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Abstract 
With growing concern for rising fuel prices, peak oil, global warming and climate change in the last 
few decades, efforts have been made to address and alleviate the possible problems resulting from 
these threats. Within the transport sector these efforts have been made largely with respect to fuel 
efficiency of vehicles and alternative fuels. However one aspect not addressed to any great extent is 
the construction of the transportation infrastructure such as roads and railroads although it is known 
that this process consumes a lot of energy and causes emissions of greenhouse gases.  

The main idea behind this thesis is to formulate an energy model in order to assess energy use and 
greenhouse gas emissions in road construction projects. The scope of the thesis focuses on what is 
called the earthworks which includes the mass hauls, cutting, filling and crushing of materials. The 
process of forming the energy model was lead with the help of the following research questions: 

RQ 1: How can earthworks be optimized in a road construction project? 

RQ 2: How can energy consumption and greenhouse gas emissions of earthworks be assessed with 
the data available in the planning stage? 

RQ 3: What is the relationship between energy consumption and greenhouse gas emissions in road 
construction projects? 

The proposed energy model helps understanding the energy use in earthworks processes and is 
complemented with equations for calculating the corresponding energy use. Implementing the 
model in road projects requires a bill of mass quantities, a mass haul plan and a production plan. 
Knowledge about the location and project is helpful for further improving the accuracy of 
assessments when implementing the model.. In the model the energy use of earthworks is divided 
into three categories of machines or vehicles namely hauling vehicles, off-road mobile machines and 
crushing plants.  Each category requires different methods for assessing their energy use.  

The application of the earthworks energy model is analyzed using a case study, based on two road 
projects in the city of Kiruna in Sweden. The source of crushed aggregates for the base course and 
subbase of the roads are compared. One alternative is to use nearby sources of gangue which is a by-
product of the mining industry. This material can be crushed by a mobile crushing plant next to the 
road line. The other alternative is to buy these products from LKAB, the local mining corporation 
which also runs a stationary crushing plant located further away from the road projects. The first 
alternative will mean shorter mass hauls but might require its mobile crushing plant to run by a 
diesel electric generator instead of electricity from the grid. The latter issue turns out to be of crucial 
importance when the earthworks energy model is applied to the case study. In short, unless the 
energy source of the crushing of aggregates is electricity then the second alternative pays off even if 
the hauls are longer.  

One conclusion from the case study is that crushing of aggregates is a very energy consuming 
activity. Therefore it is an activity worth paying close attention to in order to improve the accuracy of 
its energy consumption. The fuel consumption of mass hauls is another aspect. It is not so well 
known how much the fuel consumption can differ between articulated haulers and trucks with 
trailers under given circumstances. They are designed for different types of conditions and hauling 
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distances but there is an area where these uses overlap and within this area it is important to be able 
to establish which type of vehicle is the most energy efficient.  

The earthworks energy model is by no means complete. It is possible to expand it to involve more 
activities in road construction projects as well as increasing the detail. One way to increase the 
detailing in the energy evaluation is to connect it closer to the production planning and the 
implementation and use as a module in a planning software such as DynaRoad, which was used in 
the case study of this thesis. While increased detail and improved accuracy is important, what’s 
perhaps more important is to make the model more user friendly in order to spread its use to a wider 
audience. 
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Sammanfattning 
Med den ökade oron för högre bränslepriser, “peak oil”, global uppvärmning och klimatförändringar 
de senaste årtiondena har mycket jobb lagts ner på att lindra effekterna av dessa hot. Inom 
transportsektorn har insatserna framförallt handlat om fordonens bränsleeffektivitet och alternativa 
bränslen. En aspekt som inte har beaktats i någon större utsträckning är själva byggandet av 
transportinfrastrukturen såsom vägar och järnvägar trots att det är känt att denna process är 
energikrävande och leder till utsläpp av växthusgaser. 

Grundidén bakom detta examensarbete är att formulera en energimodell för att kunna bedöma 
energiåtgången och utsläppen av växthusgaser i vägbyggnadsprojekt. Examensarbetet fokuserar på 
det som kallas masshantering och innefattar masstransporter, schakt, fyllning samt krossning. 
Arbetet med att formulera energimodellen leddes med hjälp av följande forskningsfrågor: 

FF 1: Hur kan masshanteringen i ett vägprojekt optimeras? 

FF 2: Hur kan energiåtgången och utsläppen av växthusgaser för masshantering bedömas utifrån det 
data som finns tillgänglig i planeringsstadiet? 

FF 3: Vad är sambandet mellan energiåtgång och utsläpp av växthusgaser i ett vägbyggnadsprojekt? 

Den föreslagna energimodellen är till hjälp att förstå energianvändningen i masshanteringsprocesser 
och kompletteras med ekvationer för uträkning av denna energiåtgång. Att implementera modellen i 
vägprojekt kräver en mängdförteckning, masstransportplan och en produktionsplan. Kunskap om 
projektet och platsen är viktigt för att öka noggrannheten av bedömningarna när modellen 
implementeras. I modellen delas energiåtgången för massdisponeringen in i tre kategorier av 
maskiner eller fordon nämligen transportfordon, arbetsmaskiner och krossanläggningar. Varje 
kategori kräver olika metoder för bedömningen av energiåtgång.  

För att undersöka energimodellens användbarhet har den använts i en fallstudie. Denna fallstudie 
bygger på två vägprojekt i Kiruna. Jämförelsen är baserad på vilken källa till krossprodukter som 
används för vägens bärlager och förstärkningslager. Ett alternativ är att använda sig av närbelägna 
källor av gråberg som är en biprodukt från gruvindustrin.  Detta material kan krossas i en mobil 
krossanläggning i vägprojektens omedelbara närhet. Det andra alternativet är att köpa in 
motsvarande material från LKAB, som är det lokala gruvbolaget som även driver en stationär 
krossanläggning placerad på ett längre avstånd från de aktuella vägprojekten. Det första alternativet 
innebär kortare masstransporter men kan innebära att krossanläggningen måste drivas med en 
dieselgenerator istället för el från elnätet. Detta senare faktum visar sig vara av yttersta vikt när 
energimodellen appliceras på fallstudien. Sammanfattningsvis kan sägas att såvida inte den mobila 
krossanläggningen drivs på el är det ur energisynpunkt bättre att transportera dessa massor den 
längre sträckan från LKABs stationära krossanläggning. 

Trots att det är svårt att bedöma siffrornas riktighet kan det sagas att krossning är en väldigt 
energikrävande aktivitet. Det är viktigt att studera denna aktivitet noggrant för att kunna bedöma 
energiåtgången mer precist. Energiåtgången för masstransporter är en annan aspekt som bör 
studeras mer ingående. Det är exempelvis inte väl utforskat hur energiåtgången mellan dumprar och 
lastbilar med släp skiljer sig i vissa specifika situationer. De är byggda för olika ändamål gällande 
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underlag och transportavstånd men det finns även områden var deras användningsområde 
överlappar och inom detta område är det viktigt att kunna fastställa vilket fordon är att föredra. 

Den presenterade energimodellen för masshantering är på intet sätt komplett. Det är exempelvis 
möjligt att utvidga dess användningsområde för att innefatta fler delar av ett vägprojekt likväl som 
att öka dess precision. Ett sätt att öka noggrannheten och att öka modellens användarvänlighet för 
att vara användbar i större skala är att knyta energimodellen till produktionsplanen genom att 
implementera den i planeringsprogram som exempelvis DynaRoad som användes i examensarbetets 
fallstudie.  
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1. INTRODUCTION 
In this chapter the background for this thesis are examined. Furthermore the purpose, aim, research 
questions, methods and scope of this thesis are presented. 

1.1 Background 
As a result of rising fuel prices, global warming and climate, much effort has been put on reducing 
the greenhouse gas emissions from the transport sector. In 2012 the contribution from the transport 
sector which includes all traffic, transportation and off-road mobile machines and vehicles, was 39% 
of Sweden’s total emissions of greenhouse gases (Naturvårdsverket, 2013). Measures for reducing 
greenhouse gas emissions can be for example vehicles with improved fuel economy, alternative 
fuels, expansion of mass transit systems, measures for increased carpooling and virtual meetings 
instead of traditional meetings to name a few. An aspect not mentioned much is the construction of 
transportation infrastructure such as roads and railroads, which consume large amounts of energy 
and cause considerable emissions of greenhouse gases such as CO2. According to Stripple (2001), 
road construction causes about 5% of the total fuel consumption of the road and its traffic of 5000 
vehicles per day during an expected lifetime of 40 years. That equals to the traffic on the road for 
about 2 years. 

Measures that can streamline the road construction sector might have significant effects on 
emissions, energy consumption and economy. There are many possible methods for streamlining the 
construction process of a road, for example in terms of choice of material, construction method and 
logistical methods that affect the earthworks and earthmoving operations. Earthworks optimization 
with modern IT-tools can be useful to reduce earthmoving in the planning stage which can lead to 
both economical (DynaRoad, 2009) and environmental (Kenley & Harfield, 2011) gains. 

The year 2009 the Swedish parliament (Riksdagen) decided on new objectives for the transportation 
system. The objectives state that the transportation system in Sweden must be economically viable 
for the society and environmentally sustainable. They also state that the transportation system must 
be of high quality, be accessible and contribute to development in the entire country. Furthermore, 
the transportation system shall be designed in such a way that nobody gets killed or severely injured 
in it. The transportation system must be adapted to the Swedish environmental objectives. The 
Swedish Transport Administration states its objective with regard to the climate with these words: 

“The transportation sector contributes to reaching the environmental objective “limited effect on the 
climate” by gradually increasing the energy efficiency in the transportation system and cutting the 
dependence on fossil fuels. By the year 2030 Sweden should have a fleet of vehicles independent of 
fossil fuels.” (Johansson, Eklöf & Karlsson, 2010).  

In the recent years the Swedish Road Administration has put great emphasis on increasing the energy 
efficiency as well as reducing the total energy consumption within the transportation system. The 
energy consumption is too high to be sustainable in the long term. The work is mainly focused on 
developing and implementing energy efficient solutions and tools in construction projects within the 
transportation system (Karlsson, 2012). 

In this master’s thesis an energy model is developed for practical implementation in road 
construction projects with the main focus around earthworks. 
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1.2 Purpose and aim 
The purpose of this master’s thesis is to study how earthworks in road construction projects affect 
the energy consumption and the emissions of greenhouse gases.  

The aim of this research is to contribute to the body of knowledge of road construction projects 
mainly by presenting a viable energy model for earthworks. The model can serve as a tool for 
calculating energy consumption of earthworks in specific road projects and can be used for 
comparing design alternatives or production methods in terms of energy use but also the emissions 
of greenhouse gases. 

To be able to perform these assessments and comparisons in the planning stage the model is 
adapted to the knowledge produced until the design documents are presented. This stage is the last 
formal stage in the planning process of roads. This means that the road lines need to be 
complemented with their mass quantities. Better data and deeper knowledge of relevant 
information about the project will give the model a higher accuracy.  

1.3 Research questions 
To reach the purpose and aim of this master’s thesis some research questions have been formulated. 
These form the basis for the master’s thesis. 

RQ 1: How can earthworks be optimized in a road construction project? 

RQ 2: How can energy consumption and greenhouse gas emissions of earthworks be assessed with 
the data available in the planning stage? 

RQ 3: What is the relationship between energy consumption and greenhouse gas emissions in road 
construction projects? 

