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Abstract 

Pollution and environmental concerns require further improvements in engine tech-

nology as well as research of alternative fuels. Users of handheld products are di-

rectly exposed to the exhaust gas and thus to the occurring emissions, which can 

cause significant damage. Pursuing to reduce emissions is therefore a vital task. 

The European commission proposed a renewable energy directive, that claims a 

biofuel share of at least 6,8% by 2030 and a reduction of first generation fuel but 

an increasing of second generation fuels. Ethanol is up to now the most common 

source of renewable alternatives in gasoline blends. Isobutanol has several ad-

vantages over ethanol and can be produced as a second generation biofuel.  

This thesis aims to get a better understanding on how isobutanol influences the 

emission and combustion in small two-stroke engines and furthermore what effect 

different isobutanol blends with neat gasoline and alkylate have on the engine per-

formance. 

Different isobutanol blends with neat gasoline as well as alkylate fuel have been 

used and analyzed. 

This thesis has via an experimental study shown, that hydrocarbon as well as carbon 

monoxide emission increased with increasing isobutanol percentage. Hence, nitro-

gen oxides emission decreased with isobutanol. Lower cylinder and exhaust tem-

peratures were measured with isobutanol blends. Through cylinder pressure meas-

urements, the mass fraction burned, mass fraction burned 50% and rapid burning 

angle could be analyzed. It has shown that isobutanol blends reach a mass fraction 

burned of 50% slightly later and have a greater rapid burning angle. 
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1 Introduction 

1.1 Background 

Biofuels are alternative fuels derived from biomass. Biofuels often contain oxygen 

that can lead to a more efficient combustion which can reduce the greenhouse emis-

sions (Sharudin, 2016). Ethanol is up to now the main source for renewable alter-

natives in gasoline blends and is available as 5% (E5) or 10% (E10) blends with 

gasoline at most petrol stations. Ethanol compared to gasoline comes with the dis-

advantages that it has a lower energy density and is corrosive. Additionally, ethanol 

is hygroscopic, so it attracts water which can significantly change the fuel properties 

(Wiggins, et al., 2015).  

In the past years, several research activities regarding alternative fuels have been 

performed. Isobutanol is an isomer1 of butanol, a 4-carbon alcohol also known as 

butyl-alcohol with the formula C4H9OH. It has similarities to ethanol, both contain 

fuel-bond oxygen and is fully miscible with gasoline. However, isobutanol has a 

higher energy density, is not corrosive and stays primarily in a non-aqueous phase 

when in contact with water (Wiggins, et al., 2015).  

The promising properties of butanol isomers have awakened the interest of re-

searches and various studies have been conducted on 1-butanol and 2-butanol 

blends and the effect on emission and engine performance on SI as well as CI en-

gines (Elfasakhany, 2016) (Irimescu, 2012) (Mathan Raj, et al., 2017). These stud-

ies have shown that emissions can be reduced significantly through butanol-blends.  

Hence, only few studies have been performed with isobutanol blends and even 

fewer with isobutanol blends on small two-stroke engines. As far as known there 

have not been studies with blends of alkylate fuel with isobutanol.  

Due to the fact, that users of handheld-products are directly exposed to its exhausts, 

the reduction of occurring emissions is of great importance. Therefore, this thesis 

aims to conduct further research to find new blends to possibly use as fuel in the 

future. 

1.2 Presentation of the client 

The thesis was conducted at Husqvarna AB in Huskvarna, a company that belongs 

to the Husqvarna Group. Husqvarna Group serves the markets forestry, gardening 

and construction. The history goes back to the 17th century where everything has 

started with a small rifle factory in Huskvarna, Sweden (Husqvarna, n.d.). The 

Husqvarna group is divided into 10 different brands and has about 13.000 employ-

ees in 40 countries (Husqvarna, 2018c). 

In 1959 Husqvarna used their expertise in engine development, from previous ex-

perience in motorcycle production and started with the production of chainsaws and 

from there on expanded and grew in the market of gardening and forestry. Today it 

is the largest producer of outdoor power products.  

 

                                                           
1 Difference between the isomers of Butanol are discussed in 2.4.2 
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Husqvarna has a big interest in sustainability and innovation and was listed in the 

Global 100, a list of the most sustainable corporations, in 2014 (Staff, 2014). Ac-

cordingly, the pursue of reducing emissions, occurred through petrol products, is a 

big part in Husqvarna´s Research & Development department.  

1.3 Aim of the study 

The aim of the project is to get an understanding by an experimental study on how 

isobutanol blends interact with small two-stroke engines of handheld petrol prod-

ucts. What effect isobutanol blends have on the engine performance, compared to 

regular gasoline and alkylate, and how it influences the emissions. 

1.3.1 Research questions 

• How does isobutanol influence the emission and combustion in a small two-

stroke engine? 

• What effects do different isobutanol blends with neat gasoline and alkylate 

have on the engine performance? 

1.4 Limitations 

The experiments during this thesis are conducted in an engine laboratory of 

Husqvarna AB. Field tests will not be conducted neither will tests on the material 

suitability with isobutanol and the product components. The miscibility of isobuta-

nol and oil is not analyzed and neither the availability of isobutanol on the market. 

1.5 Study environment 

The thesis starts with a literature review that was fulfilled at the University of Halm-

stad, where the library and the associated databases were used. The engine experi-

ments, which includes preparations and setting up of the test bed were conducted at 

the engine lab at the site of Husqvarna AB. Precisely in cooperation with the Global 

Engine Group. An office space was provided, from where subsequent postpro-

cessing and analyzing of collected data was performed. During the thesis, a wide 

range of engine equipment such as emission analyzer, dynamometer and pressure 

measurement has been used. For preparations of the engine, the workshop and its 

equipment has been utilized. Furthermore, MATLAB has been used for calculations 

and visualizing of the results. 
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2 Theory 

This part gives a short background of combustion engines in general and explains 

engine and combustions parameters. Furthermore, fuels in general, biofuels and 

isobutanol are explained. To understand how the experiments were performed, the 

experimental setup, which was used, is explained. 

2.1 Internal Combustion Engine 

Heywood (1988) defines an Internal Combustion Engine with the following “The 

purpose of internal combustion engines is the production of mechanical power from 

the chemical energy contained in the fuel. In internal combustion engines, as dis-

tinct from external combustion engines, this energy is released by burning or oxi-

dizing the fuel inside the engine” (Heywood, 1988).  

The term “Internal combustion engine” goes back to the 19th century where J. J. E. 

Lenoir developed the first engine where a mixture of gas and air were drawn into a 

cylinder and was then ignited and the pressure increased. These engines had up to 

six horsepower with an efficiency of about 5%.  

2.1.1 General principle 

A simple example of a combustion is the reaction of methane with O2. In a stochi-

ometric reaction, methane reacts with two O2 molecules to CO2 and two molecules 

of H2O. Through this reaction, energy is released as heat. (TSI Incorperated, 2004) 

 𝐶𝐻4 + 2𝑂2  →  𝐶𝑂2 + 2𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 R. 2.1 

The most common internal combustion engines are reciprocating engines, where a 

piston moves back and forth and transmits the power through a connecting rod to a 

crankshaft that drives a shaft. The reaction can be started either through spark igni-

tion (SI) or compression ignition (CI). A full process can be fulfilled within four 

strokes (Four stroke engine) or two strokes (two stroke engine). This means that the 

crankshaft does either two full revolutions or only one (360°). Two-stroke engines 

are especially interesting for handheld products, because of their light weight and 

great power to weight ratio. 

2.1.2 Two-Stroke Cycle 

As said above, in a two-stroke engine a full cycle is fulfilled within two strokes. 

During the compression stroke, the piston moves upwards and closes the inlet and 

exhaust ports and compresses the fuel-air mixture while a fresh charge draws into 

the crankshaft. Before the piston reaches TDC, the combustion is initiated by a 

spark plug. (Figure 2.1) 

Through the increasing pressure in the cylinder, the piston moves downwards, 

called expansion or power stroke. When the exhaust ports and inlet ports are un-

covered, the burnt gases blow out through the exhaust port and the fresh charge, 

which has been compressed in the crankcase, flows in the cylinder and the cycle is 

completed (Heywood, 1988). (Figure 2.1)  
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Figure 2.1 Principle of a two-stroke engine with cross-scavenging (Kirkpatrick, 2016) 

The cylinder pressure and corresponding cylinder volume can be plotted on a p-V 

diagram. (see Figure 2.2) The indicated work per cycle and cylinder (Wc,i) is repre-

sented by the enclosed curve and can be calculated by integration: 

 
𝑊𝑖,𝑐 = ∮ 𝑝𝑑𝑉 Eq. 2.1 

 
Figure 2.2 Two-Stroke cycle in a pv-diagram (Pulkrabek, 1997) 

 

In a two-stroke engine, there are mainly three different types of scavenging: cross-

scavenging, loop-scavenging and uniflow-scavenging. The flow of the scavenging 

process is controlled by the orientation of the scavenging ports. In cross- and loop-

scavenged the inlet and exhaust ports are opened shortly before the piston reaches 

BDC. In contrast, a uniflow-scavenged engine has exhaust valves in the cylinder 

head and inlet ports in the cylinder wall. Today, uniflow-scavenged is mostly used 

for large marine propulsion engines. Loop-scavenged has a greater efficiency than 

cross-scavenged and is therefore used in small two-stroke engines, accordingly also 

in handheld-products (Source).  

