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Abstract

Electrifying the construction process

Jakob Willerström, Johannes Fagrell and Adam Linde

Diesel engines are commonly used in construction machines, for example excavators.
In a diesel engine, the combustion of diesel is a process with a considerable
environmental impact, with high amounts of emitted greenhouse gases. The bachelor
thesis creates a model that investigates the potential of decreasing the environmental
impact when replacing diesel engines with electric motors in the construction phase
of the construction process of buildings. The model was made in three steps. In the
first step the electric motors’ energy consumption were compared with the diesel
engines’ energy consumption. Secondly, the results of the comparison were
contrasted against the results of an implemented example as to determine the
relevancy of the model. Finally, the carbon dioxide equivalent values of the diesel
engines and the electric motors were calculated and compared.

The result shows that there is a big potential of decreasing the environmental impact.
The reduction is in the order of 63%-99% and it is shown that the share of renewable
energy sources in the electricity mix is vital as to make the potential as large as
possible.
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1. Keywords 

Construction phase: In this report, the term construction phase is used to describe the 

part of the construction process where the ground works and the actual construction of 

the building take place. The transportation or production of materials, fuel, machines 

etc. are not included in this term.  

Construction process: The term describes the total process of construction work. The 

construction phase is included in this term, along with the production of materials, 

transportation of fuels, materials etc. raw materials. 
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Energy efficiency comparison: In the report an energy efficiency comparison is made. 

The comparison is conducted by comparing the electric motor’s energy consumption 

with the diesel engine’s energy consumption. The diesel engine’s energy consumption 

is used as a reference (=100%) hence, the energy efficiency comparison is presented in 

percent as: ‘how much energy does the electric motor consume compared to the diesel 

engine, for equal work’. 

2. Introduction 

There is a growing demand to reduce the greenhouse gas emissions in the world today. 

The Intergovernmental Panel on Climate Change, IPCC, presented 2014 the fifth 

assessment report. In the assessment report it is stated that the world must reduce its 

greenhouse gas emissions by 25%-72% until the year 2050 and 73%-118% (the world’s 

ecologic system should ideally absorb more CO2 than what is emitted) until the year 

2100, as to reduce the risk of a temperature increase of over +2˚ Celsius (IPCC, 2014). 

The international Energy Agency, IEA, states that 40% of the world’s energy 

consumption originates from the construction process- and utilization of buildings, 

which implies that these subjects are important for future investigations and 

improvements. (OECD/International Energy Agency, 2015) 

Studies have used life-cycle assessment (LCA) as a way to investigate the total 

environmental impact of a building; the construction process of the building and its 

utilization phase. According to Reiter (2010), 80%-98% of the total environmental 

impact of a building, comes from the utilization phase and the construction process 

contribute to around 1%-20% of the total environmental impact. Liljenström et al. 

(2015) state that these numbers generally are adequate, but the report demonstrates that 

the relation between the utility phase and the construction process, in terms of the 

environmental impact, can change. Depending on the energy efficiency of the buildings 

being built, the electricity mix used in the utilization phase etc., the environmental 

impact from the utilization phase can decrease to only contribute to 50% of the total 

environmental impact, giving the utilization phase and the construction process an equal 

share of the total environmental impact of a building. (Liljenström et al., 2015, p. 42) 

Liljenström et al. (2015) conducted a LCA on a newly produced apartment block to 

determine the environmental impact and show that diesel contributed to 25% of the 

environmental impact of the construction phase. The ground works of the apartment 

block, which are very time-consuming and usually driven by diesel, were not included 

in the report, still 25% of the construction phase is a considerable share. The large 

contribution of diesel to the environmental impact of the construction phase indicates 

the potential of improvement that could be realized by replacing diesel as a fuel. 