1.4 Research methods 
Research is defined as “a careful study of a subject, especially in order to discover new facts or 
information about it” by the Oxford Advanced Learner’s Dictionary (2011). The methodology of 
scientific work seeks to define “What is to be accomplished” and secondly “How is this 
accomplished”. The first question consists of formulating research questions and the second is about 
describing the methods used in order to answer the research questions. Gharajedaghi (1999). 

Research can be categorized in several different ways depending on the methods used, the 
underlying need of the research and several other factors. Most types of research consist of a 
combination of one or several of the following types (Lingaya’s University, 2013): 

Descriptive vs. Analytical: Descriptive research seeks to describe the state of affairs as they exist. In 
Analytical research existing and known facts and information are analyzed and a critical evaluation of 
the material is made.  

Applied vs. Fundamental: Applied research is used for finding solutions to immediate problems 
facing for example society or industrial and business organizations. Fundamental research is 
concerned with forming generalizations and formulation of theories. It’s often used in physics and 
mathematics and is coined with the expression “Gathering knowledge for knowledge´s sake”. 
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Quantitative vs. Qualitative: Quantitative research is made on phenomena that are measurable, 
meaning it can be expressed in quantities and amounts. Qualitative research is connected to 
qualitative phenomena such as human behavior and motivation. 

Conceptual vs. Empirical: Conceptual research is based around abstract ideas and is often used by 
philosophers to evaluate concepts or construct new ones. Empirical research is based around 
evidence being found through experiments and empirical studies. Evidence gathered through 
empirical research is considered to be the best support for a given hypothesis. 

Other types of research: There are many other types of research. For example the time dependent 
aspects of one-time research vs. longitudinal research. Depending on the environment the research is 
carried out in it can be either field-setting-, laboratory- or simulation research. Research can be 
understood as clinical or diagnostic. Such studies usually go in depth and are based on small samples. 

1.4.1 Chosen research approach 
The research done in this master’s thesis combines several research classifications. It’s an applied 
and analytical research with mainly quantitative end results.   

This master’s thesis is made through active participation in proposing improvements to issues within 
the road construction business in general and the Swedish Transport Administration in particular. It is 
a research method similar to what is called “action research” where researchers actively participate 
in finding improvements and solutions to problems and also implements them (Chiasson and Dexter, 
2001). 

In the research process three main methods are implemented namely a literature review, interviews 
and a case study.  

The literature review is extensive and spans the whole timespan of the research. The goal of the 
literature review is to investigate the research domains of road construction and planning but also to 
obtain necessary knowledge for constructing the earthworks energy model.  

Non-structured interviews have been made when questions of concern have arisen. The interviewees 
are mainly people within the fields of road construction and planning but also closely linked fields. 
Interviews have been made complementary to the literature study and for the construction and 
implementation of the earthworks energy model. 

The case study in this research is used to test and evaluate the earthworks energy model. The case 
study constitutes two road construction projects and is performed through communication with 
project leaders, consultants and acquiring necessary documents and data from the project. The 
gathered information is used in the planning software DynaRoad which needed to produce relevant 
input data in the earthworks energy model.  

1.5 Scope 
The focus of this thesis is to assess the energy consumption and CO2 emissions of some important 
activities in the road construction stage namely cutting and filling, crushing of aggregates and 
construction of the construction of road layers of these corresponding aggregates. This includes the 
work done by off-road mobile machines and various transportation vehicles besides the energy 
consumption of the crushing plants. The scope is presented visually in figure 1-1 from the perspective 
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of a Life Cycle Assessment (LCA) of roads. The Life Cycle of roads is generally presented as containing 
a construction phase, operation, maintenance and final disposal. However a planning stage is added 
in figure 1-1 to show that although the aspects assessed are within the construction stage, the actual 
assessments are made based on data acquired in the planning stage. 

Construction

Operation

Maintenance

End-of-life

Clearing/Grubbing

Cut & Fill

Crushing of aggregates

Construction of aggregate layers

Stabilized & Surface layers

Finishing work

Planning

Scope of thesis

Source: Miliutenko, 2012

 

Figure 1-1: the scope of this thesis from the perspective of a Life Cycle Assessment (LCA) (Miliutenko, 2012). The activities 
in the construction phase have various sources and are presented in depth in chapter 2.1 Planning and construction of 
roads. 

From a Life Cycle Assessment (LCA) point of view this thesis can be seen as a contributor primarily of 
some aspects of the construction phase as can be seen in Figure 1-1. To perform these assessments 
the main contribution of this thesis is the calculation model for estimating energy consumption and 
CO2 emissions. The delimitations of the calculation model are: 

• The model is adapted to handle input data produced in the planning stage and not in other 
stages.  

• The model is adapted to but not necessarily dependent on input data produced in DynaRoad 
Software. 

• The output of the model is energy consumption both in the form of electric energy but also 
liquid fuel based energy such as diesel and petrol. 

• The other output is emissions in the form of CO2. 
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2. THEORY 
This chapter will briefly present basic knowledge and concepts in the road planning and construction 
domain which is the domain that this thesis is based on. First road construction is presented. Then 
Energy consumption and emissions of vehicles are examined. Finally some different management 
methods of road construction are presented. 

2.1 Planning and construction of roads 
Construction of new roads requires substantial preparation and planning. In the Swedish planning 
process of roads the first stage in the process is the idea study where opportunities, needs or 
inadequacies are observed. This is not a formal stage but a necessity for constructing new roads. In 
this stage however it’s far from certain that a road will be realized.  

The first stage in the Swedish planning process of roads is the idea study. In this stage an overall 
analysis of inadequacies in the road network is made and possible solutions are identified. The 
Swedish Road Administration applies the so called four step principle which is a way of ranking 
different solutions to the observed inadequacies. The four step principle is formulated as follows 
(Trafikverket, 2012a): 

1. Rethink 
The first step is to consider measures that affect the transportation needs and forms of 
transportation. 

2. Optimize 
If that doesn’t solve the inadequacies the next step is to consider measures for a more 
efficient usage of the existing infrastructure. 

3. Renovate 
If needed, in the third step limited renovations and expansions in the existing infrastructure 
are made.  

4. Construct 
If the needs aren’t satisfied with the first 3 steps the 4th step is applied. That means 
constructing a new road or major renovations. 

In the Initial study (Förstudie) some expected environmental impacts are observed and unrealistic 
design alternatives are canceled for further study. If the Swedish Transport Administration in this 
stage cannot choose one road corridor or if the project needs to be tried for permission from the 
government of Sweden a Road investigation (Vägutredning) has to be done. Otherwise that stage can 
be skipped and the Road plan (Arbetsplan) is the next step. 

The purpose of the Road investigation is to more deeply study and assess the different road corridors 
so that one of them can be chosen. In this stage an environmental impact assessment 
(Miljökonsekvensbeskrivning) is made if the project is expected to cause considerable impacts on the 
environment. When one alternative corridor has been chosen the government needs to give 
permission for that alternative in order to advance to the next stage.  

The Road plan is the next stage where the Swedish traffic administration decides on the final road 
area within the chosen corridor. In this stage affected individuals, municipalities, organizations and 
authorities are consulted and appeals can be made. If an environmental impact assessment has been 
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made it has to be approved by the county administrative board in this stage. Once the plan has been 
validated there is nothing that can formally stop the construction of the road. 

The next stage is to produce the Design documents (Bygghandling) which is the last step of the 
planning stage. In the Design documents technical design of the road is presented. It has to be 
compatible with the Road plan and only insignificant deviations can be accepted. If significant 
deviations have to be made then the Road plan has to be adjusted and validated again (Trafikverket, 
2012b). 

As the construction phase starts the first work task usually involves removing objects that are not 
going to be part of the road. This often includes vegetation such as trees and bushes, and sometimes 
manmade objects such as barns, houses or fences. (Washington State Department of Transportation, 
2012) 

Then usually the construction of the embankment can begin. The embankment is also known as the 
subgrade and consists of naturally occurring material or imported fill material on where the 
pavement of the road is built. The subgrade work usually involves substantial mass movements. 
When concepts like cut and fill and earthworks are mentioned it usually refers to the construction of 
the subgrade but sometimes also includes some layers above. The materials in the subgrade need to 
meet some quality standards. For example its content of organic material needs to be low and the 
size of the rocks must not exceed 2/3 of the thickness of the subgrade (Vägverket, 2005). 

 
Figure 2-1: The principal structure of the road. (International Labor Organization, 2008). 

 
If there is a shortage of masses a nearby borrow pit may be needed. This means using material from 
outside of the road line. Other alternatives might be to adjust the road line by lowering it 
(Washington State Department of Transportation, 2012). 

Excess materials can be used for a number of different usages. For example by replacing noise 
barriers with noise barrier earth berms or construct new earth berms where it previously hadn’t 
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been planned. The road line can also be adjusted by raising it to accommodate more masses. 
Another usage could be to sell the material to other projects (DynaRoad Software, 2012). 

Sometimes the road line is designed to go through bedrock. This requires what is called rock cutting 
and often involves both drilling and blasting. This work must be done to a level slightly below the top 
of the subgrade. The occasional pockets formed on top of the bedrock needs to be drained into the 
side ditches to avoid water from collecting in the subgrade which might have a destabilizing effect 
(Washington State Department of Transportation, 2012). 

The subgrade needs to be compacted with a roller to further reduce the risk of water collecting 
inside of it. Sometimes it might be necessary to use materials that can withstand frost heaving in the 
subgrade (Vägverket, ATB väg, 2002). 

On top of the embankment the pavement is built. The pavement consists of a number of different 
layers with varying thicknesses depending on the planned load bearing capacity of the road and the 
risk of frost heaving and settlements for instance. The bottom layer in the pavement is called the 
subbase and usually consists of crushed rock. Sometimes a protective layer is placed between the 
subgrade and the subbase to keep the materials from mixing but also to minimize frost heaving 
(Parhamifar, 2009 cited in Hammadi, 2012). 

The next layer is the base course which sometimes consists of a granular layer and a stabilized layer. 
To stabilize a layer usually asphalt or emulsion I used. The top layer is called the surface layer and 
most often consists of hot mix asphalt or cold mix asphalt. The difference is merely the temperature 
of which they are produced in. Roughly 95% of the surface layer consists of crushed aggregates (Doré 
and Zubeck, 2009). 

 

Figure 2-2: The basic layers of the pavement. From the top: surface layer, stabilized base course, granular base course, 
subbase, protective layer, subgrade (Trafikverket, 2011). 

2.1.1 Earthworks 
Earthworks in road construction is the process of forming, moving and processing earth or rock to 
desired needs through for example cutting, filling and usually some extensive mass hauling.  The 
reason that earthworks often become extensive is because the ground conditions rarely are good 
enough to meet the requirements of roads. In other words, the ground is most often too uneven and 
not solid enough to accommodate a road without extensive earthworks. Cutting is the process of 
taking excess masses and filling it in places where there is a shortage of masses. Roads are usually 
planned to achieve what is called a mass balance. That means that the volume of cut masses equals 
that of the fill masses.  
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Not all masses are suited for being used even in the subgrade of the road. For example, masses with 
a high content of organic material are better to use as noise barrier earth berms or as surface 
material on the side slopes. However some amounts of organic rich masses could be used in the 
lower parts of the subgrade. 