The general principle of all three types is the same, the fuel-air mixture must be 

supplied to the inlet ports at a higher pressure than the exhaust system pressure 

(Heywood, 1988).  
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The downside of these scavenging systems is, that for a certain time inlet and ex-

haust ports are open together. This means that while a fresh charge enters the cyl-

inder, an amount of unburnt fuel of the air-fuel mixture leaves the cylinder through 

the exhaust port. This is known as the biggest disadvantage of two-stroke engines 

compared to four-stroke engines and increases the emissions tremendously as well 

as the fuel consumption.  

This problem has been solved by the development of stratified engines. With this 

technology, the fuel consumption can be reduced by 20% and the emissions de-

creased by 60% (Husqvarna, 2018a).  

Stratified engines are based on conventional two-stroke engines but with two es-

sential modifications. The first modification is an additional channel added to the 

cylinder, called the stratifying channel. This channel is only supplied by fresh air at 

atmospheric pressure and not by the carburetor or throttle. The second modification 

is a pocket on the piston. This pocket creates a pass from the stratifying channel to 

the scavenging channel. 

 
Figure 2.3 Stratified charge of a chainsaw engine (Husqvarna, n.d.) 

The pass will only be possible at a certain interval of crank angle degree (CAD). 

At this interval, the pressure of the scavenging channel is below the pressure of 

the stratifying channel and therefore forces fresh air from the stratifying channel 

through the piston into the scavenging channel. (Figure 2.3 left) 

The fresh air, now in the scavenging channel, compressed the air fuel mixture and 

remains at the top of the scavenging channel until the scavenging port opens and 

fresh air will enter the cylinder first. (Figure 2.3 middle picture) It is unavoidable 

that fresh air mixes with the air fuel mixture within the scavenging cylinder, but the 

fluid that enters the cylinder first has a much lower concentration of fuel and a high 

concentration of air. Husqvarna uses the name X-Torq for the stratified charge tech-

nology. 
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2.1.3 Engine geometry and parameters 

The following parameters define the general engine characteristics and are needed 

for further calculations. 

Vd – Displacement volume (total cylinder volume) 

Vc – Clearance volume (Remaining volume when pis-
ton at TDC) 

B - Bore 

L - Stroke 

a – crank radius 

θ – Crank angle degrees (CAD) 

s – Cylinder position 

l – Connecting rod length 

 

 

 

 

 

The compression ratio rc of a reciprocating engine is defined as: 

 
𝑟𝑐 =  

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒

𝑚𝑖𝑛𝑖𝑢𝑚𝑢𝑚 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
=  

𝑉𝑑 + 𝑉𝑐

𝑉𝑐
 Eq. 2.2 

S is the distance between crank axis and piston pin axis and defined by: 

 𝑠 =  𝛼 ∗ cos(𝜃) +  √(𝑙2 − 𝑎2𝑠𝑖𝑛2𝜃) Eq. 2.3 

Volume at any given CAD can be calculated through the following: 

 
𝑉 = 𝑉𝑐 +

𝜋 ∗ 𝐵2

4
(𝑙 + 𝑎 − 𝑠) Eq. 2.4 

The air to fuel ratio is the mass ratio of air to fuel. The stochiometric air to fuel 

ratio, gives the ideal ratio: 

 𝐴

𝐹
=  

𝐴𝑖𝑟 𝑚𝑎𝑠𝑠

𝐹𝑢𝑒𝑙 𝑚𝑎𝑠𝑠
 Eq. 2.5 

The equivalence ratio is the ratio between the stochiometric air to fuel ratio that is 

calculated, and the actual ratio measured: 

 

𝜆 =  
(

𝐴
𝐹) 𝑎𝑐𝑡𝑢𝑎𝑙

(
𝐴
𝐹) 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 Eq. 2.6 

λ smaller 1 is defined as a rich mixture, λ greater 1 is defined as a lean mixture. If 

λ is equal to 1, the mixture is at stoichiometry. 

 

 

Figure 2.4 Geometry of cylinder, con-

necting rod, crankshaft (Heywood, 

1988) 
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Cylinder pressure: 

Measuring and analyzing the cylinder pressure is an important technique in com-

bustion engine technology. The pressure inside the combustion chamber can be 

plotted against the CAD. These curves give useful information about the engine 

performance. The cylinder pressure data can be used for calculations of the heat 

release rate. 

2.1.4 Combustion parameters 

Heat release rate: 

The heat-release rate can be used as a method to evaluate the combustion process. 

It is defined as the difference between the heat released from combustion and the 

heat transferred to the walls (Heywood, 1988).  

 𝑑𝑄𝑛

𝑑𝑡
=

𝑑𝑄𝑐ℎ

𝑑𝑡
−

𝑑𝑄ℎ𝑡

𝑑𝑡
= 𝑝

𝑑𝑉

𝑑𝑡
+

𝑑𝑈𝑠

𝑑𝑡
 Eq. 2.8 

dQn/dt  → net heat-release rate 

dQch/dt → gross heat release rate 

dQht/dt  →heat transfer rate to the wall 

Assuming that the contents of cylinder can be modeled as an ideal gas: 

 𝑑𝑄𝑛

𝑑𝑡
= 𝑝

𝑑𝑉

𝑑𝑡
+ 𝑚𝑐𝑣

𝑑𝑇

𝑑𝑡
 Eq. 2.9  

The ideal gas law gives: 

 𝑝𝑉 = 𝑚𝑅𝑇 Eq. 2.10 

With R assumed constant follows: 

 𝑑𝑝

𝑝
+

𝑑𝑉

𝑉
=

𝑑𝑇

𝑇
 Eq. 2.11  

This equation can be used to eliminate the temperature T 

 𝑑𝑄𝑛

𝑑𝑡
= (1 +

𝑐𝑣

𝑅
) 𝑝

𝑑𝑉

𝑑𝑡
+

𝑐𝑣

𝑅
𝑉

𝑑𝑝

𝑑𝑡
 Eq. 2.12 

 

 𝑑𝑄𝑛

𝑑𝑡
= (

𝛾

𝛾 − 1
) 𝑝

𝑑𝑉

𝑑𝑡
+

1

𝛾 − 1
𝑉

𝑑𝑝

𝑑𝑡
 Eq. 2.13  

Where γ is the ratio of the specific heats: cv/cp. 

Mass fraction burned: 

Based on the released heat rate, the mass fraction burned can be calculated by 

 
𝑥𝑏(𝜃) =

𝑄(𝜃)

𝑄𝑡𝑜𝑡
 Eq. 2.14  

With Qtot as the total amount of heat released by the combustion. 
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50% mass fraction burned: 

The 50% mass fraction burned (MFB50) is a measurement of the time when half of 

the heat is released from the fuel. It is plotted against the Crank Angle and therefore 

gives the CAD at which 50% is burned. Figure 2.5 shows a mass fraction burned 

curve with the MFB50 marked. 

 

 

 

 

 

 

 

 

 

 

 

 

Rapid-burning angle (Δθb): 

The rapid-burning angle is defined as the angle between the end of flame develop-

ment stage (usually mass fraction burned of 10%, θ10%) and the end of the flame 

propagation (usually mass fraction burned 90%, θ90%) (see Figure 2.5 ). This inter-

val gives an indication for the combustion speed.  

Coefficient of variation (COV): 

An important indication for the cycle variability is given by the coefficient of vari-

ation in indicated mean effective pressure. It is defined by the standard deviation in 

indicated mean effective pressure (imep) and the mean imep, and expressed in per-

cent: 

 
𝐶𝑂𝑉𝑖𝑚𝑒𝑝 =

𝜃𝑖𝑚𝑒𝑝

𝑖𝑚𝑒𝑝
∗ 100 Eq. 2.15 

The imep is the average cylinder pressure over a complete engine cycle, 360° in 

two-stroke engines. 