What alternatives are there to replace diesel as a fuel in the construction phase? A 

potential solution today would be to electrify the construction phase by replacing fossil 

fuel engines with motors driven by electricity. The technology behind electrified motors 
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in construction machines are relatively unproven for small and middle-size excavators, 

but proven for gigantic excavators in the mining sector (Sichuan Bonny Heavy 

Machinery Co., Ltd, 2015; Eubanks, 2011). The bachelor thesis will study the impact of 

replacing diesel engines with electric motors in the construction phase of the 

construction process of buildings, referring to the energy efficiency and the potential of 

decreasing the environmental impact. 

2.1 Aim 

The aim of this report is to develop a model that investigates the potential of decreasing 

the environmental impact of replacing diesel engines with electric motors in the 

construction phase. To determine the model’s relevancy for estimating the potential 

reduction of the environmental impact, the model will be analyzed and compared 

against an implemented existing example, referring to the energy efficiency. The 

bachelor thesis will try to answer which parameters, and how they affect the 

environmental impact of replacing diesel engines with electric motors. The report will 

answer these questions: 

1) Is the model of the electric motors relevant as to estimate the potential of 

decreasing the environmental impact? 

2) What is the potential reduction of the environmental impact when the diesel 

engines are replaced by electric motors? 

3) What parameters affect the environmental impact the most? 

2.2 Limitations 

The bachelor thesis originates from the construction phase of Kvarntornen, which is an 

apartment block that is currently being built in Uppsala by the company NCC, planned 

to be finished in 2015. We will limit the study to the construction site Kvarntornen, 

hence we’ll not include transportations of materials, machines, fuels etc. to the 

construction site. The bachelor thesis will only consider the construction machines that 

are fueled by diesel. In replacing the diesel engines for the construction machines used 

at Kvarntornen, the result of the report originates from diesel engines that are in use 

today. The bachelor thesis studies the environmental impact and the energy efficiency 

and for this purpose, the diesel engines are evaluated in terms of rated data in output 

power and torque, for specific engine speeds, see 3.1. The bachelor thesis focuses on the 

potential of replacing diesel engines with electric motors, and the electrical source could 

either be from batteries or cables connected to the grid, but this will not be evaluated 

since it is the potential that is of interest. The studied environmental impact will be 

limited to the amount of carbon dioxide equivalents the engine/motor produces, either 

from combustion of diesel in the engine or from the production of the electricity that is 

potentially being used by the motor. 
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2.3  Structure of the report 

The background begins with an existing implemented example, where a diesel engine is 

being replaced by an electric motor in an excavator, as to demonstrate that the 

technology exists and has been achieved. The existing implemented example will be 

used as a point of reference. The following two parts, 2.2 and 2.3 describes the basic 

theory behind the diesel engine, the electric motor and the environmental impact from 

greenhouse gases. The method is structured as a step-by-step, as to ease the 

understanding of the method. The data section is a description of where the data for the 

report were acquired. The results are intended to answer the aim of the bachelor thesis 

and the discussion highlights the significant results and ends with a discussion on what 

can be deemed as necessary for future work. Finally, the conclusion summarizes the 

bachelor thesis. See figure 1 below for how the report is structured, referring to how the 

diesel engines will be replaced by electric motors. Appendix A contains the torque 

curves and the output power curves for the diesel engines and the electric motors. 

Appendix B contains the Matlab script that was developed for the bachelor thesis. 

Appendix C contains the diesel engines’ specifications, which were used as input data 

for the Matlab script. Appendix D contains the conversion of units that were used in the 

report. Appendix E contains all the relevant calculation values done in the Matlab script.  

 
Figure 1: an illustration of vital components in replacing diesel engines with electric 

motors: 1. A picture of the construction site Kvarntornen, where data was acquired; 2. 

From Kvarntornen, we have obtained construction machines that were fueled by diesel; 

3. Dependent on what engine speed the engine runs on, which in turn is dependent on 

what gear the engine runs on, working conditions, machine operator, etc. the diesel 

engines have different performances; 4. From the different performances, we have 

replaced the diesel engines with potential electrical motors, which can perform equal 

work as the diesel engines. (Adam Linde, Johannes Fagrell and Jakob Willerstrom) 
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3. Background 

The background begins with an implemented example for when a diesel engine is being 

replaced by an electric motor in a construction machine. The following two parts, 2.2 

and 2.3 describes the basic theory behind the diesel engine, the electric motor and the 

environmental impact from greenhouse gases. 