Efficient earthworks include measures for minimizing the mass hauls and the mass volumes for 
instance. Minimizing mass hauls can be done with the help of some mass haul optimization software. 
Minimizing the mass volumes themselves can be done through adjusting the road line profile and 
plan, without risking that the road doesn’t meet the required technical standards (Umeå Universitet, 
2012). 

During earthworks the masses take on different states depending on if they’re in their natural state 
in the ground, loaded onto an articulated hauler for instance, or filled. The different states cause the 
masses to take on different volumes depending on the fact that masses get loosened up when 
they’re excavated and denser when they’re compacted. Furthermore these states consist of 
theoretical states and real states. The theoretical state is the needed volume or calculated volume of 
material in that particular state based on design documents. The real state is the measured volume 
of a particular material needed for producing according to the design documents.  

Table 2-1: The different states of masses and their units ( Umeå Universitet, 2012). 

Volume  English unit Swedish unit 
Theoretic bank BCM (Bank Cubic Meter) tfm3 (Teoretisk fast volym) 
Real bank  vfm3 (Verklig fast volym) 

 
Theoretic loose LCM (Loose Cubic Meter) tlm3 (Teoretisk lös volym) 
Real loose  vlm3 (Verklig lös volym) 

 
Theoretic compacted CCM (Compacted Cubic Meter) tam3 (Teoretisk anbringad volym) 
Real compacted  vam3 (Verklig anbringad volym) 

 
Theoretic  According to section, calculated from 

blueprint 
 

Real  According to real measurements 
 

The different states are associated with different correction factors which are heavily based on 
material type, properties and geometric shape. Geographic locations with unique soil conditions will 
also impact the correction factors, it’s therefore important to find out what specific rock and earth 
are present at a specific location. 

The correction factors used in the case study can be seen in table 2-2. It’s an incomplete list but fully 
useful for the purposes of the case study.  
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Table 2-2: Correction factors used in the case study (Hagert, 2013). 

Material Theoretic BCM Real LCM Real CCM Tonnes 
Rock 1 - 1,45 2,7 
Earth 1 1,2 - 2 
Subbase - - 1 2,15 
Base Course - - 1 2,25 

2.1.2 Crushing 
Rock that doesn’t meet the requirements to be part of the road can be crushed in a crushing plant to 
needed fractions. Unlike natural rock the crushed aggregates are not rounded and sticks together 
much easier their rounded counterparts. Crushing can be made in mobile and stationary crushing 
plants. The benefit of mobile crushing plants is that they can be placed by the construction site and 
therefore minimize the mass hauls. However the mobile crushing plants tend to mainly consume 
diesel while stationary plants basically run on electricity meaning that the mobile plants produce 
more greenhouse gases (Bäck, 2012). 

 

2.2 Energy Consumption and Emissions 
Emissions from internal combustion engines are considered as major health- and environmental 
problems. Perhaps the biggest problem of the internal combustion engines are its contribution to 
global warming through the greenhouse effect. The emissions cause a long series of other problems 
though such as acidification and respiratory problems due to emissions of particulate matter (Haupt 
& Nord, 2008).  

The connection between an internal combustion engine’s fuel consumption and its exhausts of 
greenhouse gases is almost linear. The connection with respect to other emissions is more 
dependent on the laws and regulations that were in effect when the machine or vehicle was built. 
There was for example a law passed that targeted emissions and noise from mobile machinery in 
1999 (Trafikverket, 2012c). 

This is only part of the truth, it turns out that there are many factors affecting the emissions and fuel 
consumption of internal combustion engines. Frey and Kim (2005) categorize these factors into 
vehicle characteristics, vehicle activity patterns, ambient conditions, fuel properties and related 
factors. Vehicle characteristics include for example engine design, its weight and load. Engines with a 
higher rated power are generally slightly better at translating fuel into usable energy. This means 
that engines with a higher rated power can do more work per fuel consumed than engines with a 
lower rated power. This can for example be seen in the specific fuel consumption (Lindgren, 2006). 

The activity pattern of a vehicle or machine affects both the emissions and the fuel consumption. 
Changes in a diesel engine’s load will affect the torque of the engine which in turn affects the fuel 
consumption and emissions (Brodrick, 2002). The engine’s speed and acceleration are two other 
aspects that affect emissions and fuel consumption but cannot explain the variations in these aspects 
either combined or on their own (Frey & Kim, 2005).  
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Ambient conditions that affect the fuel use and emissions involve outside temperature and humidity. 
It’s been shown that higher combustion temperatures in the engine cause higher emissions of NOx 
(Flagan & Seinfeld, 1988). The connection between the outdoor temperature and the combustion 
temperature is rather slim. One study shows that measurements of the air temperature in the air 
intake turn out to be relatively constant even though outdoor temperatures vary. This implies that 
the air is preheated before entering the cylinder. The humidity of the air is believed to have some 
effect on NOx emissions but the connections are not entirely understood (Frey & Kim, 2005). 

The properties of the fuel have a significant effect on the fuel consumption and emissions. The use of 
biodiesel increase the CO2 emissions compared to using petroleum diesel. However, the net increase 
of atmospheric CO2 is considerably higher with petroleum diesel. Since biodiesel is produced by 
biological material such as soy beans the plants themselves take up roughly an equal amount of CO2 
as is released by combusting the biofuel that is produced by the same source (Graboski, McCormick, 
Alleman & Herring, 2003). 

 

2.3 Project management in road construction 
While the basic activities and aspects of road construction have been described previously there is a 
long range of approaches and methods to optimize the construction. Optimizing can be done from 
several perspectives such as minimizing costs, material use, energy consumption, emissions or time 
of construction, which often equals to lower costs. Quite often these perspectives are related, 
meaning that changes in one measure will mean changes in the others.  

Some of the methods used to optimize road constructions involve scheduling methods, mass haul 
optimization methods, the use of alternative materials and machine control to name a few. This 
chapter is going to describe some of these methods in detail.  

2.3.1 Scheduling methods 
Construction in projects such as high rise buildings, multi-unit housing, highways, railroads and 
pipelines follow a repetitive and linear work progress. This looks somewhat like an assembly line 
work process where production happens with a pace or is of a continuous character (Akbas, 2004). 
This type of construction is called a linear construction project (Liu & Wang, 2012). 

This differs from non-linear construction projects such as buildings and industrial facilities which are 
dominated by non-repetitive work activities. Some common scheduling techniques such as the 
Program Evaluation and Review Technique (PERT) and the Critical Path Method (CPM), have shown 
to be inappropriate for linear projects. Instead there have been several scheduling techniques 
developed in order to handle the linear projects more efficiently such as: 

• Line-of-balance (LOB) 
• Vertical Production Method (VPM) 
• Line Scheduling Method (LSM) 
• Repetitive Scheduling Method (RSM) 

(Liu and Wang, 2012) 
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2.3.1.1 Critical path method 
Perhaps the most common method of planning and scheduling is the critical path method (CPM). 
CPM schedules are mainly used in projects to show duration and sequence of activities, milestones 
and criticality of activities. The CPM method shows activities and their precedence relationship to 
other activities. The algorithm of CPM produces the sequence of activities (path) that gives the 
shortest duration time of the project of all possible paths (Akbas, 2004). 

The CPM planning process consists of the following six steps: 

1. Define all significant activities of the project. Only have one start and one finish event 
defined. 

2. Define the relationship between the activities. Does one activity precede or succeed another 
activity? 

3. Draw a CPM network where all activities are connected. Represent each activity with an 
arrow and an event as a small circle with a unique event number.  

4. Assign each activity with the time needed to complete the activity.  
5. Calculate the “critical path”, the longest path through the network in terms of time.  
6.  Use the CPM network to help plan, schedule and monitor the progress of the project. 

Figure 2-3 shows what a simple CPM network may look like. Sometimes dummy activities are used 
with a zero time in order to avoid giving two activities the same label. In this case it helps in 
visualizing the critical path. In this example both the activities labeled as A13 and A12 must be finished 
before A34 and A24 may commence (Jongeling, Olofsson and Norberg, 2007). 

 

Figure 2-3: An example of a CPM network. (Jongeling et al., 2007). 

The main concept of the planning in CPM is to manage the critical path properly because any delays 
in the critical path will cause delays on the entire project while delays on activities outside of the 
critical path will not cause any delay to the project unless the delays are so severe that they become 
the new critical path. A different way of visualizing the CPM schedule is through a Gantt chart as can 
be seen in Figure 2-4. The critical path is shown at the top and the non-critical activities at the 
bottom. The earliest and latest start and finish times are labeled as ES, LS, EF and LF. The total slack is 
labeled as TS in the Gantt chart (Jongeling et al., 2007). 
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Figure 2-4: A Gantt chart visualizing the CPM schedule in a different manner (Jongeling et al., 2007). 

Akbas (2004) explains the basic limitations of CPM as follows: 

• The CPM schedules become hard to use when the number of activities and their internal 
relationship increases.  

• The CPM schedules lack information of production characteristics. 
• Activities and their relationship do not represent the spatial characteristics of the actual work 

performed. This means for example that spatial conflicts or desired spatial buffers between 
activities become hard to foresee and manage. 

• CPM networks do not show the work continuity of activities. Line-of-balance techniques aim 
to resolve this for repetitive and linear activities. 

2.3.1.2 Line-of-balance 
Line-of-balance or LoB is a location based scheduling method. It’s typically used when there is a large 
amount of on-site fabrication and continuous and repetitive work. The idea has been around for a 
long time but the use of location based planning techniques is still limited, probably because of the 
strong tradition of activity based scheduling such as CPM (Jongeling et al., 2007).  

LoB scheduling visualizes workflow of different activities using lines of different colors in a time-
location diagram. Figure 2-5 shows an example of a Lob-diagram in a construction project of 3 
houses. The location of each house is represented in the vertical axis and time is represented in the 
horizontal axis. The brown line labeled as “foundations” means that one work crew is scheduled to 
construct the foundations at one house at a time in a continuous flow. As the crew has finished the 
foundation of the first house, another crew can begin building the framework of that house and that 
is scheduled to progress with a slower pace since the line slopes less than the line of “foundations”. 
As the diagram shows there are essentially two types of buffers namely time buffers and location 
buffers. Time buffers are represented by the horizontal distance between 2 lines meaning that the 
amount of time that the horizontal distance represents equals the amount of time differing the 2 
activities at the same location. The location buffer works in a similar fashion and equals to the 
vertical distance between 2 lines. The vertical distance equals to the location distance which could be 
a distance in terms of houses ahead, other repetitive units or real physical distance. 
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Figure 2-5: an example of a Line-of-Balance diagram (Jongeling et al., 2007). 

The scheduling process of Line-of-Balance planning consists of the following steps according to 
Jongeling et al. (2007): 

1. Break the project down into physical sections or locations what is called a Location-
Breakdown Structure or LBS. For example “location 1” included in building A” part of “project 
X”. 

2. Prepare a Bill of Quantities, a Bill of Materials or estimate costs according to the spatial 
hierarchy in the previous step. This helps specifying the amount of work required in each 
location. 

3. Create tasks in the schedule that equals to the lines in the LoB-diagram. This is done by using 
the Bill of Materials or Quantities or the cost estimate for the project. For instance the item 
“concrete floor 1” might include the following tasks: “install shoring”, “install formwork”, 
“install reinforcement”, “pour concrete” and “remove formwork and shoring”. 