According to Heywood (1988) drivability problems occur when the COV exceeds 

10%. Stone (1992) states that for good drivability the COV should not be greater 

than between 5-10% (Heywood, 1988) (Stone, n.d.). The number of cycles which 

should be averaged, depend on the combustion variability. For a highly repeatable 

engine, 40-100 cycles might be enough, when the cycles vary a lot several hundred 

might be necessary. (Heywood, 1988) 

 

 

Figure 2.5 Mass fraction burned versus crank angle 
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2.2 Emissions 

SI and CI engines are a big source for air pollution. During the Combustion process 

different emissions are formed in the engine, this includes nitrogen oxides (NOx), 

carbon monoxide (CO) and hydrocarbons (HC) (Kirkpatrick, 2016). Carbon diox-

ides (CO2) is the most common known component of exhaust gas, but not consid-

ered as a pollutant. CO2 does not directly cause health problems and is the main 

product of a combustion along with H2O. The amount of occurred emissions de-

pends on engine design and operating conditions.  

The occurring emissions of internal combustion engines have been reduced signif-

icantly during the last decades. 

In 2005 a vehicle powered by a gasoline engine emits between 1% to 3% carbon 

monoxide of a vehicle with a comparable size in 1970 (Plint, 2012). The average 

fuel consumption of an automobile was reduced by 50% from 1970 to 1990. Nev-

ertheless, with an increasing amount of vehicles, the total fuel consumption did not 

decrease.  

Therefore, pollution problems increased further, and it is necessary to improve en-

gines and decrease their emissions.  

Nitrogen oxides: 

In SI engines, the dominant NOx component is nitric oxide (NO), the nitro dioxide 

(NO2) concentration is about 1 percent of the total NOx emission. Nitric oxides will 

oxidize to nitrogen dioxide in the atmosphere, react with unburned hydrocarbons 

and form smog (Kirkpatrick, 2016). Especially an exposure to nitrogen dioxide can 

cause airway inflammation and lung disease.  

Three major chemical mechanism produce NO: thermal or Zeldovich mechanism, 

prompt or Fenimore mechanism, and the combustion of fuel-bound nitrogen. The 

forming of nitrogen oxides is influenced by several operational parameters like 

equivalence ratio, spark timing and engine speed. NOx emissions are low during 

engine start and warm-up, but scale proportionally with engine load and are highly 

dependent of temperature.  

The Zeldovich mechanism is the most significant one for internal combustion en-

gines, here NO is formed in high-temperature burned gases behind the flame front 

(Kirkpatrick, 2016). Within the thin combustion flame front the Fenimore mecha-

nism occurs, but since the high-temperature burned gas is much larger, the NO 

emission through the Fenimore mechanism are relatively small compared to the 

Zeldovich mechanism. Fossil fuels contain nitrogen, during combustion hydrogen 

cyanide and ammonia are formed, react with O and OH to form NO (Kirkpatrick, 

2016).  

 𝑂 + 𝑁2  ⇌ 𝑁𝑂 + 𝑁 R. 2.2 

 𝑁 + 𝑂2  ⇌ 𝑁𝑂 + 𝑂 R. 2.3 

 𝑁 + 𝑂𝐻 ⇌ 𝑁𝑂 + 𝐻 R. 2.4 
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Carbon monoxides: 

Carbon monoxides emerge through insufficient oxygen in rich-running engines, 

since not all carbons can be converted to carbon dioxide. The CO emissions in an 

Internal Combustion Engine are mostly influenced by the fuel/air equivalence ratio 

and increase with a richer mixture (Heywood, 1988). Carbon monoxides are color-

less, odorless and tasteless but highly toxic. It usurps the space in the blood which 

normally carries oxygen. A poisoning includes among other symptoms like head-

ache, fatigue and vomiting. 

Hydrocarbons: 

These emissions can be classified in two different classifications: total hydrocar-

bons (THC) and nonmethane organic gases (NMOG).  

Usually the term total hydrocarbon is used to describe the hydrocarbon emissions 

and with the unit part per million carbon atoms.   

Hydrocarbons (HC) result from the existence of unburned fuel in the exhausts and 

are greater during start and warm-up. When hydrocarbons are released to the at-

mosphere, they react and form smog. There is a wide variety of hydrocarbons from 

engine exhausts, some are nearly inert, others are highly reactive in smog producing 

and some are carcinogenic. 

Heywood describes four different possibilities on how hydrocarbons (HC) emis-

sions can be formed (Heywood, 1988):  

1) a layer of unburned fuel-air mixture on the cylinder walls through fuel 

quenching 

2) filling of crevice volumes with unburned fuel-air mixture  

3) absorption of fuel vapor into oil layers on the wall  

4) poor combustion quality, through inadequate Air/Fuel ratio, spark timing 

or exhaust gas recirculation (EGR) 

In two-stroke engines, a high amount of HC emissions occurs through unburned 

fuel. As explained in 2.1.2, an amount of air-fuel mixture leaves the engine un-

burned. The stratified charge technology has reduced this issue but does not elimi-

nate it completely. 

2.3 Experimental engine research 

As seen in 2.2 in an internal combustion engine, different emissions occur. To 

measure these emissions, different measurement methods have been developed. 

The three most common ones are Nondispersive Infrared Analyzer (NDIR), Chem-

iluminescence Detector (CLD) and Flame Ionization Detector (FID). These three 

methods are described in the following part. A further explanation about these three 

emission measurement methods can be found in Appendix A. 

2.3.1 Pressure measurement 

Cylinder pressure measurements are usually performed with piezoelectric pressure 

transducers. These contain a small quartz crystal with one end exposed to the cyl-

inder pressure. When the crystal is compressed, it generates an electric charge, pro-

portional to the cylinder pressure.  
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A charge amplifier is then used to produce and output voltage (Heywood, 1988). 

There are also pressure transducers that work by deflection of an optic fiber. These 

applications can be down to a size of 2mm of diameter and thus can be used in small 

and difficult areas but are not yet produced in high volumes (Plint, 2012).   

2.3.2 Power and torque measurement 

The torque of an engine is usually meas-

ured with a dynamometer (also dyno). 

Therefore, an engine is mounted on a test 

bed and the shaft is connected to the dyna-

mometer rotor. This rotor is coupled either 

electronically, hydraulically or by me-

chanical friction to a stator.  

The principle of a dyno can be seen in Fig-

ure 2.6 

The torque that is exerted is measured by balancing the stator with weights, 

springs, or pneumatic appliances. 

 𝑇 = 𝑟 ∗ 𝐹 Eq. 2.16 

By measuring the torque and speed the power can be calculated by: 

 𝑃𝑘𝑊 = 2𝜋𝑁𝑇 Eq. 2.17 

The measured power described above is defined as the brake power Pb (Heywood, 

1988). 

Dynamometers can be classified by the type of absorption. Some common absorp-

tion units are:  

• Eddy-current 

• Water brake 

• Hydraulic brake 

• Electric motor/generator 

 

2.4 Fuels 

Petroleum based fuels have been used as an engergy source for automotive vehicles 

for over hundred years. The annual consumption of crude oil is around 12,2 Billion 

and expected to increase to 17,5 Billion tons by 2035. It is predicted that the con-

sumption in South-East Asia will increase by 75% by 2030 (Srivastava & Hancsók, 

2014).  

Usually with rising of crude oil prices, the demand for alternative fuel rises as well, 

but once the prices decrease, the discussion drops. Fossil fuels are finite and at some 

point, alternatives are necessary. But this limitation is not the only reason for alter-

natives.  

Research of biofuels have shown that they can reduce the emissions significantly 

and theoretically biofuels release only the CO2 amount that was taken up during 

growth. This is the same case for fossil fuels, but with the significant difference that 

the of biofuels are immediately replanted and therefore a sustainable system exist.  

Figure 2.6 Principle of a dynamometer [11] 
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By looking at the well-to-wheel carbon footprint, the CO2 emissions are analyzed 

during the entire process including production, transport, distribution etc. 

(Biofuel.org.uk, 2010). 

2.4.1 Biofuels 

Biofuels are energy sources from biological material. They are produced in a short-

term period (weeks, month, years), in contrast to that, fossil fuels take millions of 

years to form.   

Biofuels are divided into First Generation, Second Generation and Third Genera-

tion Biofuels. 

First Generation: 

First Generation Biofuels are directly produced from food crops like sugar cane, 

corn, canola or soy. The fact that food is used to produce fuel has led to several 

controversial discussions of Food vs. fuel. Some studies showed that the produc-

tion of First Generation Biofuels lead to increasing food prices (Malins, 2017) 

(Rice, n.d.). Palm oil for example would, according to the new proposed RES Di-

rective, be banned as a biofuel in the EU from 2021 (Wilson, 2018). 

Second Generation: 

Second Generation Biofuels are also known as Advanced Biofuels use energy 

sources that are not food crops or use food crops when they already have fulfilled 

their purpose such as waste vegetable oil. Advanced Biofuels can also be produced 

from for example wood crops or municipal waste.  

