C to -25°C, a total of 46°C over 58 minutes. The
appearance of the winter grade fuel oil was monitored at each degree drop until clouding
was observed at -25 °C. The standard cloud point for winter grade fuel oil is -25 °C, and the

test showed that the sample met the standard.
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The winter grade fuel oil was cooled in a total of four different cold baths according to the

D2500-23 analytical method. The different heat zones are shown at the bottom of Figure 20.

Conventional winter grade fuel oil temperature changes (°C)
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Figure 22. Conventional winter grade fuel oil temperature changes during laboratory test.

Figure 24 shows that the temperature of winter grade fuel oil cooled steadily in the initial
phase. A more rapid drop in temperature was again observed at 37 minutes with a sample
temperature of -6 °C. At this point the sample was transferred to a -33 °C cold bath and the
sample temperature dropped to -18 °C over 11 minutes. At the end of the test, when the
sample reached a temperature of -24 °C, the sample was transferred to a cold bath at -51 °C
for a further minute, where the sample reached its cloud point. Figure 21 shows the clouding

of the winter fuel oil sample.



Figure 23. Visual observation of a cloud point of a conventional winter grade fuel oil.
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8 Conclusions

The aim of this thesis was to compare the cold resistance of renewable and conventional fuel
oil under transport conditions and to assess the factors that influence the temperature
behaviour of the fuel oil. In particular, the thesis focused on the cooling behaviour of the
fuel oil and the cloud point, after which the paraffinic components of the fuel oil start to

solidify and the fuel oil starts to cloud.

The studies under transport conditions were also supported by studies on the temperature
behaviour of the fuel oil and the determination of the cloud point under laboratory
conditions. The laboratory conditions were more controlled than the transport conditions and
the amount of fuel oil tested was considerably less than the amount of fuel oil transported.
In addition, the freezing conditions in the laboratory were extreme compared to the real
situation. The conditions in the laboratory and during transport are very different and for
example under laboratory conditions the sample is not subjected to forced convection such
as drift or turbulence under transport conditions. Under laboratory conditions, heat was
transferred from the sample mainly by free convection in cold baths. During transport, on
the other hand, the movement of the tanker truck and the ambient air flow increased the heat

transfer due to forced convection.

In addition to tests during transport and under laboratory conditions, the thesis created a
mathematical model of the cooling behaviour of fuel oil. In the mathematical model,

conditions are assumed to be similar to those during transport.

The results of the thesis showed that the rate of cooling of the fuel oil and reaching the cloud
point vary significantly depending on the test conditions. During the in-transit
measurements, the cloud point was not even reached and the product remained clear
throughout transport for renewable, summer and winter grade fuel oils. The brightness of the

fuel oil was checked through the sight glass of the tanker.

The laboratory tests showed that all three grades of fuel oil reached their cloud point very
quickly, at around one hour. The rapid cooloing was due to the small sample size, the
removal of water from the sample and controlled cooling in various degrees of cold baths.

The laboratory conditions provided a good illustration of the theoretical behaviour of fuel
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oil under extreme cold conditions. The laboratory tests show that the summer grade fuel oil
and winter geade fuel oil met their standard cloud points and the summer grade fuel oil even
exceeded its standard cloud point. Renewable fuel oil did not fully meet the requirements of

the standard, but was close.

Measurements taken under transport conditions showed that the cooling of the fuel oil was
much slower under transport conditions than under laboratory conditions. The amount of
fuel oil transported during transport was significantly higher than that tested in the
laboratory. Heat is transferred away more slowly from a larger quantity of fuel oil. The
tanker design, the driving curve, the mixing of the fuel oil in the tanker block and the highly
variable ambient temperatures also influenced the temperature changes in the fuel oil during

transport.

Based on the thesis, it can be concluded that a rapid drop in fuel oil temperature and clouding
of the fuel oil was achieved under laboratory conditions. Under transport conditions, the
cooling of the fuel oil was much slower, but the results showed that the temperature drop
was faster in transports where the temperature difference between the fuel oil and the
ambient temperature was large. The duration of the transport, the quantity of fuel oils
transported, the ambient temperature, the quantities of fuels transported in adjacent blocks
and the temperatures varied during each transport, making it difficult to compare the
temperature behaviour of different qualities of fuel oils when conditions are not exactly the
same. However, from the studies carried out during the transports, it can be concluded that
the temperature of all grades of fuel oil started to drop rapidly at the beginning, after which
the temperature change slowed down. This was due to a smaller temperature difference
between the fuel oil and the ambient temperature. No significant difference in temperature

behaviour was observed between renewable fuel oil and conventional fuel oil.

The mathematical model of fuel oil temperature changes presented in the thesis theoretically
predicts the temperature behaviour of fuel oil. In real life and in practice, changes in fuel oil
temperature are influenced by many external factors, such as ambient temperature and tank

structure.

The results of the thesis must take into account the measurement uncertainty factors
associated with practical measurements and studies in laboratory tests and in-transit

measurements. Under transport conditions, the temperature of the fuel oil was measured with
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a temperature sensor placed inside the tanker block. The measurement uncertainty was
affected by the position of the temperature sensor in the fuel oil during transport and by the
mixing of the fuel oil caused by the movements of the tanker. These factors can cause local
temperature differences between the location of the temperature sensor and the total fuel oil
volume. The temperature of the fuel oil was collected just before the unloading time and
compared with the unloading temperature of the fuel oil provided by the tanker truck
technology, and the temperatures were found to be very similar. This ensured the reliability
of the measurement results, as two different instruments measured the same temperatures of
the fuel oil. The detection of the brightness of the fuel oil was done visually, which makes

the result subjective and may lead to variable results in some cases.

During the laboratory tests, the measurement uncertainty was lower because the laboratory
conditions were more controlled than during transport and the sample was exposed to a
steady but gradually cooling environment. Also under laboratory conditions, visual detection
of the cloud spot involves subjective judgement, which may cause a small variation in the

results.

The mathematical model presented in the thesis has no measurement uncertainty and the
conditions are assumed to be the same as in a real transport situation. However, in the real
situation, conditions vary widely, and there may be discrepancies between the results of the

mathematical model and the results of measurements made during transport.

The results of the thesis provided practical information and training material, especially for
fuel drivers. The results of the thesis also support the use of renewable fuel oil in cold
conditions and strengthen its performance compared to conventional fuel oil. No similar
practical studies have been carried out to monitor the temperature behaviour of different
grades of fuel oils under real transport conditions and compare these with measurements
made under laboratory conditions. Future studies could, for example, look in more detail at

how the cooling of fuel oils during long journeys could be influenced.
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