4. Specify the task dependencies in order to determine completion order of tasks for example. 
5. Determine crew sizes needed for each task based on what is known about each task. 
6. Check the Line-of-Balance diagram to a number of deviation types or problems. Some of 

which are described in Figure 2-6. 
7. Distribute project resources such as work crews evenly for each task. 
8. Performa risk simulation 
9. Monitor the progress of the construction work and compare with the planned progress. 

Some of the main deviation types that are easily observed in the Line-of-Balance diagrams are shown 
and described in Figure 2-6. The deviations indicate mistakes in scheduling and possibilities to 
improve the schedule to ensure a more continuous work.  
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Figure 2-6: Some of the most common deviations in Line-of-Balance diagrams (Jongeling et al,. 2007). 

There are two main principles that can be used to minimize the deviations listed in Figure 2-6 namely 
Synchronization and pacing. The aim of synchronization is to make the production rates more similar 
to each other meaning that one task or activity in a location takes as much time as another task or 
activity in the same location. This can be observed in a Line-of-Balance diagram with lines of similar 
slope parallel to each other. Pacing on the other hand means that activities are scheduled to 
minimize interruptions when a work crew finishes work at one location and moves on to the next.  

Another important aspect in the planning process of LoB is to even out the use of resources of the 
course of the project. Many planners have a tendency to schedule much work to the end of the 
project when there are few possibilities to catch up on delays. It is therefore important to plan for a 
more even workflow throughout the project (Jongeling et al., 2007). 

 

2.3.2 Earthworks Optimization 
The major task in road construction projects is earthworks which is characterized by large quantities 
of soil and rock material being hauled along the construction site. It was historically observed that 
this was often costly and inefficient. A solution to this earthworks allocation problem was introduced 
consisting of what is called a Linear Programming (LP) technique. This technique involves a 
mathematical model designed to minimize the transportation costs and the mass haul distances (Ji, 
Borrman, Rank, Seipp & Ruzika, 2010).  

Figure 2-7 a) visualizes the basic process of earthworks where cuts are excavated and moved to fills. 
Optimizing these earthworks processes can be done using a Bipartite Graph to model the earthworks 
allocation problem as seen in Figure 2-7 b). 
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Figure 2-7: An example of earthworks optimization processes. Cut-to-fill hauls can be represented with a transport 
matrix (Ji, Borrmann & Wimmer 2011). 

Common today is that large road construction projects consist of separate constructors which work 
parallel sub-projects in order to reducing the project duration. However it is rare that the 
constructors cooperate and that can lead to major inefficiencies regarding earthworks. For example, 
one sub-project might have considerable overflow of masses while the other might need masses but 
use external sources for it. Efforts to coordinate the constructors are sometimes made but tend to 
lead to additional costs (Ji, et al. 2010). 

2.3.2.1 Microscopic approaches to earthworks optimization 
While some approaches to earthworks optimization are on a macroscopic level, there are some 
approaches on the microscopic level as well. One example of a microscopic approach is to simulate 
earthworks operations in order to observe interdependencies when conditions are changed. Figure 
2-8 shows some examples of microscopic approaches in dealing with the interaction between 
excavators (diggers), hauling vehicles (dumpers) and the hauling routes (tracks) as can be seen in 2-8 
a). 2-8 b) shows the effect of an excavator with a weak performance causing hauling vehicles to 
queue. 2-8 c) shows the effect of different ground conditions on the hauling units. Finally 2-8 d) 
shows that the work performance is not linearly dependent on the number of excavators and hauling 
vehichles. 



23 
 

 

Figure 2-8: Examples of microscopic modelling of earthworks; a) ideal process b) waiting queue c) properties of tracks d) 
work performance depending on number of hauling units used in the process (Ji et al. 2011). 
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3. SUGGESTED ENERGY MODEL 
In this chapter the energy model is presented. First an introduction to the specific environment of 
the energy model is presented. Then past studies that touch upon the subject are examined. Then 
the energy model, its requirements, structure and its methods for implementation are presented. 

3.1 Introduction to the energy model 
During road construction projects assessments of energy consumption and emissions from the 
construction phase are rarely made despite the fact that it’s known that road construction projects 
require significant amounts of energy and produce a lot of emissions (Stripple, 2001). There can also 
be a significant difference between different design alternatives and it’s therefore important to be 
able to make these assessments in the planning stage. This also means that there needs to be a good 
and reliable method for these assessments and comparisons.  

This calculation model is developed primarily for assessing energy consumption and secondarily for 
assessing the emissions of greenhouse gases. As it’s been mentioned in Chapter 2.2 Energy 
Consumption and Emissions, there is a strong correlation between fuel consumption and greenhouse 
gas emissions. However, the energy consumption that consists of fuel consumption and electricity 
consumption is going to be more accurate than the numbers for the greenhouse gas emissions 
simply because the emissions are based on the consumption and not vice versa.  

3.2 Past studies 
There are a number of studies that touch the subject of energy consumption and emissions of 
greenhouse gases in road construction projects. Some of the most relevant studies are master’s 
theses.  

Tim Johansson (2009) started developing a model for CO2 emissions. His work is the basis and 
inspiration of the work in this thesis. However, since it was discontinued it was not published. It had 
some important knowledge that was worth pursuing for this thesis. One was the methodology of 
calculating the CO2 emissions based on the activity of the machine in hours. Another important 
aspect was the schematic model for earthworks in a road construction project and the different 
activities involved which was helpful for understanding how one could go about calculating the 
energy consumption as well as the CO2 emissions. Figure 3-1 shows the schematic model that was 
presented in Tim Johansson’s discontinued work and is the inspiration and precursor of the energy 
model presented in this thesis which can be seen in Figure 3-2. 
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Figure 3-1: Tim Johansson’s draft of a CO2-model for use in road construction projects, Johansson (2009). This figure is 
the precursor for the schematic model produced in this thesis shown in Figure 3-2. 

“Koldioxidutsläpp vid vägbyggnad – en fallstudie med jämförelse mellan alternative byggnadssätt” is 
a master’s thesis by Jonas Lindén (2008). The thesis was a comparative study of CO2 emissions 
between two different construction methods of roads. The methods in question were a traditional 
design and Swepave which is a construction method by the Swedish construction company PEAB. The 
thesis had some relevant approaches to calculate CO2 emissions for hauling vehicles, non-road 
mobile machinery and crushing. But also some approaches for calculating CO2 emissions of the 
production of asphalt, bitumen and concrete. 

 

3.3 Requirements 
The requirements for implementing the energy model are mainly based on improving the accuracy of 
the end results by using proper methods and sources to produce good input data for the energy 
model.  

One such requirement is having good knowledge and access to good knowledge regarding the 
project. This includes having knowledge about the location, the possible hauling vehicles, non-road 
mobile machinery and crushing plants that will likely be used. 

Road lines need to be established and mass quantities in these road lines need to be known. A mass 
haul plan complemented with a schedule is also required. Furthermore the quality and location of 
access roads need to be established. This will have an effect on the hauling vehicles used and the 
hauling distances. 
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3.4 Structure of energy model 
The suggested calculation model in this thesis is based on a set of sources regarding energy 
consumption and capacities, but not dependent on them. This means that the model can easily be 
adapted to other sources even with different approaches to these quantities. All that is a necessity in 
order to implement the model are described in chapter 3.3 about Requirements.  

The main sources used in this calculation model are Vägverket, Kapacitetsdata (1991) which is used 
to estimate production capacities of non-road mobile machinery, DynaRoad Software, which is used 
for making a mass haul plan, Caterpillar Performance Handbook (2012), which helps estimate the 
cycle times and fuel consumption of mass hauls with articulated haulers and Lindgren (2007) which 
provides a calculation model for the fuel consumption of non-road mobile machinery as well as load 
factors and brake specific fuel consumption for them. A wide range of other sources are also applied 
in this model. 

The calculation model is based on the machines and vehicles associated with the activities shown in 
Figure 3-2. 

Cut, 
Borrow pit

Fill,
Disposal 

area

Off-road mobile machineryHauling vehicle

Load & unload, 
crushing plant

Crushing plantHauling distance (km) Fuel consumption
(l/km, l/h) Usage

(h)
Fuel consumption

(l/h)

Crushed masses
(t, m3)

Electricity 
consumption

(kWh/t, kWh/m3)

Fuel consumption
(l/t, l/m3)

Total electricity consumption
(kWh)

Total fuel consumption
(l)

Total fuel consumption
(l)

Total fuel consumption
(l)

Total energy 
consumption

Usage
(h)

 

Figure 3-2: Model of the basic activities, flows and the machines and vehicles connected to them. 

To implement the model the first step is to produce the mass haul plan in DynaRoad using the bill of 
materials, where cuts, fills, borrow pits, disposal areas and crushing plants are included. The next 
step is to add average production capacities based on Vägverket, Kapacitetsdata (1991) for the non-
road mobile machinery. These should be based on the specific conditions of the project. That 
includes the soil properties with respect to how easily excavated they are, loading capacities of 
different machines and other relevant quantifiable aspects that affect the production capacities. 
Since these aspects may vary with time and location along the road line the capacities may have to 
be adjusted accordingly in DynaRoad software. 
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The next step is to do some basic time- and resource planning to make sure that cuts and fills can be 
coordinated according to the mass haul plan. If it can’t it might affect the earthworks process 
considerably (Marcus Bäck, 2012). 

When the mass haul plan and the time- and resource plan is made there is approximately reasonable 
data on haul distances, amount of masses, amount of masses for crushing and machine hours for the 
non-road mobile machinery. Different approaches are then used to calculate the total energy 
consumption of each category. 

Mass Hauls 

Mass hauls are mainly done with trucks and articulated haulers. Trucks are primarily used on public 
roads while articulated haulers are used in worse conditions, for example along the road line or 
access roads. Shorter mass hauls may be made by some non-road mobile machinery like bulldozers 
and wheel loaders, but these will not be accounted for in this model. For mass hauls on public roads 
the load capacity in m3 or t and the fuel consumption per km for the vehicle in question are required. 
If these are unknown some standard values from table 3-1 can be used. To calculate fuel 
consumption on public roads an equation based on a formula for CO2 emissions for mass transports 
by Blinge, (2006), quoted by Lindén (2008), is used. 

Mass hauls on public roads: 

 Ftot =
Lt
Lc
∗ 2 ∗ Td ∗ Fc ( 1) 

Ftot = total fuel consumption (kg) 

Lt = total masses (m3) 

Lc = load capacity of the vehicle (m3) 

Td = haul distance (km) 

Fc = fuel consumption of the vehicle (kg km⁄ ) 

 

Mass hauls by truck on dirt roads is more problematic to handle. First off, the quality of the dirt roads 
needs to be good enough to handle the trucks since they are designed for roads of good quality with 
relatively hard surfaces. As Sherwin (2012) explains, the fuel consumption will be strongly increased 
once a truck goes from asphalt to dirt. According to Abelson (1973) the fuel consumption of a car 
increases by roughly 44% when it goes from paved roads to dirt roads. He further argues that “the 
same argument applies for trucks as to cars”. Therefore the fuel consumption for trucks on dirt roads 
is going to be assumed to be 44% higher in this model. 
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Table 3-1: Load capacity and fuel consumption data of a set of different truck configurations. Data assumed to be on 
hauls on paved roads (Lundgren, 2012).  