The production is more difficult than First Generation Biofuels and a Pre-treatment 

before the Fermentation is necessary. Therefore, Second Generation Biofuels are 

more expensive than First Generation Biofuels. The European Commission 

launched a Directive on the promotion of renewable energy sources (RES Di-

rective). This directive sets the target to increase the Advanced Biofuels to 3,6% by 

2030 and decrease the amount of First Generation Biofuels (Wilson, 2018).  

This expresses the importance of Second Generation Biofuels and the importance 

of research of these fuels.  

Third Generation:  

Fuel produced from Algae are describe as Third Generation Biofuels. Algae as a 

source for alternative fuels is predicted to have a promising future but according 

to a study from Exxon, Algae production will not be viable within the next 

25years (Biofuel.org.uk, 2010). 

2.4.2 Butanol 

As said before, Butanol has several advantages over ethanol and is highly regarded 

as an alternative energy source for SI engines Butanol has four different isomers. 

Isomer means that substances have the same set of atoms, but a different arrange-

ment on how they are connected (Coppola, n.d.). Therefore, the chemical and phys-

ical properties differ. The isomers of Butanol are: normal butanol (n-butanol, 1-
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butanol), secondary butanol (s-butanol, 2-butanol), iso-butanol(i-butanol) and ter-

tiary butanol (t-butanol, tert-butanol). Figure 2.7 shows the different structural for-

mula of 1-butanol, 2-butanol and iso-butanol.  

Several methods to increase the production for iso-butanol and n-butanol have re-

cently been introduced. Hence, not for 2-butanol and t-butanol (Elfasakhany, 2016). 

 
Figure 2.7 Structural formula of 1-butanol (left), 2-butanol (middle), iso-butanol (right) 

2.4.3 Alkylate 

Alkylate is a special, cleaner fuel, for handheld products, that is produced through 

alkylation. It is often referred as “green fuel”. Alkylate fuel contains hardly any 

oxygen and allows the fuel to be stored for a long time without quality loss. In 

contrast to regular gasoline, alkylate does not contain aromatic compounds, nor 

benzene, sulphur or toluene. This way the harm on the health of the user can be 

significant reduced. 

2.4.4 Fuel properties  

Octane Number: 

Knocking is a phenomena that occurs when some air-fuel mixture combusts in front 

of the normal combustion front that was propagated through the spark plug. This 

phenomenon should not be mistaken with pre-ignition, which occurs before the 

spark plug ignited. The Octane number is a measure of a fuel’s  resistance against 

knocking. The higher the Octane number, the higher the resistance against knock-

ing. Lengthening the main carbon chain increases the knocking tendency, but 

branching decreases the knocking tendency. Additional information on how the oc-

tane number is measured can be found in Appendix B. 

Reid Vapor Pressure:  

Reid Vapor Pressure (RVP) is a method to measure the vapor pressure of gasoline 

and states its volatility. The RVP has a direct influence on the start ability and vapor 

lock. Vapor lock describes a phenomenon were the fuel changes state from liquid 

to gas within the fuel delivery system. In general, in summer conditions a lower 

RVP is desired to avoid vapor lock, hence in winter a higher RVP is needed to 

increase the start ability. To achieve these requirements different fuels are used in 

summer than winter, with a transition period in between. The different fuel classes 

and volatility requirements as well as the applying dates of the classes is regulated 

by the European gasoline Standard EN 228 (SIS, 2013). 

Calorific Value: 

The calorific value, heating value or energy value is the total amount of energy that 

is produced by a complete combustion and is measured in kJ/kg.  

The different properties and specification between Gasoline, Ethanol, Methanol, 

Alkylate and the three described isomers of Butanol can be seen in Table 2-1.
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Table 2-1 Fuel properties (Andersen, et al., 2010) (Srivastava & Hancsók, 2014) (NIST, 2017) 
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Density [g/cm³] 0,74 0,79 0,7 0,81 0,81 0,81 0,74 

Calorific value 

[MJ/Kg] 

42,84 26,84 44,55 33,12 33,92 35,69 43,94 

RON [-] 95 109 >95 99 105 105 91,2 

MON [-] 85 97 92 78 91 94 83,4 

Oxygen content 

[%] 

0 34,8 0 21,6 21,6 21,6 < 0,01 

Air requirement 14,51 8,97 15,1 11,17 11,17 11,17 14,54 

RVP [kPa] 60-62 16 55-65 2,2 5,3 6,6 53 

 

2.5 Fuel legislation 

According to the Swedish standard for automotive fuels, unleaded petrol with a 

maximum oxygen content of 3,7 % (m/m) can contain up to 15 % (V/V) of Iso-

butanol. It has to be mentioned that the maximum of 3,7 % (m/m) oxygen content 

can not be exceed and therefore it would not be possible to mix gasoline with 10 

%(m/m) ethanol (E10) and 15%(m/m) Iso-butanol (SIS, 2013). 

The standard for small engine gasolines does not directly mention limitations to 

Iso-butanol or other alcohols, but it limits the oxygen content to a maximum of 0,10 

% (V/V) (SNV, 2011). Therefore, the standard would not allow blending Alkylate 

with Isobutanol.  

2.6 Summary of literature research 

Bertsch et. al. (2012) has shown that nitrogen oxides as well as hydrocarbons can 

be reduced with increasing percentage of 1- and 2-butanol. The indicated mean ef-

fective pressure increased with 1-butanol, but slightly decreased with 2-butanol. 

Furthermore, 2-butanol influenced the cycle variation and lead to a higher CO-

Vimep. Hence, the effect of 1-butanol was not that significant.  1-Butanol lead to 

an earlier mass fraction burned 50%. Blends with 2-butanol and alkylate fuel 

showed a significant reduction of nitrogen oxides and a slight reduction of hydro-

carbons. During the experiments the air-fuel ratio was set to 0,85 and a standard 

ignition time used. Elfasakhany (2016) conducted studies on a single-cylinder four-

stroke engine and showed that the amount of carbon monoxide and hydrocarbons 

decreased in lower engine speed but increased at a higher engine speed. The brake 

power decreased of about 6% at high engine speed, whereas the torque only de-

creased around 1%. (Huang, et al., 2016) tested different 1-butanol blends on a four-

stroke scooter engine. The results show increasing hydrocarbon and carbon mon-

oxide emissions with increasing percentage of 1-Butanol. Nitrogen oxide emissions 
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increased at lower percentage of 1-butanol but decreased with a higher percentage. 

The results of these studies vary, depending on engine parameters and experimental 

setup. Additionally, quite significant differences between the isomers of butanol, 1-

butanol, 2-butanol and isobutanol, could be seen. (Bertsch, et al., 2012) has shown 

that gasoline blends with 1- and 2-butanol reduce THC and NOx emissions with 

increasing percentage of alcohol, and 2-butanol reduces CO emission. 

3 Methods 

The following describes the methods used during the thesis. Starting with a general 

process that was followed along the project, continuing with a description of the 

used experimental equipment. Afterwards the used fuel samples are listed, the prep-

arations for the experiments explained, followed by the preparations for the exper-

iments and the procedure how the experiments were conducted. Completing with a 

description of the quality aspects that influenced the experiment design, conduction 

and analyzing of data. 

3.1 Chosen methodology  

 
Figure 3.1 Flowchart of the way towards the results 

Generally, the methods during the thesis can be divided into three parts. The first 

part consists of planning of the experiments, deciding the experiments and generat-

ing a fuel-matrix. During this phase, a literature study was conducted, and the meth-

ods of brainstorming and interviews were used to generate ideas and make deci-

sions. The second part was practical and contains the preparation of the experi-

ments, setting up the test rig and conclusively conducting the experiments. As dis-

cussed in 3.5.1, to achieve repeatability, accuracy and reliability, the aspects of 

quality management are indispensable.  

Quality Assurance has influenced the procedure of the Design Experiments, Con-

duct Experiments and Analyze Data parts.  The last phase during this thesis is to 

analyze, interpret and verify the collected data. In the analyzing part a decision has 

to be made whether the results are satisfying or not. The flowchart contains a loop, 

if the results are not satisfying, adjustments need to be made to the experiments and 

they need to be conducted again. The way from the start towards the results of the 

experiment is presented as a flowchart in Figure 3.1 
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Interviews: 

Interviews with experienced engineers are a great way to collect data and to under-

stand problems. These can for example be structured, unstructured or semi-struc-

tured. Most of the interviews conducted at the Husqvarna site were in a semi-struc-

tured way.  

A semi-structured way gives the possibility to allow new ideas to emerge during 

the interview and therefore increases the output. The outcome of an interview is 

difficult to estimate and were often conducted spontaneous depending on the time 

of the interviewee.  

Furthermore, interviews can be divided into qualitative and quantitative interviews. 