3.1 Electrification of an Excavator 

The scientific report “Electrification of Excavator” (Vauhkonen et al., 2014) describes 

an engine change for an excavator. According to the report it is possible to replace the 

diesel engine with an electric motor that has up to ten times better energy efficiency for 

regular work, without losing engine performance.  

The experiment used a JCB Micro excavator as the 1.1 ton platform for the experiment. 

The 14 kW diesel engine at 2200 rpm with its required equipment was replaced with a 

10 kW electric motor with an operational speed range of 2000 - 6000 rpm. The electric 

motor is powered by four lithium titan batteries of 96 V and a capacity of 60 Ah. To be 

able to measure the energy efficiency and the performances of the different engines, the 

authors used seven types of measurements:  

1) Driving forwards 50 meters. 

2) Turning the cabin around 5 times.  

3) Fully swinging the arm up and down 5 times. 

4) Fully turning the boom left, right and left 3 times. 

5) Offloading a sand pile. 

6) Idling with full throttle.  

7) Idling with no throttle. 

The results is presented below in Table 1. 

Table 1: Fuel consumption and energy consumption for one hour, are the parameters 

that were measured in the report “Electrification of Excavator”. According to the 

authors of the report, the electric motor’s performance were comparable with the diesel 

engine's performance. 

Measurement Fuel 

consumption 

for the diesel 

engine 

(liter/hour) 

Average energy 

consumption for 

the diesel 

engine (kWh) 

Average energy 

consumption for 

the electric 

motor (kWh) 

Energy 

consumption of the 

electric motor 

compared to the 

diesel engine 

(diesel engine = 

100%)  

1 1.35 14.02 2.96 21% 

2 1.27 13.16 2.55 19% 



6 
 

3 1.46 15.09 3.76 25% 

4 1.93 20.03 5.59 28% 

5 1.56 16.15 3.10 19% 

6 1.12 11.64 1.35 12% 

7 0.51 5.31 0.46 9% 

 

The operational time for full use of the electric excavator with the battery is 

approximately two hours. Notwithstanding the two hour operational time, it is stated in 

the report that there are a lot of improvement-potential in using a smarter power 

controlling system and a better gear ratio system in optimizing the operational time for 

the electrical machine, as well as improving the overall benchmark of the electric 

machine. The column to the right in table 1 is an evidence for a big saving of consumed 

energy when replacing the diesel engine to the electric motor. (Vauhkonen et al., 2014) 

3.2 Engines and Motors 

3.2.1 Diesel Engine 

The diesel engine is a heat engine, which converts heat to mechanical work. A 

schematic figure of the operation of a four stroke diesel engine is shown in figure 1. 

(Young and Freedman, 2014, p. 731)  

Figure 2: the operation of a four stroke diesel engine. Described from left to right, 

intake, compression, power and exhaust. Intake: The piston moves down, air enters 

through the intake valve, the volume of the cylinder expands. Compression: The intake 
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valve and the exhaust valve are closed, the piston moves up and the volume of the 

cylinder is compressed. At the end of the compression, fuel is injected. Power: The high 

pressure, and hence the high temperature, causes the fuel to ignite spontaneously 

without spark plugs, the volume of the cylinder expands and the piston moves down. 

Exhaust: Exhaust valve opens and the used mixture of air and fuel leaves the cylinder, 

the piston moves up (Rawat, 2011; remade by Jakob Willerström) 

The diesel engine develops a high pressure that ignites the fuel spontaneously without 

spark plugs, see figure 2. A diesel engine requires systems for its operation, such as a 

cooling system (Philip Shane, 2013), an exhaust system for the exhaust gases and a 

lubrication system (Bercea and Vaida, 2011). Another key characteristic of the diesel 

engine is the high number of moving parts, which also is illustrated in figure 2. (Philip 

Shane, 2013). To add to this, the fuel-injection system for the diesel engine requires 

careful maintenance. (Young and Freedman, 2014, p. 733). 