 

 

 

 

 

 

Transports in the road line or access roads with articulated haulers will be based on data from the 
Caterpillar Performance Handbook (2012). This is done by first assigning the articulated haulers to be 
used in the construction project. If it’s not in the handbook an equivalent articulated hauler in the 
handbook can be used in its place. The total number of cycles can be then be calculated based on the 
load capacity and the total amount of masses. From the handbook the rolling resistances of the 
access roads or the road lines need to be assessed. The rolling resistance is in % and usually a 
number not lower than 10% in construction sites. Furthermore, speeds above 40 km/h are unlikely to 
be reached on road construction sites for reasons such as the temporary nature of the access roads 
and operator physical comfort levels according to Sherwin (2012). The corresponding speeds for the 
rolling resistance when the hauler is loaded and empty contribute to the cycle time if also the hauling 
distance is known. To calculate the cycle time also the time for loading and dumping must be 
assessed. These are dependent on the loading capacity of the loading unit, the load capacity of the 
articulated hauler, and the configuration of the loading and dumping site. Once the total number of 
cycles and their corresponding cycle times are known the load factor connected to the fuel 
consumption of the hauler must be assigned. This is not totally uncomplicated since the span of 
values is large ranging from 13.8-46 liters/hour for a 740B articulated hauler for example. Even within 
the “medium” range which is described as typical use in road-building the values range from 23-36.8 
liters/hour.  

Mass hauls with articulated haulers:  

 𝐹𝑡𝑜𝑡 =
𝐿𝑡
𝐿𝑐
∗ 𝐶𝑡 ∗  𝐹𝑐 ( 2) 

 

Ftot = total fuel consumption (kg) 

Ct = cycle time (h) 

Lc = load capacity of the vehicle (m3) 

Lt = total masses (m3) 

Fc = fuel consumption of the vehicle (kg h⁄ ) 

Type of mass haul truck Load capacity Fuel consumption (liters/km) 
 m3 tonnes loaded unloaded average 
3-axle truck 10 13 0.40 0,35 0,38 
4-axle truck 12,7 16,5 0,42 0,37 0,40 
3-axle truck and 2-axle trailer 20 26 0,50 0,45 0,48 
3-axle truck and 3-axle trailer 26,2 34 0,55 0,50 0,53 
3-axle truck and 4-axle trailer 30,8 40 0,60 0,55 0,58 
4-axle truck and 2-axle trailer 23,1 30 0,52 0,47 0,50 
4 axle truck and 3-axle trailer 26,2 34 0,57 0,52 0,55 
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Production of crushed aggregates 

Normally rock crushing happens in several steps depending on what fractions are being produced. 
The first step is called the primary crushing and is done by a jaw crusher or a gyratory crusher. The 
secondary and tertiary crushing steps are most often made by cone crushers (Assakkaf, 2003).  

Crushing facilities can either be mobile or stationary. Mobile crushing facilities are generally used in 
temporary operations such as in construction sites while stationary facilities are used in more 
permanent operations such as quarries and mines. The main difference in terms of energy 
consumption is that mobile crushers primarily run on diesel while stationary crushers primarily run 
on electricity. However some of them run on a combination of diesel and electricity. In the case of 
mobile crushers the share of electricity used is often produced by a diesel driven electric generator 
(Bäck, 2012). 

If there is data on the energy consumption of the crushers in each step, this should be used. 
Otherwise data on production of an average end product can be used. This means an average value 
of energy consumption for production of crushed aggregates specifically used in road construction 
generally, where no consideration is taken to the fractions used in the specific road project.  

Each crushing step must be assumed as a separate crushing meaning that the total amount of 
different end products of crushed aggregates can be lower than the total amount of masses passing 
all crushers. The calculations of fuel- and electricity consumption of the crushing operations can be 
made with the following elementary formulas: 

Electricity consumption of crushing:  

 𝐸𝑡𝑜𝑡 =  𝐸𝐶 ∗  𝑀𝑡 ( 3) 
 

Etot = total electricity consumption (kWh) 

Ec = electricity consumption of crusher (kWh/t) 

Mt = total crushed masses (t) 

 

Fuel consumption of crushing:  

 𝐹𝑡𝑜𝑡 = 𝐹𝐶 ∗ 𝑀𝑡 ( 4) 
 

Ftot = total fuel consumption (l) 

Fc = fuel consumption of crusher (kg/t) 

Mt = total crushed masses (t)  
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Table 3-2: total energy consumption in the production of crushed aggregates for road construction. The consumption for 
Skanska and and Sandvik HJ3800 are based on the material being crushed 2,675 times. The number of crushes for the 
material in Sabema and Bjärsgård is unknown, but is assumed to be the same. 

Crushing plant Energy consumption Source 
 Diesel (l/t) Electricity (kWh/t)  
Sabema 0,48 5,89 Stripple, 2001 
Bjärsgård 1 1,5 Lindén, 2008 
Skanska 0,82 2,65 Andersson and Gunnarsson, 2009 
Sandvik HJ3800 0 5,54 Krekula, 2013 
 

 

Table 3-3: The average energy consumption in crushing facility when material is crushed only once. Equals to values in 
table 3-2 divided by 2,675. 

Crushing plant Energy consumption Source 
 Diesel (l/t) Electricity (kWh/t)  
Sabema 0,18 2,20 Stripple, 2001 
Bjärsgård 0,37 0,56 Lindén, 2008 
Skanska 0,31 0,99 Andersson and Gunnarsson, 2009 
Sandvik HJ3800 0 2,07 Krekula, 2013 
 

Non-road mobile machinery 

The machine hours of the non-road mobile machines are received from DynaRoad. If there is 
data on the average fuel consumption of machines used then the calculation of the total fuel 
consumption is elementary with the following formula: 

 𝐹𝑡𝑜𝑡 = 𝐹ℎ ∗ 𝐴 ( 5) 
 

Ftot = total fuel consumption (kg) 

Fh = fuel consumption of the machine (kg/h) 

A = machine hours of the machine (h) 

The off-road mobile machines without data on their fuel consumption must use a more general 
calculation approach. This approach takes into consideration the rated power of the machine, its 
average load factor and its brake-specific fuel consumption. The two latter are values from 
tables and are dependent on the type of machine and its power category. The total fuel 
consumption of these off-road mobile machines can be calculated with this formula: 

 𝐹𝑡𝑜𝑡 = 𝐴 ∗ 𝑃 ∗ 𝐿𝑓 ∗  𝐵𝑒 ( 6) 
 

Ftot = total fuel consumption (kg)  

A = machine hours of the machine (h) 

P = rated power of the machine (kW) 
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Lf = average load factor from Table 3-4 

Be = brake-specific fuel consumption (kg/kWh) from Table 3-5 

 
Table 3-4: Load factors (Lf) as a function of machine type and power interval (sources in table). 

Machine type 0-18 
kW 

18-37 
kW 

37-75 
kW 

75-130 
kW 

130-560 
kW 

Source 

Bulldozer 0,58 0,58 0,58 0,58 0,58 US EPA, (2010) 
Drill rig (diesel) 0,43 0,43 0,43 0,43 0,43 US EPA, (2010)  
Excavator   0,40 0,40 0,40 Persson & Kindblom, (1999) 
Backhoe loader   0,21 0,21 0,21 Persson & Kindblom, (1999) 
Wheel loader   0,48 0,48 0,48 US EPA, (2010) 
Skid-steer loader   0,23   US EPA, (2010) 
Road roller 0,59 0,59 0,59 0,59 0,59 US EPA, (2010) 
Other   0,33 0,38 0,34 Mean value, Lindgren (2007) 

 

Table 3-5: Brake-specific fuel consumption (Be) as a function of power interval (Lindgren, 2006). 

Power interval Brake-specific fuel consumption (kg/kWh) 
0-18 kW 0,271 

18-37 kW 0,269 
37-75 kW 0,265 

75-130 kW 0,260 
130-560 kW 0,254 
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4. CASE STUDY 
In this case study the energy model is applied to a real case. First however the case study is 
presented. Then the implementation of the energy model to the specific case with its separate 
alternatives is described. Lastly the results are presented. 

4.1 Introduction to case study 
The case study is necessary to do in order to test the functionality of the energy consumption model. 
Testing the model on a real case is very useful to be able to easily observe some of its strengths and 
weaknesses and adapt the model for possible future use.  

Trafikverket, the Swedish transport administration has been running and managing projects with the 
goal of implementing different measures for energy efficiency with the main objective of reducing 
greenhouse gas emissions. Energy efficiency is one of the most prioritized issues in Trafikverket 
today. However an equally important issue is to provide good tools for measuring the effects and 
thereby identifying the most efficient measures for implementation in future projects (Trafikverket, 
2012c). 

4.2 Description 
Sweden´s northernmost city Kiruna is undergoing major transformations due to the spreading of 
deformation zones from the underground mining industry in the city. The deformation zones are 
moving towards downtown Kiruna and threaten the functionality buildings, roads, railroads and 
other infrastructure. Eventually most of downtown Kiruna as well as the railway has to be relocated, 
Nikkaluoktavägen and the E10 (Kiruna Kommun, 2012). 

The case study involves the relocation of Väg 870 (Nikkaluoktavägen) and the E10 which are projects 
that at the time of the making of this thesis are in the planning stage. While there might be potential 
for saving energy by adjusting the design of the roads, this is outside of the scope of this project. 
Instead some possible sources for crushed aggregates are going to be examined. In Kiruna it is 
common to produce crushed aggregates for infrastructure projects from the large quantities of 
gangue which is a byproduct of mining. The local mining corporation LKAB runs a stationary crushing 
plant located at Kirunavaara and produces crushed aggregates to various construction projects. 
However, there are some nearby sources of gangue to the E10 road line which if used could lead to 
significantly lower hauling distances. It would require establishing a mobile crushing plant which 
could run on electricity from the power grid or electricity produced by diesel driven generators. 

 



33 
 

 

Figure 4-1: Map with the road projects E10 and Väg 870 (Nikkaluoktavägen). The sources of gangue are marked as 
"Gråbergsupplag". 

4.3 Implementation 
The process of implementing the energy consumption model to the case study began by receiving a 
semi structured description of the possible realistic alternatives by Trafikverket. This in fact 
happened in the early stages of this thesis before the energy consumption model was formalized.  

The next step was to acquire PDF-maps and mass quantities in Excel-format for the project from the 
consultants Ramböll involved in the project. With this, input of the data into DynaRoad Plan-module 
could begin. This involved tasks such as inputting the quantities of the different road lines, 
connecting them correctly relative to each other and inputting the different external material 
sources and locations of crushing plants. Some screenshots of the work in DynaRoad can be seen in 
Appendix 1. 
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At such an early stage a mass haul plan can be made but what’s missing is a general time schedule 
which helps in identifying transportation obstacles and variations in production capacities which in 
turn can have a significant effect on the outcome.  

Table 4-1: Overview of the separate alternatives in the case study. 