In qualitative interviews, the researcher does not provide answer options do the 

questions and therefore uses open-ended questions. Hence, quantitative interviews 

contain closed-ended questions where the participants choose an answer from a se-

lection. During this project, only qualitative interviewing techniques were used. 

3.2 Experimental equipment 

In the following the equipment that was used during the experiments is described. 

This includes the engine with its parameters, dynamometer, description of the emis-

sion analyzer, temperature and pressure measurement, and a schematic drawing of 

the experimental setup. 

3.2.1 Engine 

The engine used during the experiments is from a Husqvarna 372 XP chainsaw. 

This engine is equipped with the stratified charge technology, which was explained 

in 2.1.2. The specifications of the engine are shown in Table 3-1  

Table 3-1 Engine specifications (Husqvarna, 2018b) 

Engine type Husqvarna 372 XP 

Displacement 70,7cm³ 

Cylinder bore 50mm  

Stroke 36mm 

Connecting rod length 65mm 

Power output 4,1 kW/10200 rpm 

Max. Torque 3,8 Nm/6600rpm 

Idle speed  2700 rpm 

Compression ratio 9,9 

Ignition time 25° bTDC 

 

3.2.2 Dynamometer 

The dynamometer used during the experiments is an Eddy current dynamometer 

from the producer Zöllner Kiel. The connection between the engine and the dyno 

limits engine speeds over 200rps. The dynamometer is connected to the computer 

were power and torque are displayed. 
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3.2.3 Emission analyzer 

The emission analyzer used in the engine lab is from the MEXA 7000 series from 

the company Horiba. It consists of a system control unit (MCU), Interface unit 

(IFC), Analyzer rack (ANR) with three different analyzers, a power supply unit 

(PSU), a solenoid valve unit (SVS) and a sample handling unit (SHS). The different 

measurement methods used are: 

• Non-dispersive infrared (NDIR) to measure CO and CO2 emissions  

• Flame ionization detector for THC and CH4 

• Chemiluminescence (CLD) for NOx measurements 

3.2.4 Temperature measurement 

For the temperature measurement, 

two thermocouples are placed on the 

engine cylinder. One on the head of 

the cylinder to measure the cylinder 

temperature and the second one by 

the exhaust port to measure the ex-

haust temperature. To attach the 

thermocouples at the desired posi-

tions, a hole with the depth of half of 

the wall-thickness is drilled into the 

cylinder wall. The thermocouples are 

then glued into the hole and fixed 

with an aluminum piece. Depending 

on the design of the cylinder it can be 

difficult to place the thermocouples 

at the right place and several at-

tempts have to be made. The place-

ment of the two thermocouples can be seen in Figure 3.2 

Figure 3.2 Placement of temperature sensor 
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3.2.5 Pressure Measurement 

A hole inside the head of the cylinder, where usually the decompression valve finds 

place, is used for the pressure transducer (see Figure 3.2). The used pressure trans-

ducer is an uncooled piezoelectric cylinder pres-

sure sensor. The signal is amplified by a Type 

5018 charge amplifier from Kistler and processed 

by the combustion analyzing software ICEView 

PTrAc from Optimum Power Technology.  

At the same time as the pressure measurements 

were taken, a crank angle degree indicator with a 

sensor, records the CAD. Therefore, the cylinder 

pressure can be plotted respectively to the crank 

angle. The CAD indicator with the sensor is 

shown in Figure 3.3 

 

3.2.6 Experimental setup 

The single parts of the experimental 

setup were described in the chapters 

above. In Figure 3.4 the full experi-

mental setup is shown schematically. 

Figure 3.5 shows the actual setup up 

used during the experiments. In this fig-

ure certain parts like emission analyzer, 

dynamometer or fuel storage are not dis-

played. All sensors and measurement 

tools are connected to a computer where 

the data is process through a software 

and displayed on a screen. The pressure 

measurement applications are con-

nected to a separate computer where a 

different software is used for processing 

and displaying.  

Figure 3.4 Scheme of the experimental setup 

Figure 3.3 CAD indicator and sensor 
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Figure 3.5 Setup of the engine test bed 

 

3.3 Fuel 

As described in 0, the standard for automotive fuel allows a percentage of 15% 

(V/V) of isobutanol. Therefore, it would be especially interesting to analyze fuel 

blends with a percentage of up to 15%. Furthermore, Table 2-1 has shown that the 

RVP of isobutanol is significant lower compared to neat gasoline. A higher per-

centage of isobutanol could therefore lead to cold start problems. Cert 91 is a certi-

fied neat gasoline that is here used as a reference fuel and used as a blending fuel 

for the isobutanol blends, shown in Table 3-2. The datasheet for Cert 91 can be 

found in Appendix C. 

As also seen in 2.5, the standard for small engine gasoline does not allow additional 

oxygen. Hence, isobutanol contains 21,6% oxygen (see Table 2-1). However, since 

studies with 1-butanol and 2-butanol blends with alkylate fuel have shown decreas-

ing amount of hydrocarbon and nitrogen oxides emission, it is from great interest 

to see how isobutanol blends with alkylate influence the emission and performance. 

Therefore, a blend of 15% isobutanol with alkylate is used.  

The density, air requirement, hydrogen/carbon ratio and oxygen/carbon ratio for the 

different fuel blends have been calculated. These information are necessary for 

lambda calculation and emissions measurements. A table with these parameters is 

attached in Appendix C. 

Table 3-2 Fuel matrix of used blends 

 Cert 91  Alkylate 

Iso-butanol 5% (iB5) - 

10% (iB10) - 

15% (iB15) 15% (a-iB15) 
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3.4 Preparations 

Besides the preparations described in the chapters above, the following tasks were 

performed before starting with conducting the experiments. Prior to mounting the 

engine on the test bed, the crank angle degree indicator was mounted and fixed on 

the output shaft. After placing and adjusting the engine on the test bed, the dyna-

mometer can be connected to the output shaft, engine speed and air intake temper-

ature sensor placed. Afterwards all wire connections are made. A schematic draw-

ing of the complete set-up can be seen in Figure 3.4. 

An amount of 2,5L per sample was mixed according to the fuel matrix (Table 3-2) 

and respectively 2% two-stroke oil added.   

The indicated top dead center (TDC) from the crank angle indicator, varies from 

the actual TDC of the engine. This deviation needs to be corrected in the software. 

Therefore, the engine is run at a speed of around 160rps and then the ignition was 

switched of. The crank angle were the peak cylinder pressure is measured, gives the 

actual TDC, the indicated TDC in the software can then be modified with the actual 

TDC. Since these fuel blends have not been used before, their properties, described 

above, need to be added to the software. Before starting with the actual measure-

ments, the engine needs to be warmed up for about 10-15min until all values are 

stable.  

3.5 Experiment Procedure 

The first measurements are conducted with the reference fuel. The engine speed is 

set to 100rps and then increased with 10rps steps up to 180rps. Between each step, 

the engine is lead run for one minute until all values stabilized and then measure-

ments taken and saved. The pressure measurements were taken at 100 as a start 

point, 120, 140 and 170rps. At those engine speeds the data of cylinder pressure 

versus crank angle degree is taken for 250 cycles.  

The cycle variation is expected to be repeatable and therefore are 250 cycles ac-

cording to Heywood, more than sufficient. After taking all measurements with the 

first fuel, the fuel is changed to isobutanol 5%. The fuel samples are stored in glass 

bowls. This allows to change fuels while keeping the engine running.  

When the fuel is changed, the engine ran for about 5min to make sure that no fuel 

from the previous sample was in the system and all fuel lines and carburetor only 

contains fuel of the next sample. The same procedure as described above was per-

formed and afterwards the experiments with isobutanol 10% and isobutanol 15% 

are conducted. Afterwards measurements with Husqvarna XP2 were taken, fol-

lowed the same experiment procedure as describe above. Subsequently, measure-

ments with isobutanol 15% and alkylate were taken.  

After measurements of all samples were taken, the reference fuel, which was tested 

first was tested again.  
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3.5.1 Quality Assurance 

Quality assurance has influenced the designing and deciding of the experiments, 

conducting the experiments and analyzing the collected data.  

The equipment at the engine laboratory is calibrated regularly according the internal 

quality management standards. The emission analyzers are calibrated every 6 

month and maintained every 12month by trained personal from Horiba. This is de-

termined by the Environmental Protection Agency (EPA).  A purge function on the 

emission analyzers assures that the collected gases from the exhausts are not pol-

luted with previous measurements. 

Testing the same fuel as a first and last test, allows to see if any changes happened 

to the engine. The results of the both reference measurements can be compared and 

conclusions on for example unusual wear of the engine, or issues with the ignition 

plug, carburetor made. 