The thermal efficiency of a heat engine is based on the capacity to convert heat into 

mechanical work (Young and Freedman, 2014, p 729). The biggest factors, which limit 

the efficiency for the diesel engine, are the heat losses due to the exhaust gases, the 

lubricant system, the cooling system and incomplete combustion of the fuel. The basic 

value of the thermal efficiency for a diesel engine is in the interval of 22%-41% (Bercea 

and Vaida, 2011).  

Diesel fuels and diesel engines are both subject to emission-regulations, which regulate 

the emissions from the diesel engines. Considering the emissions of a diesel engine 

there are both local aspects and global aspects. The local aspect is related to the 

pollutants from the exhaust gases and consist of hydrocarbon (HC), carbon monoxide 

(CO), nitrogen oxide (NOx) and particulate matter (PM). The pollutants can cause 

severe health problems (Majewski, 2012; Nett Technologies Inc., 2014) at the local 

geographical position where the emissions take place. The global aspect is related to the 

greenhouse gas emissions, also from the exhaust gases, but consist of Carbon dioxide 

(CO2), Nitrous oxide (N2O) and Methane (CH4), (EPA, 2008). The gases increase the 

greenhouse effect.  

3.2.2 Electric Motor 

According to Magnus Waxin at NCC, site manager of Kvarntornen, electric motors 

have not generally been applied for construction machines in the construction phase 

(Personal communication with Magnus Waxin, 2015). Despite the lack of electric 

motors in the construction phase, electric motors consume approximately 60% of the 

electric energy produced in the world, whereas 90% of these electric motors are 

induction motors. (Schavemaker and van der Sluis, 2009, p. 124). The remaining 10% 

originate from electric motors that operate primarily at a constant speed and are 

therefore termed synchronous motors. (Schavemaker and van der Sluis, 2009, p. 123). 

The induction motor develops a torque at other engine speeds than the synchronous 
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speed, which enables operation at a range of engine speeds (Schavemaker and van der 

Sluis, 2009, p. 124). 

An induction motor consists of an electrical rotating conductor called the rotor, a static 

part called the stator and an air-gap between the rotor and the stator where a rotating 

magnetic field develops. The rotor has short-circuited windings, the stator has a three-

phase winding and can be seen as cylindrical ring of electromagnetic coils arranged 

around the rotor. See figure 3 for a cross section of a simple induction machine with two 

rotor windings and two electromagnetic coils. 

Figure 3: Cross section of a simple induction machine with two rotor windings and two 

electromagnetic coils. (Woodford, 2014; Schavemaker and van der Sluis, 2009; remade 

by Jakob Willerström) 

The electromagnetic coils are energized in pairs opposed to each other and in sequence, 

which produce a rotating magnetic field in the air-gap when the stator is supplied by a 

three-phase AC power source. The rotating magnetic field induces an electric current in 

the short-circuited windings of the rotor. The induced current in the rotor-winding, 

together with the rotating magnetic field, create an electromagnetic torque that spins the 

rotor, see figure 3. For induction motors, the rotor speed and the rotating magnetic field 

speed are different from each other, which could be seen as the rotor is trying to catch 

up with the rotating magnetic field as it is pulled by the field in the same direction 

(Woodford, 2014; Schavemaker and van der Sluis, 2009, p. 124 & p. 287). 

Despite the complexity of the electromagnetic theory behind the operation of the 

induction motors, they are cheap to produce, have a relatively simple maintenance, and 

are dependable in their operation (Schavemaker and van der Sluis, 2009, p. 124). The 

efficiency of the electric motor is in the interval of 85% - 97% at full load and the 
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biggest losses come from the stator and the rotor. Major factors affecting the efficiency 

for the motor, are the speed of the rotor and the size of the motor. Minor factors include 

what type of enclosure the motor uses and its design classifications (U.S. Department of 

Energy, 2008, p. 27). Induction motors can cause disturbances for the power system and 

originate from when the induction motors are turned on and off (Schavemaker and van 

der Sluis, 2009, p. 124). 