 Alternative 1 a) Alternative 1 b) Alternative 2 

E10    

Cut & fill handled in road line handled in road line handled in road line 
Excess earth cut not accounted for not accounted for not accounted for 
rock cut crushed & used in road 

line 
crushed & used in road 
line 

crushed & used in road 
line 

Subbase produced from rock cut 
& nearby gangue 
sources 

produced from rock cut 
& nearby gangue 
sources 

provided by LKAB at 
Kirunavaara 

Base course produced from rock cut 
& nearby gangue 
sources 

produced from rock cut 
& nearby gangue 
sources 

provided by LKAB at 
Kirunavaara 

Energy source of crushing electricity from the grid diesel driven electric 
generator 

electricity from the grid 

Nikkaluoktavägen    

Cut & fill handled in road line handled in road line handled in road line 
Excess earth cut not accounted for not accounted for not accounted for 
rock cut none none none 
Subbase provided by LKAB at 

Kirunavaara 
provided by LKAB at 
Kirunavaara 

provided by LKAB at 
Kirunavaara 

Base course provided by LKAB at 
Kirunavaara 

provided by LKAB at 
Kirunavaara 

provided by LKAB at 
Kirunavaara 

Energy source of crushing electricity from the grid electricity from the grid electricity from the grid 
 

The different alternatives and the necessary activities involved in the earthworks were then decided 
with the help of Jonny Bäck who is a project leader in both road projects. An overview of the 
different alternatives can be seen in Table 4-1. Alternative 1 is divided into two sub alternatives with 
Alternative 1 a) using electricity fron the grid as the energy source for crushing to the E10 while 
Alternative 1 b) uses a diesel driven electric generator as its energy source. Alternative 1 is therefore 
calculated as one alternative but presented as two in order to examine the impact of this difference. 

The various activities and their corresponding machines in each alternative can be seen in table 4-2 
and 4-3 for each alternative. The masses and distances are output data from DynaRoad and is the 
basis for the calculations of energy consumption.  

Each activity made by off-road mobile machines is associated with the location where the activity is 
performed. There is a distinction made between activities that work with masses and those that 
work with surfaces. This means that for example wheel loaders and excavators are associated with 
masses since their primary usage is to move masses and load haul vehicles for instance. Graders and 
rollers however primarily work with the surface of the road and moving masses is only a minor 
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aspect of their work hence it makes more sense to associate their work with the surface. In this case 
study this is done by calculating the total road length and estimating the number of trips each 
machine has to make along the length of the road to fulfill the work of the particular activity. 

Transportation or hauling activities are not associated with a location since they are made between 
locations. However they are associated with a certain amount of masses and their corresponding 
transportation distance. One distinction is made depending on the type of material hauled. Hauling 
of earth is associated with the loading capacity in terms of volume of the hauling vehicle while 
hauling of rock or crushed aggregates is associated with the vehicles loading capacity in tonnes. This 
distinction is made because rock and crushed aggregates has a higher mass than earth and 
overloading of rock and aggregates is therefore more likely to be dependent on its mass rather than 
its volume. 

Crushing plants are the location with the actual crushing plant and the area in close proximity 
including things such as piles of rock and crushed aggregates. In these locations not only does 
crushing happen but also loading of the crushing plant and loading of hauling vehicles.  
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Table 4-2: The activities and machines used in alternative 1. Notice that this alternative is separated into Alternative 1 a) 
and Alternative 1 b) at chapter 4.6 Results. 

Location Masses Distance (m) Activity Machine 
Earth cut (BCM)      578 011       Loosening and loading Excavator 45 tonnes 
→ Earth fill (LCM)      506 978     937 Transport Articulated Hauler A40 
Earth fill (CCM)      253 489       Recieving Bulldozer CAT D7 
Road length (m)   16960 Compacting Road Roller 16 tons 

     Rock cut (BCM)        54 000       Loosening  Drill Rig Sandvik DX780 
      Loading to transport Excavator 45 ton 
→ Crushing plant E10 (t)      138 723     306 Transport Articulated Hauler A40 
→ Rock fill (t)           7 077     2758 Transport Articulated Hauler A40 
Rock fill (BCM)           2 621       Recieving Bulldozer CAT D7 

     Crushing plant E10 (BCM)        51 379       Loading crushing plant Excavator 45 tonnes 
(tonnes)      138 723       Crushing Sandvik HJ3800 
      Loading to transport Loader CAT980 
→ Base Course E10 (t)           9 790     1426 Transport to E10 Articulated Hauler A40 
→ Subbase E10 (t)      128 933     1439 Transport to E10 Articulated Hauler A40 
Crushing plant Luossa 
(BCM)      189 344       Loading crushing plant Excavator 45 tonnes 
(tonnes)      511 228       Crushing Sandvik HJ3800 
      Loading to transport Loader CAT980 
→ Base Course E10 (t)        28 654     2646 Transport to E10 Articulated Hauler A40 
→ Subbase E10 (t)      482 574     2718 Transport to E10 Articulated Hauler A40 
Crushing plant LKAB (BCM)      166 830       Loading crushing plant Excavator 45 tonnes 
(tonnes)      450 442       Crushing Sandvik HJ3800 
      Loading to transport Loader CAT980 
→ Base Course Nikka (t)        27 315     9581 Transport to Nikka Truck+Trailer  
→ Subbase Nikka (t)       423 127     9539 Transport to Nikka Articulated Hauler A40 
Subbase (CCM)      481 226           
E10 (CCM)     284 423       Recieving Bulldozer CAT D7 
Nikka (CCM)     196 803       Compacting Road Roller 16 tonnes 

     Base Course (CCM)        29 946           
E10 (CCM)        17 086       Recieving Grader CAT160 M2 
Nikka (CCM)        12 140       Compacting Road Roller 16 ton 
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Table 4-3: Activities and machines used in Alternative 2.  

Layer Masses Distance (m) Activity Machine 
Earth cut (BCM)        578 011       Loosening and loading Excavator 45 tonnes 
→ Earth fill (t)        506 978     937 Transport Articulated Hauler A40 
Earth fill (CCM)        253 489       Recieving Bulldozer CAT D7 
Road length (m)   16960 Compacting Road Roller 16 tons 

     Rock cut (BCM)          54 000       Loosening  Drill Rig Sandvik DX780 
      Loading to transport Excavator 45 ton 
→ Disposal Luossa  (t)        138 723     1758 Transport Articulated Hauler A40 
→ Rock fill (t)            7 077     2758 Transport Articulated Hauler A40 
Rock fill (BCM)            2 621       Recieving Bulldozer CAT D7 

     Crushing plant LKAB (BCM)        407 553       Loading crushing plant Excavator 45 tonnes 
(tonnes)    1 100 393       Crushing Sandvik HJ3800 
      Loading to transport Loader CAT980 
→ Base Course Nikka (t)          27 315     9581 Transport to Nikka Truck+Trailer  
→ Subbase Nikka (t)         423 127     9539 Transport to Nikka Articulated Hauler A40 
→ Base Course E10 (t)          38 443     16163 Transport to E10 Truck+Trailer  
→ Subbase E10 (t)         611 508     16120 Transport to E10 Articulated Hauler A40 
Subbase (CCM)        481 226           
E10 (CCM)       284 423       Recieving Bulldozer CAT D7 
Nikka (CCM)       196 803       Compacting Road Roller 16 tonnes 

     Base Course (CCM)          29 946           
E10 (CCM)         17 086       Recieving Grader CAT160 M2 
Nikka (CCM)         12 140       Compacting Road Roller 16 ton 

 

4.4 Alternative 1  
In alternative 1 the crushing of aggregates, meaning the production of subbase and base course is 
done at three separate locations. For Nikkaluoktavägen the crushing is done at the LKAB stationary 
crushing plant at Kirunavaara. The E10:s need of crushed aggregates is supplied by a mobile crushing 
plant in the E10 road line using rock cut from the project itself. This is complemented by crushing of 
gangue by a mobile crushing plant at Luossavaara which is a source of gangue near the E10. These 
mobile crushing locations are either driven by energy from the power grid (Alternative 1 a)) or by 
energy from a diesel driven electric generator (Alternative 1 b)). 

For alternative 1 and the data in table 4-2 some complementary data regarding the rated power of 
the off-road mobile machines the calculations of fuel consumption can be made. The results can be 
seen in tables 4-4 and 4-5. The calculations are made by using basic Excel tables. 

  



38 
 

 

Table 4-4: Fuel consumption of off-road mobile machines excluding road rollers and motor graders in alternative 1. 

Location Activity Machine 
Capacity 
(BCM/h) Lf 

Be 
(kg/kWh) 

P 
(kW) 

Masses 
(BCM) 

Fuel 
consumption 

(kg) 
Cut Loosen & Load Excavator 45 tons 175 0,40 0,254 250 578 011 83 894 
Fill Recieving Bulldozer CAT D7 150 0,58 0,254 175 253 489 43 568 
Rock Cut Loosening Drill Rig Sandvik DX780 100 0,43 0,254 151 54 000 8 906 
Rock Cut Load to Haul Excavator 45 tons 130 0,40 0,254 250 54 000 10 551 
Rock fill Recieving Bulldozer CAT D7 150 0,58 0,254 175 2 621 450 
C E10 Load to crusher Excavator 45 tons 100 0,40 0,254 250 51 379 13 050 
C E10 Unload to Haul Loader CAT 980 140 0,48 0,254 260 51 379 11 633 
C Luossa Load to crusher Excavator 45 tons 100 0,40 0,254 250 189 344 48 093 
C Luossa Unload to Haul Loader CAT 980 140 0,48 0,254 260 189 344 42 872 
C LKAB Load to crusher Excavator 45 tons 100 0,40 0,254 250 166 830 42 375 
C LKAB Unload to Haul Loader CAT 980 140 0,48 0,254 260 166 830 37 774 
Subbase Recieving Bulldozer CAT D7 150 0,58 0,254 175 481 226 82 710 

 

Table 4-5: Fuel consumption of road rollers and motor graders. The # trips are based on the total road length that is being 
built and equals to 16960 meters.  

Layer Activity Machine 
Speed 
(m/h) Lf Be 

P 
(kW) # trips 

Fuel consumption 
(kg) 

Fill Compaction Road Roller 500 0,59 0,26 110 18 10 303 
Subbase Compaction Road Roller 500 0,59 0,26 110 18 10 303 
Base Course Compaction Road Roller 500 0,59 0,26 110 18 10 303 
Base Course Levelling Motor Grader 5000 0,59 0,254 159 9 727 

 

Next is the calculation of mass hauls. Regarding mass hauls by articulated haulers which happen to 
constitute the great majority of mass hauls in this case some assumptions have been made. The fuel 
consumption of the articulated hauler, Volvo A40 is set at 20 l/h which equals to roughly 16,6 kg/h. 
This assumption includes the possible fuel consumption caused by all delays. Delays are not 
accounted for in any further way in these calculations. The load capacities of all materials are based 
on the vehicle’s maximum load capacity in terms of the weight, which is 36 tonnes. The average 
speed when the hauler is fully loaded is assumed to be 20 km/h and 28 km/h when it’s empty. 
Furthermore the loading time is assumed to be 2,5 minutes and the dumping time is set at 0,5 
minutes. The details of these calculations can be seen in Table 4-6. 
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Table 4-6: Fuel consumption of mass hauls by articulated haulers consisting of the vehicle Volvo A40. 

Distance (m) Haul from Haul to Cycle time (h) Masses (t) Fuel consumption (kg) 

937 All earth cut All Earth Fills 0,19 506 978 30 537 
306 Rock cut E10 Crushing plant E10 0,10 138 723 4 888 

2758 Rock cut E10 Refill E10 0,46 7 077 937 
1439 Crushing plant E10 Subbase E10 0,27 129 134 10 347 
1426 Crushing plant E10 Base Course E10 0,26 9 589 763 
2718 Crushing plant Luossa Subbase E10 0,46 482 574 63 119 
2646 Crushing plant Luossa Base Course E10 0,45 28 654 3 666 
9539 Crushing plnat LKAB Subbase Nikka 1,48 423 127 169 690 

 

The remaining haul is made by a 3 axle truck and 4 axle trailer. The results can be seen in Table 4-7. 