While planning the experimental procedures, aspects like performing the experi-

ments with increasing engine speed in a non-chronological order, have been con-

sidered. Experiences have shown that performing the tests in a chronological way, 

with a sufficient stabilization time, does not lead to any systematic errors. 

During the experiments, the measurements were permanently controlled. The col-

lected data was afterwards manually analyzed to detect possible false measure-

ments.  
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4 Results 

In the following section the results from the experiments are presented. The results 

of gasoline blends and alkylate blends are split. The results with blends with 

Husqvarna XP2 and 15% isobutanol have shown similar results compared to gaso-

line blends with isobutanol. The effect of isobutanol on alkylate is similar as it is 

on gasoline. Therefore, the results are not further discussed here, but an explanation 

together with graphs can be seen in Appendix F.  

4.1 Experimental results with gasoline blends 

The results of the three different isobutanol blends are discussed in the following. 

First the power and torque output presented, then the lambda curve, the cylinder 

and exhaust temperature, afterwards the occurring emissions and at the end the re-

sults of the combustion analysis. 

4.1.1 Power and Torque 

The power output is over the full engine speed nearly identical (see Figure 4.1). A 

small difference can be seen in high engine speed where the power with the refer-

ence fuel is slightly higher compared to the isobutanol blends. The difference is 

marginal and can be neglected.  

The torque of all four fuels is identical as well. A slightly lower torque of the refer-

ence fuel can be seen in engine speeds between 110 and 140rps, and a slightly 

higher torque at high engine speeds between 160 and 180rps. These differences are 

at maximum around 1%.  

 
Figure 4.1 Power and torque measurements over engine speed 

4.1.2 Lambda 

In Figure 4.2 the lambda curves of the isobutanol blends and reference fuel over the 

engine speed are shown. The air fuel mixture gets leaner with an increasing engine 

speed over the entire range. And exception can be seen at 150rps where the isobu-

tanol blends have a low point of 0,78.  
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The trend of the curve of the isobutanol blends is identical over all engine speeds. 

The air fuel ratio of the reference fuel increases in a more linear way without a low 

point. 

 
Figure 4.2 Lambda of all four fuels over the engine speed 

4.1.3 Temperature 

As it can be seen in Figure 4.3, in general the exhaust port temperature as well as 

cylinder top temperature decrease with increasing isobutanol percentage. The big-

gest difference can be seen at 110rps, where the exhaust temperature of isobutanol 

15% is around 8,6°C colder than the exhaust temperature of the reference fuel. The 

cylinder temperature of isobutanol 15% is around 10,3°C colder at 180rps, com-

pared to the reference fuel. In the midrange engine speed the temperature gap nar-

rows to a difference of about 5°C and with and identical exhaust temperature of 

isobutanol 5% and reference fuel at 140 and 150rps. 

 
Figure 4.3 Exhaust and cylinder temperature 
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4.1.4 Emission 

Hydrocarbon emission: 

The hydrocarbon (HC) emission decrease approximately linear with increasing en-

gine speed. The emissions of the reference fuel are around 140,9 g/kWh at 100rps 

engine speed and decrease to 46,2 g/kWh.  

Isobutanol 15% is with 161,2 g/kWh around 20,3 g/kWh higher than the reference 

fuel at 100rps. This deviation narrows between 120rps and 160rps to a minimum of 

a difference of 7,3 g/kWh at 150rps and increases again at higher speed.  Isobutanol 

5% and isobutanol 10% lay, as it can be seen in Figure 4.4 in between these two 

curves.  

Figure 4.4 shows on the secondary y-axis the NOx emissions. These increase with 

increasing engine speed. A higher percentage of isobutanol results in lower NOx 

emissions. At and engine speed of 160rps the NOx emissions of the isobutanol 15% 

are around 43% lower at an engine speed of 160rps, 33% with isobutanol 10% and 

29% with isobutanol 5%. The trends of all four fuel samples look similar until an 

engine speed of 150rps. The NOx emission increase slowly until 140rps engine 

speed, and have a low point at 150rps.  

 
Figure 4.4 Specific HC and NOx emissions over engine speed 

Specific CO emissions: 

As seen in Figure 4.5 the carbon monoxide (CO) emission curve trend is similar 

through all four fuel samples. The occurring emissions decrease with increasing 

engine speed, stay at a similar level between 130 and 150rps, decrease further with 

a low point around 170rps and increase again towards 180rps. Generally, the dif-

ference between the isobutanol blends and reference fuel increases with an increas-

ing percentage of isobutanol in the blends. At 110rps the CO emissions of the ref-

erence fuel are 377,7 g/kWh and 474,2% g/kWh for 15% isobutanol, which is a 

difference of 96,5 g/kWh or 26%. The difference narrows between 120 and 140rps.  
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Figure 4.5 Specific CO emissions over engine speed 

4.1.5 Consumption 

Generally, the specific fuel consumption decreases with increasing engine speed 

and increases with increasing isobutanol percentage. At an engine speed the sfc 

increases nearly linear from 559 g/kWh with the reference fuel to 615 g/kWh with 

isobutanol 15%. At an engine speed of 140rps the difference between the four fuels 

is less significant. At 170rps the sfc of reference fuel is 419 g/kWh and 475 g/kWh 

with isobutanol 15%.  

4.2 Combustion Analysis 

In the following part are the results of the combustion analysis described. This in-

cludes the cylinder pressure versus crank angle degree, the mass fraction burned, 

the mass fraction burned 50%, the rapid burning angle as well as the coefficient of 

variation. 

4.2.1 Combustion Pressure 

The peak cylinder pressure of the 

reference fuel is slightly higher and 

earlier at 100rps, 120rps and 170rps 

compared to isobutanol 15%. At 

140rps the peak pressure of isobuta-

nol 5% and isobutanol 10% is 

around 0,4bar or 0,5bar higher com-

pared to the reference fuel, and 

0,6/0,7 bar compared to isobutanol 

15%. The cylinder pressure of crank 

angel degree curve can be seen in 

Figure 4.6. The curves at engine 

speed 100, 140 and 170 can be found 

in Appendix D as well as a table with 

the cylinder pressures at related 

crank angel.  
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4.2.2 Mass fraction burned  

 
Figure 4.7 a) Mass fraction burned at 120rps                       b) MFB at 140rps 

Figure 4.7 a) shows the curve of Mass fraction burned of the Reference fuel, isobu-

tanol 5%, isobutanol 10% and isobutanol 15% at an engine speed of 120rps. 

Plotted is the time from -10° CA to 40° CA. It shows that the curves nearly lay on 

top of each other at lower mass fraction burned percentage and at high, over 90%. 

In the time between, there is a slight difference and with increasing percentage of 

isobutanol, the mass fraction burned is later. At 140rps engine speed, see Figure 4.7 

b, isobutanol 5% and isobutanol 10% burn faster and reach for example 50% and 

90% mass fraction burned earlier. isobutanol 15% still burns later. The mass frac-

tion burned curves at 100rps and 170rps are similar to the one at 120rps and showed 

in Appendix E. 

MFB 50 and Rapid burning angle: 

In the following the rapid burning angle and 50% mass fraction burned (MFB50), 

that are extracted from the mass fraction burned curve (Figure 4.7 a) and b) plus 

Appendix E, are further described.  

The angles for 50% Mass fraction and the Rapid burning angle (10%-90%) are de-

fined as described above in 2.1.4. Figure 4.8 a) shows increasing of 50% mass frac-

tion burned with increasing engine speed. The MFB 50% of reference fuel increases 

from ~4° aTDC to 10° aTDC. With increasing percentage of isobutanol, the MFB50 

point delays and is around 1° later for isobutanol 15% at 100, 120 and 170rps. At 

140rps the MFB50 point isobutanol 5% and isobutanol 10% is 0,4° earlier than the 

reference fuel. Isobutanol 15% is at this point 0,4° later than reference fuel.   

Figure 4.8 b) right shows the rapid burning angle, which is as explained in 2.1.4 the 

angle between 10% and 90% mass fraction burned. In general it can be said that the 

combustion phasing is later and the combustion speed is lower with isobutanol. 

140rps can be seen as an outlier, which might be explained by the deviating lambda 

value at that point.  
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Figure 4.8 a) Mass fraction burned 50 and Mass fraction burned 10-90 b) at different engine speed 

4.2.3 COV 

  The Coefficient of Variation of indi-

cated mean effective pressure (CO-

Vimep) of all four fuels does not ex-

ceed 2,6%. The COVimep increases 

slightly with increasing isobutanol 

percentage and increases with engine 

speed. At an engine speed of 100rps, 

the COV of the reference fuel is 

around 1,03% and 1,2% for isobuta-

nol 15%. Isobutanol 5% and isobuta-

nol 10% are in between these two 

values. At 120rps engine speed, iso-

butanol 10% is slightly higher then 

the rest. At an engine speed of 140rps 

1,513  

4.3 Quality Assurance 

The fuel injection is performed through a carburetor, which is compared to an elec-

trical injection pump a relatively inaccurate component. The carburetor operates 

through a mechanical way and therefore it is difficult to inject the exact same mix-

ture every time. Small differences in measurements can be explained through min-

imal changes in injection. The carburetor has been adjusted several times to get the 

same Lambda value with different fuels. Therefore, it is not possible to set the car-

buretor to the exact same settings at the end of the experiments as they were in the 

beginning. So minor deviations in measurement between start and end of the exper-

iments are normal.  

The engine has been taken apart after the experiments were done and the single 

parts were analyzed. No differences or issues could be found compared to the en-

gine condition at the beginning of the experiments. It can be sure that the engine 

was operating in normal conditions throughout all experiments. 

The power output as well as torque were identical at the beginning and at the end, 

the differences were marginal. Also, the cylinder pressure and mass fraction burned 

Figure 4.9 COV at different engine speed 
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at the start and end were identical. Slightly differences can be explained through 

the things mentioned above. 

4.4 Discussion 

The results have shown higher HC and CO emissions and lower NOx emissions 

with an increasing percentage of isobutanol throughout the whole engine speed 

range. As described in 2.2, most NOx emissions occurs through the Zeldovich 

mechanism which is highly dependend on the combustion temperature. A part of 

the lower NOx emission can be explained through the lower temperature that can 

be seen in Figure 4.3. The opposite occurs for HC emissions. Most HC emissions 

are through unburned fuel. A lower temperature usually leads to higher HC and CO 

emissions, which is in line with these results.  

The lower exhaust and cylinder temperature, presented in Figure 4.3, can be ex-

plained through the higher heat of evaporation of isobutanol compared to gasoline 

which leads to a lower burning temperature. The different heat of evaporation val-

ues can be seen in Table 2-1.  

Through literature research of previous studies, lower emissions were expected. 

The articles discussed used 1-butanol or 2-butanol as blends and the isobutanol 

blends studies were not performed on small two-stroke engines. As explained ear-

lier, 1-butanol, 2-butanol and isobutanol have the same set of atoms but with a dif-

ferent structural formula, which leads to different properties and therefore also to 

different amount of emissions. Furthermore, there are no detailed information about 

how the tests were performed and often the air-fuel ratio is not known. The higher 

specific consumption was expected and can be explained through the lower energy 

density of isobutanol, compared to gasoline. Therefore, the consumption increases 

with increasing percentage of isobutanol. This increasing consumption needs to be 

seen in respect to the lower energy content as well as lambda value. As an average 

the consumption increases with about 10% with 15% isobutanol. The energy con-

tent is about 3% less. 5% isobutanol has an average of 4% higher consumption and 

an energy content of 1% less. A table with the specific fuel consumption as well as 

the change in percent and the energy content of the blends can be found in Appendix 

G. Furthermore, the Lambda curve can be found in Appendix G as well for a better 

comparability. 

The ignition timing has not been changed during the experiments. Isobutanol blends 

burn later and would therefore have benefitted from setting the ignition timing 

slightly earlier. Also, the later and slower combustion is likely due to the lower 

temperature. The laminar flame speed is highly dependent on temperature. 

The bigger deviation of CO emissions of the isobutanol blends, can be resultant 

from the different equivalence ratio. The equivalence ration directly influences the 

CO emissions. The isobutanol blends ran richer at low and high engine speed.  

The mass fraction burned 50 delays slightly with increasing isobutanol percentage, 

which could influence the result. A longer combustion period with increasing iso-

butanol percentage, shows a slower combustion speed. The Alkylate isobutanol 

blend showed similar results compared to the gasoline isobutanol blends. 
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While mixing the blends, a strong unpleasant smell of isobutanol was observed. 

Along the experiments the same odor could be smelt from the exhausts. For fuels 

of combustion engines, a pleasant smell of fuel is desired. The smell of isobutanol 

is quite penetrant and probably has to be considered when implementing to the mar-

ket. Especially for handheld petrol products where the user is directly exposed and 

would smell this permanently.  
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5 Conclusion 

5.1 Conclusion 

The aim of the thesis was to understand how isobutanol influences the engine per-

formance, emissions and combustion. The results have shown the influence of iso-

butanol on occurring emission and combustion. Increasing of certain emissions as 

well as decreasing of others could be noticed and slightly changes in combustion. 

HC, NOx and CO measurements were taken during the experiments as well as cyl-

inder pressure measurements, fuel consumption, torque, power and temperature 

measured. Through cylinder pressure measurements the mass fraction burned could 

be calculated and analyzed. 

The results of emissions measurements showed that hydrocarbon emissions in-

creased with isobutanol percentage. Hence, NOx emissions decreased with isobu-

tanol percentage. CO emission of isobutanol blends increased in low and high en-

gine speed range. At the same time the cylinder and exhaust temperature were lower 

with increasing isobutanol percentage.  

The effect of isobutanol on neat gasoline and alkylate fuel was in a similar direction. 

The results of the emission measurements need to be seen in respect of the temper-

atures and lambda value, since these aspects highly influence the emissions. 

The power and torque output was identical between isobutanol blends and neat gas-

oline. With Husqvarna XP2 and Alkylate isobutanol blend, the power and torque 

was slightly lower, but not markable.  

Due to the oxygen content of isobutanol, the carburetor had to be adjusted to run at 

the same equivalence ratio as with neat gasoline. It would be recommended to do 

so, when running with isobutanol so the engine does not run too lean.  

The analysis of the coefficient of variation has shown that the variation between the 

cycles slightly increase with isobutanol but is still in a more than safe level where 

it does not lead to any operating issues.  

5.2 Recommendation to future activities  

Earlier it has been discussed, that the lower Reid vapor pressure (RVP) of alcohols 

in general and isobutanol in particular can lead to a worse start ability, especially in 

colder temperatures. During the experiments, no differences in startability has been 

explored. It has to be said that the temperature inside the engine lab was around 

22°C, chainsaws are often used in winter and have to operate in cold temperature. 

For future activities it would be recommended to analyze the start ability at cold 

temperatures. While measuring the cylinder pressure, the occurring knock can be 

measured as well. The time period did not allow a proper analysis of occurring 

knock. A future activity on knock would be from great interest, especially since 

isobutanol had an influence on the combustion period.  

As seen in the results, isobutanol blends burn later. It would be interesting to per-

form the same tests with an earlier ignition timing for the isobutanol blends. These 

would probably benefit from that which could influence the emission. 
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6 Critical Review 

This section shows a critical review on the report from an environmental, health, 

safety and society, economical viewpoint and on the conducted work itself. 

6.1 Environment 

Combustion engines take account for emission and polluting the environment. Cli-

matic changes and its effect on the nature have shown significant impacts. Meas-

urements of emissions, especially in cities with a high volume of cars, have shown 

frightening results. As it can be seen in the results, the higher amount of Hydrocar-

bon with isobutanol blends could cause, through reactions at the atmosphere, 

greater amounts of smog. Which would be a serious negative effect on the environ-

ment.  

This thesis was conducted on a small two-stroke engine for handheld petrol prod-

ucts. But the outcome can be carried over to other areas where internal combustion 

engines are used.  

6.2 Health, safety, society 

In comparison to cars for example, users of handheld products are directly exposed 

to the exhausts. As described in the theory, NOx, HC and CO emission can cause 

serious damage to the human body. The effects can be from headache or fatigue to 

airway inflammation, lung disease and cancer. Summarized it can be said that all 

those emissions have a significant impact. Performing research in this area to pro-

tect the users is essential. But finding alternative fuels that can decrease emissions 

and minimizes the risk of medical issues.  

Two-stroke engines are often in the society known for high emissions and a strong 

smell of gasoline. For handheld products, two-stroke engines are the best choice of 

engine, for the reasons explained earlier. Improving these engines further and re-

ducing its emission can lead to a rethinking in the environment. 

6.3 Economic  

Improving engines and increasing performance through research of alternative fuels 

can influence economic aspects. A better performance and a higher efficiency leads 

to a lower consumption. Isobutanol blends have shown that the consumption in-

creases with an increasing percentage, but it needs to be seen that that percentage 

replaces fossil fuel. Even though the thesis does not include research on the availa-

bility of isobutanol on the market, it can be said from the literature review that at 

this point isobutanol is not distributed on the market in Europe. Hence, the opposite 

is the case in the United States. There, isobutanol is available at several gas station 

as a blend with gasoline containing a maximum of 16% isobutanol.  
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6.4 Conducted work 

While conducting a project, the time restriction usually limits the amount of work 

that can be done. During the project several interesting aspects came up that would 

have been interesting to analyze further. Such as occurring knock or cold start abil-

ity. It would have been interesting to dig deeper into this field, but unfortunately 

could not been done.  