Table 4-7: Fuel consumption of mass hauls by a 3-axle truck with a 4-axle trailer. The road conditions are based on the 
fact that about ¼ of the road distance will be of compacted aggregate which is assumed to be equivalent to dirt roads. 
This gives an 11% increase in fuel consumption compared to a 44% increase which would happen if the entire road had a 
dirt surface. 

Road 
conditions 

Distance 
(km) 

Haul From Haul to Masses 
(t) 

Fuel consumption 
(kg) 

1,11 9,581 Crushing plant LKAB Base Course Nikka 27 315  7 009  
 

Finally the energy consumption of crushing of aggregates is calculated. Each crushing location is 
based on the Sandvik HJ3800 crusher. The results can be seen in Table 4-8. The division of Alternative 
1 into its sub alternatives is based on the source of energy for the mobile crushing locations. The 
alternative source of energy instead of power from the grid is diesel driven electric generators. These 
generators work at an efficiency of about 38% (Diesel Service Supply, 2013). The corresponding 
diesel consumption in this case can be seen in table 4-9.  

Table 4-8: Energy consumption of the crushing plants based on the Sandvik HJ3800 crusher. This is the basic energy 
consumption of crushing in Alternative 1 a). 

        Consumption 
Location Type of 

Crusher 
Masses tonnes Fuel (kg) Electricity (kWh) 

E10 Road line Mobile Subbase 129 134 0 715 047 
E10 Road line Mobile Base Course 9 589 0 53 097 
Luossa Crusher Mobile Subbase 482 574 0 2 672 133 
Luossa Crusher Mobile Base Course 28 654 0 158 664 
LKAB Crusher Stationary Subbase 423 127 0 2 342 960 
LKAB Crusher Stationary Base Course 27 315 0 151 250 
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Table 4-9: Fuel consumption of the mobile crushing locations if the electricity production comes from diesel electric 
generators with an efficiency of 38%. (Diesel Service Supply, 2013). This serves as the energy consumption of the mobile 
crushing locations in Alternative 1 b). 

Location Type of 
Crusher 

Masses Fuel consumption (kg) 

E10 Road line Mobile Subbase 159 737 
E10 Road line Mobile Base Course 11 861 
Luossa Crusher Mobile Subbase 596 938 
Luossa Crusher Mobile Base Course 35 445 
 

The calculations of Alternative 1 presented in Tables 4-4 through 4-9 result in a summary that can be 
seen in Table 4-10. The fact that there are two possible sources for electricity production for the 
mobile crushing plants as was made clear in Table 4-8 and 4-9 means that Alternative 1 is divided 
into two sub alternatives.  
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Table 4-10: Energy consumption summary of Alternative 1. The red numbers are if the energy source of crushing is a 
diesel electric generator.   

Location Masses 
Distance 
(m) Activity Machine Fuel (kg) 

Electricity 
(kWh) 

Earth cut (BCM) 578 011   Loosening and loading Excavator 45 tonnes 83 894 
 → Earth fill (t) 506 978 937 Transport Articulated Hauler A40 30 537 
 Earth fill (CCM) 253 489   Recieving Bulldozer CAT D7 45 770 
 Road length (m) 

 
16960 Compacting Road Roller 16 tons 10 303 

 

       Rock cut (BCM) 54 000   Loosening  Drill Rig Sandvik DX780 8 906 
   

 
  Loading to transport Excavator 45 ton 10 551 

 → Crushing plant E10  (t) 138 723 306 Transport Articulated Hauler A40 4 888 
 → Rock fill (t) 7 077 2758 Transport Articulated Hauler A40 937 
 Rock fill (BCM) 2 621   Recieving Bulldozer CAT D7 450 
 

       Crushing plant E10 (BCM) 51 379   Loading crushing plant Excavator 45 tonnes 13 050 
 (tonnes) 138 723   Crushing Sandvik HJ3800 171 598 768 144 

  
 

  Loading to transport Loader CAT980 11 633 
 → Base Course E10 (t) 9 790 1426 Transport to E10 Articulated Hauler A40 763 
 → Subbase E10 (t) 128 933 1439 Transport to E10 Articulated Hauler A40 10 347 
 Crushing plant Luossa (BCM) 189 344   Loading crushing plant Excavator 45 tonnes 48 093 
 (tonnes) 511 228   Crushing Sandvik HJ3800 632 382 2 830 797 

  
 

  Loading to transport Loader CAT980 42 872 
 → Base Course E10 (t) 28 654 2646 Transport to E10 Articulated Hauler A40 3 666 
 → Subbase E10 (t) 482 574 2718 Transport to E10 Articulated Hauler A40 63 119 
 Crushing plant LKAB (BCM) 166 830   Loading crushing plant Excavator 45 tonnes 42 375 
 (tonnes) 450 442   Crushing Sandvik HJ3800 

 
2 494 210 

  
 

  Loading to transport Loader CAT980 37 774 
 → Base Course Nikka (t) 27 315 9581 Transport to Nikka Truck+Trailer  7 009 
 → Subbase Nikka (t)  423 127 9539 Transport to Nikka Articulated Hauler A40 169 690 
 Subbase (CCM) 481 226       

  E10 (CCM) 284 423   Recieving Bulldozer CAT D7 82 710 
 Nikka (CCM) 196 803   Compacting Road Roller 16 tonnes 10 303 
 

       Base Course (CCM) 29 946       
  E10 (CCM) 17 086   Recieving Grader CAT160 M2 10 303 

 Nikka (CCM) 12 140   Compacting Road Roller 16 ton 727 
 

     
Total (kg) 

Total 
(kWh) 

    
Alternative 1 a) 750 669 6 093 151 

    
Alternative 1 b) 1 554 649 2 494 210 
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4.5 Alternative 2 
In Alternative 2 the crushed aggregates, meaning the subbase and base course are all produced at 
LKAB:s stationary crushing plant at Kirunavaara.  

The fuel consumption of Alternative 2 is calculated in same fashion as Alternative 1. Therefore only 
the summary is presented in Table 4-11. 

 
Table 4-11: Summary of energy consumption of Alternative 2. 

Layer Masses 
Distance 
(m) Activity Machine Fuel (kg) 

Electricity 
(kWh) 

Earth cut (BCM) 578 011 
 

Loosening and loading Excavator 45 tonnes 83 894 
 → Earth fill (t) 506 978 940 Transport Articulated Hauler A40 30 537 
 Earth fill (CCM) 253 489 

 
Recieving Bulldozer CAT D7 45 770 

 Road length (m) 
 

16960 Compacting Road Roller 16 tons 10 303 
 

       Rock cut (BCM) 54 000 
 

Loosening  Drill Rig Sandvik DX780 8 906 
   

  
Loading to transport Excavator 45 ton 10 551 

 → Disposal Luossa  (t) 138 723 1758 Transport Articulated Hauler A40 12 868 
 → Rock fill (t) 7 077 2758 Transport Articulated Hauler A40 937 
 Rock fill (BCM) 2 621 

 
Recieving Bulldozer CAT D7 450 

 
       Crushing plant LKAB (BCM) 407 553 

 
Loading crushing plant Excavator 45 tonnes 103 518 

 (tonnes) 1 100 393 
 

Crushing Sandvik HJ3800 
 

6 093 151 
  

  
Loading to transport Loader CAT980 92 279 

 → Base Course Nikka (t) 27 315 9581 Transport to Nikka Truck+Trailer  7 009 
 → Subbase Nikka (t)  423 127 9539 Transport to Nikka Articulated Hauler A40 169 690 
 → Base Course E10 (t) 38 443 16163 Transport to E10 Truck+Trailer  16 041 
 → Subbase E10 (t)  611 508 16120 Transport to E10 Truck+Trailer  254 491 
 Subbase (CCM) 481 226 

 
    

  E10 (CCM) 284 423 
 

Recieving Bulldozer CAT D7 82 710 
 Nikka (CCM) 196 803 

 
Compacting Road Roller 16 tonnes 10 303 

 
       Base Course (CCM) 29 946 

 
    

  E10 (CCM) 17 086 
 

Recieving Grader CAT160 M2 10 303 
 Nikka (CCM) 12 140 

 
Compacting Road Roller 16 ton 727 

 

     
Total (kg) 

Total 
(kWh) 

     
951 288 6 093 151 
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4.6 Results 
In this chapter a comparison between the alternatives in the case study are presented. Alternative 1 
as mentioned is divided into two alternatives namely Alternative 1 a) and Alternative 1 b). In 
Alternative 1 a) the energy source of crushing of aggregates by the mobile crushing plant comes 
directly from the electric power network. In Alternative 1 b) the energy source is instead a diesel 
electric generator with an efficiency of 38%. This difference is presented because it’s very significant 
as can be seen in Table 4-12. 

Table 4-12: Fuel consumption, Energy costs and CO2 emissions presented for the alternatives in the case study. 

 Unit Alternative 1 a) Alternative 1 b) Alternative 2 
Fuel consumption (kg) 750 669 1 554 649 951 288 
Electricity consumption (kWh) 6 093 151 2 494 210 6 093 151 
Cost estimate fuel (sek) 12 902 127 26 720 533 16 350 258 
Cost estimate electricity (sek) 5 179 178 2 120 078 5 179 178 
Total energy cost (sek) 18 081 306 28 840 612 21 529 437 
CO2 emissions fuel (kg) 2 417 155 5 005 970 3 063 147 
CO2 emissions electricity (kg) 121 863 49 884 121 863 
Total CO2 emissions (kg) 2 539 018 5 055 855 3 185 010 
 

The cost estimate of fuel (diesel) is based on a price of 14.3 sek per liter or 17.2 sek per kg. The cost 
estimate of electricity is 0.85 sek per kWh. The emissions for diesel combustion are 3.22 kg CO2 per 
kg diesel (Hushållningssällskapet Västerbotten, 2004). The average emission of electricity production 
in Sweden is 0.02 kg CO2 per kWh produced (Svensk Energi, 2012). 
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5. DISCUSSION 
In the discussion chapter observations and ideas with regard to the energy model and the case study 
are discussed. 

5.1 Energy Model 
The energy consumption model is in its basic form quite detailed compared to other calculation 
methods for the energy consumption and CO2 emissions of road constructions. It allows for the user 
to choose the degree of detail to quite a large part. But there are some possible developments that 
can be made in order to improve the detail and the scope of the model.  

The level of detail can be improved with a deeper connection between the model and the production 
plan. It can involve taking into account the effects of the different seasons and rolling resistance of 
the road in construction. Another example is to assign each section of the road with its incline which 
affects the fuel consumption of mass hauls. This type of detail is going to be extremely difficult to 
calculate by hand but if it is done with the aid of computers, for example as a module in planning 
software such as DynaRoad, the calculations could be quick.  

The scope of the model can be expanded to contain a larger portion of the entire road construction 
project by including activities such as clearing of vegetation before actual construction, paving, road 
markings and installation of fences, road signs and traffic signals etc. The activities made primarily by 
machines might have a significant impact on the fuel consumption and CO2 emissions. 

How accurate the values produced by model are, is difficult to estimate. The energy consumption 
and CO2 emissions of crushing are likely quite accurate since the process is very uniform. The 
uncertainties are mainly caused by varying rock types and varying quantities. Good data on these 
factors is therefore important.  

The mass hauls quite likely contain higher inaccuracies both for articulated haulers and trucks. The 
data for transportation by trucks and trailers on public roads are likely quite accurate, but whenever 
trucks go off-road the data gets less accurate. Aspects that are problematic are for example not 
taking into account of the cycle times nor problems such as problems with turning in most narrow 
road lines. This might for example require the construction of temporary surfaces for turning in the 
road line which requires more mass hauls than accounted for normally. Getting a grasp of the cycle 
times and the fuel consumption on different surfaces for trucks with trailers is therefore important.  

The different sources used for estimating the fuel consumption of articulated haulers have shown 
very varying results. Some sources would indicate that fuel consumption could be as much as 400 - 
500 % times higher than that of the trucks and trailers for the same haul. Others indicate that the 
difference would be perhaps 50-100% higher than that of trucks and trailers. This is of course 
interesting considering the sources are both written sources and expert knowledge. One reason for 
this is that all sources are based on estimations or data based on some particular work conditions. 
Even though comparing what appears to be similar articulated haulers in terms of load capacity and 
size there might be a difference in energy efficiency between the manufacturers for instance. There 
are several other factors that can account for this difference but it’s clear that deeper knowledge is 
needed with regard to the articulated haulers in order to assess their fuel consumption with some 
accuracy.  
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The most detailed source regarding articulated haulers that was found was the Caterpillar 
Performance Handbook. It is helpful for associating the articulated haulers with cycle times for 
example. But a major problem in order to get accurate values of the fuel consumption is the fact that 
there is a rather imprecise list of fuel consumption for a defined type of usage, the load factor. The 
difference between the lowest and highest fuel consumption associated with the articulated haulers 
in the table found in the Caterpillar performance handbook is over 300% for all haulers. The medium 
load factor is described as “typical use in road construction” but even within the interval of the 
medium load factor the values vary by close to 60%. Fuel consumption associated with the cycle 
could be significantly more accurate. The fuel consumption of the articulated hauler during loading 
and unloading is quite likely relatively constant. Furthermore, if the quality of the transportation road 
and the degree of loading on the hauler is known, the fuel consumption for a given haul with a given 
speed should be significantly more accurate than the interval of the medium load factor found in the 
Caterpillar Performance Handbook. Whether this type of data exists for other manufacturers is not 
known. But it is a type of systematization that could be achieved relatively easily.  

The energy consumption of the off-road mobile machinery is based on a methodology generally used 
on state and national inventory of machines. It is therefore perhaps not specific enough to account 
for specific usage in road construction projects. Systematic over- or underestimation on the load 
factor might be particularly problematic on the accuracy of the energy consumption of the machines. 
This might for instance be caused by inaccurate table values and by particularly poor or good soil 
conditions. With good data on the soil conditions, these inaccuracies can be decreased.  

Crushing of aggregates is a main contributor to energy consumption and it’s therefore worth paying 
close attention to possible ways of reducing its energy consumption. First of all there is a difference 
between crushing plants in the sense that some of them run on electricity and some run on diesel 
while most run on a combination of these energy sources. Choosing the right type of crushing plant 
depending on the given conditions is important. Without putting too much emphasis on the different 
crushing plants listed in this thesis it’s reasonable to propose primarily electric driven crushing plants 
when there is good access to the electric power system. This is because the common alternative is to 
use a diesel driven electric generator which will have significant losses due to the inherent low 
efficiency of fuel engines. When there is no viable access to the electrical grid it might be reasonable 
to propose primarily fuel driven crushing plants. They too of course suffer from low efficiency but in 
turn don’t have to account for the loss resulting from the efficiency of the electric engine which 
however is considerably higher than that of the fuel engine. The difference might therefore be quite 
small. 

How accurate the predictions of the model are is difficult to say without testing it and measuring 
emissions and energy consumption. The basic premise that energy consumption and emissions from 
the construction phase are estimated already in the planning stage means that there will be 
inaccuracies. However the model will give hints on the effects of certain operations or the 
construction of the road as a whole. The model can be particularly useful when comparing different 
road lines, different construction methods and for example, different machines and vehicles. After 
all, the question is rarely whether the particular road should be built or not but rather, which design 
alternative will have the lowest environmental impact. While increased detail and improved accuracy 
is important, what’s perhaps more important is to make the model more user friendly in order to be 
useful in a larger scale. 
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5.2 Case Study 
The case study was useful for testing the usefulness of the energy calculation model. A secondary 
effect of implementing the energy calculation model on a case is that the process of implementing it 
provides hints and interesting results that can be used to minimize the energy consumption.  

One example of this was depending on the hauling of subbase from the LKAB crushing plant to 
Nikkaluoktavägen (väg 870). Here it became clear that the most energy efficient alternative is 
dependent on how the fuel consumption of articulated haulers and trucks with trailers differ in 
reality. If articulated haulers consume a lot more fuel per hauled unit of aggregates than the truck 
and trailer it might turn out that it pays off to haul it by truck and trailer from the crushing plant to 
the start of the road line and reload it with an excavator to articulated haulers for the rest of the 
way. However if the difference in fuel consumption is lower it does not pay off to reload and it’s 
better to use the articulated haulers all the way from the crushing plant to its final location in the 
road line. The fuel consumption of articulated haulers was set relatively low and no reloading is 
suggested. However with these uncertainties it stresses the importance of finding a reliable way to 
assess the fuel consumption of articulated haulers and trucks with trailers.  

The two alternatives studied in this thesis turned out to be three once Alternative 1 could be divided 
into separate alternatives by merely changing its source of energy for the mobile crushing plant. 
While it’s not entirely clear how to evaluate the results in terms of energy efficiency there are some 
alternatives to go about doing so. Perhaps the most fundamental but least useful in a practical sense 
is to translate the consumption of various types of energies such as fuels and electricity into the 
same unit, for example kWh. This can easily be done since energy content is a property of fuels and 
can be evaluated in terms of kWh. However this concept ignores the actual negative consequences of 
for example burning diesel instead of consuming electricity based on mostly renewable sources. So a 
more reasonable way is to translate the consumption of various energy types into the CO2- or 
greenhouse gas emissions that accrues to this consumption. This seems like a very reasonable way to 
assess energy efficiency and energy consumption in a practical sense. 

 Unit Alternative 1 a) Alternative 1 b) Alternative 2 
Fuel consumption (kg) 750 669 1 554 649 951 288 
Electricity consumption (kWh) 6 093 151 2 494 210 6 093 151 
Cost estimate fuel (sek) 12 902 127 26 720 533 16 350 258 
Cost estimate electricity (sek) 5 179 178 2 120 078 5 179 178 
Total energy cost (sek) 18 081 306 28 840 612 21 529 437 
CO2 emissions fuel (kg) 2 417 155 5 005 970 3 063 147 
CO2 emissions electricity (kg) 121 863 49 884 121 863 
Total CO2 emissions (kg) 2 539 018 5 055 855 3 185 010 
 

With this approach Alternative 1 a) can be considered the best by only causing about half as much 
CO2 emissions as Alternative 1 b). It’s quite an astonishing fact that the difference can be so great just 
by changing the energy source to the mobile crushing plant from diesel to electricity. By putting a 
monetary value on the energy consumed in each case it can also be of help to assess whether the 
extra effort required for connecting the crushing plant into the electrical grid can pay off. All of this 
has to be put into relation with Alternative 2 which gives rise to about 25% more CO2 emissions as 
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Alternative 1 a) and roughly 20% higher energy costs. The question comes down to how important it 
is to reduce emissions compared to reducing energy costs.  

  



48 
 

6. CONCLUSION 
In this chapter the research questions are addressed, other conclusions are drawn and future 
research on the topic is suggested. 

6.1 Addressing the research questions 
RQ 1: How can earthworks be optimized in a road construction project? 

There are many aspects about earthworks that can be optimized in theory or at least greatly 
improved in practice, for example reducing the time of construction, mass hauls, emissions, costs and 
energy consumption. All of these aspects can be of concern although not all of them are addressed in 
this thesis. Using the energy consumption model proposed in this thesis earthworks can be improved 
both in terms of reducing the mass hauls by using the proper planning software and reducing the 
energy consumption and emissions by comparing realistic production alternatives and choosing the 
best alternative from these aspects. 

RQ 2: How can energy consumption and greenhouse gas emissions of earthworks be assessed with 
the data available in the planning stage? 

The data available in the planning stage can vary greatly depending on the project. The more that is 
known at that stage, the better energy consumption and greenhouse gas emissions of earthworks 
can be assessed. By following the methodology proposed in this thesis these aspects can be assessed 
using as many of the following steps as possible: 

1. Acquire a detailed bill of mass quantities and a detailed map of the project. 
2. Calculate mass hauls and create a production schedule to make sure that the proposed mass 

hauls are realistic by using appropriate planning software. 
3. Determine the machines needed and their production capacities based on ambient 

conditions and the activity performed. 
4. Coordinate each machine and activity with its corresponding mass quantity and calculate 

energy consumption according to the proposed energy consumption model.  
5. Summarize energy consumption and calculate greenhouse gas emissions resulting from the 

electricity production and the fuel combustion. 

RQ 3: What is the relationship between energy consumption and greenhouse gas emissions in road 
construction projects? 

The energy consumed in road construction projects consists mainly of electricity and fuel. To the 
degree that the source of electricity used is known, the CO2 emissions can be estimated. For example 
in Sweden and the Nordic countries the average CO2 emissions per produced kWh is regularly 
presented and it varies from year to year. If the source of electricity can be traced to a single power 
plant, the emissions can be assessed with greater detail as long as CO2 emissions per produced kWh 
for that particular power plant are known. 

Fuel consumption is nearly linearly linked to its CO2 emissions. Different fuels have slightly different 
CO2 emissions however. The emissions of other, sometimes more potent greenhouse gases from fuel 
combustion are dependent on many other factors that are complicated to assess. In short driver 
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behavior, ambient conditions, age and quality of the machine and engine are some of the factors 
that affect the emissions of other greenhouse gases.  

 

6.2 Proposed future research 
Prima facie the energy model presented in this master’s thesis works and is useful. Nevertheless, 
there are many unanswered questions and a lot of possibilities of developing the model to increase 
its usefulness. Therefore some topics of future research in this field are proposed. 

• Crushing of aggregates is perhaps the main contributor to energy consumption in 
earthworks. It’s therefore important to examine different variables more carefully. How do 
for example different rock affect the energy consumption of the crushing plant? What can be 
done to make the crushing process more energy efficient?  
 

• Produce a more detailed comparison between mass hauls using trucks and trailers vs. 
articulated haulers. Which is the most energy efficient way to haul masses in some given 
conditions? Can the same method be used to compare trucks and articulated haulers?  
 

• How can this type of earthworks energy consumption model be made more attractive and 
useful in the road construction business? What are the factors that affect its success? These 
questions can be assessed by examining the motives of the participants in the road 
construction business. 
 

• Compare the assessments of the energy model with real measurements of energy 
consumption. This is an important way of determining the accuracy of the energy model. It’s 
important to do many measurements of individual vehicles and machines performing specific 
activities because while the sum of the predictions can be relatively accurate to the 
measurements, individual predictions can vary greatly to their corresponding measurements 
and all of these can produce valuable knowledge for future assessments of energy 
consumption in road projects. 
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Appendix 1 

 

Figure 2 Example of the Mass haul view in DynaRoad Software. 
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Figure 3 the Map view in DynaRoad Software showing the north part of the road project covering mainly the E10. 
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Figure 4 the Map view in DynaRoad Software of the south part of the road project covering väg 870 (Nikkaluoktavägen). 