While looking from a critical viewpoint on the conducted work, performing the 

same tests again at a different time would have been interesting to see repeatability 

and to assure the quality of the data. 
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Appendix A: Emission measurement 

In the following are the theories of the three main principles for emission measurement ex-

plained.  

Nondispersive Infrared Analyzer (NDIR) 

Nondispersive Infrared detectors are commonly used in the industry to measure concentration 

of carbon monoxides and carbon dioxides (CO & CO2). An infrared beam shines through a 

sample cell and measures the amount of infrared that was absorbed by the sample (Cambustion, 

2018).  

CO2 molecules have a unique absorbance 

band of infrared (IR) light and show a dom-

inant peak at 4,26µm wavelength. The de-

gree of absorption is proportional to the 

concentration of CO/CO2. NDIR are com-

monly used to measure CO and CO2 emis-

sions, but can also be used to measure HC, 

NO, N2O and SO2 (Horiba, 2005). The 

buildup of an Nondispersive Infrared detec-

tor is demonstrated in  

Chemiluminescence Detector (CLD) 

Chemiluminescence is a phenomenon where the emission of light is the result of a chemical 

reaction (Plint, 2012). Chemiluminescence Detectors are used to measure NOx emissions, 

which are a mixture of NO and NO2 emissions. Parts of the reacting NO2 generated is in excited 

state, the energy is higher than normal. These molecules release energy as light when returning 

to ground state (Horiba, 2002). 

 𝑁𝑂 + 𝑂3 → 𝑁𝑂2
∗ + 𝑂2 → 𝑁𝑂2 + 𝑂2 + 𝑝ℎ𝑜𝑡𝑜𝑛 R. 2.5 

The voltage output of the CLD is proportional to the NO concentration (Cambustion, 2018).  

NO2 does not have chemiluminescence and can therefore not be measured by CLD. An NOx-

converter is used to convert NO2 to NO by using Carbon as a main component:  

 𝑁𝑂2 + 𝐶 → 𝑁𝑂 + 𝐶𝑂 R. 2.6 

 2𝑁𝑂2 + 𝐶 → 2𝑁𝑂 + 𝐶𝑂2 R. 2.7 

An NOx-converter needs regularly checks or replacement (Horiba, 2002).  

Flame Ionization Detector (FID) 

Flame ionization detection is used to measure the concentration of total hydrocarbon (THC). 

The hydrocarbons in the exhaust gas are burned in a hydrogen flame. This produces ions, which 

are proportional to the amount of carbon atoms burned.  

 𝐶𝐻∗ + 𝑂∗ → 𝐶𝐻𝑂+ + 𝑒− R. 2.8 

CH* = CH radical 

O* = O radical 
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Basically, the flame ionization detector counts the amount of carbon atoms. The detector is 

calibrated with a sample gas with a known number of hydrocarbons (Horiba, 2003). shows the 

setup of an flame ionization detector. 
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Appendix B: Octane Number 

Research Octane Number (RON) is an octane rating determined by a running engine under 

controlled conditions and compared with the results of isooctane and n-heptane. The tests are 

conducted according to the American Society for Testing and Materials (ASTM). For the re-

search method the standard ASTM D-2699 is used and ASTM D-2700 for the motor method. 

The motor method is also performed on a single-cylinder engine but with different operating 

parameters. In the motor method the conditions are more likely to produce knock. Therefore, 

the MON can be between 2 to 12 lower than the RON (Plint, 2012).  

The operating conditions for the research method and motor method can be seen in the table 

below. 

 Research method Motor method 

Inlet temperature 52°C  149°C 

Inlet pressure Atmospheric Atmospheric 

Engine speed 600 r/min 900 r/min 

Spark advance 13° before TDC 

(constant) 

19-26° before TDC 

(varies with compression ratio) 

Air/fuel ratio Adjusted for maximum knock 

 

In Europe the octane rating is stated as the RON at gas stations. Hence in North America a 

rating called Anti-Knock Index (AKI) is used, which is the average between RON and MON, 

also stated as R+M/2 (Coley, 1995).  
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Appendix C: Datasheet Cert91 

 
 Density Air require-

ment 

H/C ratio O/C ratio 

Cert 91 0,74 14,537 1,82 0 

Iso-Butanol 0,81 11,17 2,5 0,25 

Alkylate 0,69 15,1 2,27 0 

iB-5 0,744 14,35 1,87 0,0136 

iB-10 0,748 14,17 1,90 0,0271 

iB-15 0,751 13,99 1,94 0,0405 

a-iB-15 0,708 14,43 2,31 0,0405 
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Appendix D: Cylinder pressure curve 
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Appendix E: Mass fraction burned 
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 Peak pressure/degree 

 100rps 120rps 140rps 170rps 

Reference 27,9 (10,4) 27,9 (11,2) 27,3 (12,2) 26,6 (14,6) 

Isobutanol 5% 27,8 (10,4) 27,9 (11,8) 27,7 (12,6) 26,4 (13,4) 

Isobutanol 10% 27,5 (10,4) 27,7 (11,8) 27,8 (12) 26,0 (14,4) 

Isobutanol 15% 27,4 (11) 27,6 (11,8) 27,1 (13) 25,7 (14,6) 
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Appendix F: Alkylate blends 

Power & Torque output: 

In general, the measured power and torque of Husqvarna XP2 and Alk. Isobutanol 15% is 

slightly lower compared to Cert 91. At low engine speed, up to 130rps, the power output is 

identical, but then deviates. A maximum difference of torque (0,15Nm), between Alk. Isobuta-

nol 15% and Reference fuel, can be seen at an engine speed of 160rps. 

 

HC and NOx emission: 

In the figure below, the specific HC and NOx emissions of the reference fuel, Husqvarna XP2 

and Alkylate with 15% Isobutanol are presented. The occurring HC emissions with 15% Iso-

butanol are slightly higher compared to reference fuel and Husqvarna XP2. The difference nar-

rows at an mid-range engine speed of 140rps. At an engine speed between 160 and 180rps, the 

HC emissions of Cert 91 and Husqvarna XP2 are identical.  

The specific NOx emissions with 15% Isobutanol are lower compared to Cert 91 and Husqvarna 

XP2. Cert 91 and Husqvarna XP2 are identical between 100 to 110rps and from 140 to 180rps. 

Husqvarna XP2 has slightly higher specific NOx emissions between 120 and 130rps. 
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Specific CO emission: 

The following figure shows the specific CO emissions of Cert 91, Husqvarna XP2 and Alk. 

Isobutanol 15%. The curves of Cert 91 and Alk. Isobutanol 15% lay are identical over the en-

gine speed of 100,110 and 150 to 180rps. Between 110 and 150, Cert 91 has higher specific CO 

emissions, at 130rps an maximum of 33,4 g/kWh. The CO emissions with Husqvarna XP2 are 

overall lower and has a maximum difference of 97,2 g/kWh at 150rps.  

 

 

 

 

Cylinder and exhaust temperature: 

The cylinder and exhaust temperature of Cert 91, Husqvarna XP2 and Alk. Isobutanol 15% is 

shown in the next figure. The temperature of Husqvarna XP2 and Cert 91 are identical, with a 

slightly higher temperature of Husqvarna XP2. At an engine speed of 160 to 180rps, the Cylin-

der temperature of Cert 91 is at maximum 5,2°C higher compared to Husqvarna XP2. The cyl-

inder as well as exhaust temperature of Alk. Isobutanol 15% is lower through the whole engine 

speed. 
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Appendix  G: Fuel consumption 

 
Energy content [MJ/Kg] 

Change of energy content com-

pared to reference fuel in % 

 Ref Iso 5% Iso 10% Iso 15% Iso 5% Iso 10% Iso 15% 

 43,94 43,5 43,05 42,6 -1,02 -2,04 -3,03 

 

Eninge 

speed 

[rps] 

Specific fuel consumption [g/kWh] 
Change of consumption com-

pared to reference fuel in % 

100 558,9 574,4 593,3 614,8 2,8 6,1 10,0 

110 525,7 557,8 561,4 595,3 6,1 6,8 13,2 

120 507,9 522,5 527,5 556,2 2,9 3,9 9,5 

130 482,6 496,7 503,6 515,5 2,9 4,4 6,8 

140 472,9 474,4 485,2 508,1 0,3 2,6 7,5 

150 455,1 477,1 451,3 484,4 4,8 -0,8 6,4 

160 418,7 448,7 452,4 484,3 7,2 8,0 15,7 

170 418,6 434,5 446,6 474,6 3,8 6,7 13,4 

180 432,5 456,5 460,6 494,8 5,5 6,5 14,4 
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