To be able to determine the environmental impact of the electric motor it is important to 

investigate how the electricity is produced since different energy mixes have different 

environmental impact.  

3.2.3 Diesel Engine to an Electrical Motor 

The diesel engine is just one part out of many parts in a construction machine, but it is 

there the mechanical work is generated and transmitted to the construction machine. 

The same is true for electric motors (U.S. Department of Energy, 2008, p. 3) and 

Vauhkonen et al. (2014) show that there are many parameters to consider if the purpose 

were to experimentally replace the diesel engine with an electric motor. Nonetheless, 

Vauhkonen et al. show that it is viable to maintain the construction machine’s 

performance when the diesel engine is being replaced by an electric motor.  

Engines are in general rated in terms of output power (horsepower), torque and engine 

speed. The above ratings are interrelated, see 3.1.2, which can make it misleading to 

compare the output power of one type of engine with the output power of another type 

of engine. The misconception originates from the fact that the output power and the 

torque varies differently for different types of engines, depending on the engine speed. 

To clarify, just because the output power rating of one type of engine is the same as the 

output power rating of another type of engine, do not mean that they are 

interchangeable.  

The diesel engine is a heat engine, which uses heat to develop mechanical work, and 

this makes the output power curve and the torque curve look differently from the output 

power curve and the torque curve for an electric motor, which develops the mechanical 

work by induction. This difference is strengthened by the fact that diesel engines make 

use of gears to amplify the output power (Miessler, 2014; GKN Sinter Metals), whereas 

an electric motor only have one gear, see Appendix A: Torque curves & output power 

curves. 

3.3 Environmental impact from Greenhouse Gases  

Greenhouse gases (GHGs) affect the environment when released to the atmosphere, for 

example by combustion of carbonaceous materials. The gases concentrate in the 

atmosphere and affect the earth’s radiative balance. Heat that is flowing out to space is 

trapped and radiated back to the earth’s surface (EPA, 2013). The gases can remain in 

the atmosphere for hundreds of years making the environmental impact greater in the 

long run. (EPA, 2014a).  
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CO2 is the most commonly emitted GHG from human activity, for example it accounts 

for 82% of the emitted GHGs in USA 2013 (EPA, 2015). 

3.3.1 Carbon Dioxide Equivalency 

Carbon dioxide equivalents (CO2e) are a measurement tool used to compare the 

emissions from different GHGs based on their global warming potential (GWP) 

(OECD, 2013). 

GWP shows the relation between any GHG and CO2, see 2.3.2, therefore it is possible 

to explain all emissions of GHGs from any human activity as if it all was in CO2. Using 

CO2e enables any activity, e.g. combustion of diesel fuel, to be explained in a 

comprehensible way and makes the environmental impact between different activities 

comparable. 

There are different sorts of activities resulting in emissions of GHGs. The four 

categories are mobile, stationary, process and fugitive. Mobile represents burning of 

fuel to power transporting devices, such as cars and lorries. Construction equipment 

could be described as diesel fueled non-road vehicles and categorizes therefore as a 

mobile source of emissions. The calculations made in this report focus on the mobile 

source. (Shailesh, 2012; EPA, 2014b).  

The amount of a GHG that is emitted is determined by the emission factor (EF). EF 

shows a specific factor for the amount of a GHG that is emitted per activity. In this 

study a relevant example would be the grams of CO2 emitted per liter of diesel fuel 

combusted. Multiplying the EF with the amount of requested activity data (e.g. liter of 

diesel fuel used by a machine) will show the amount of the GHG that is emitted during 

the process (Pankaj Bhatia and Florence Daviet, 2007).  

To calculate the CO2e for an activity, the amount of the emitted gas is multiplied with 

the specific GWP for the gas. To calculate the cumulative CO2e of all gases emitted 

from a certain process, the equivalents are added to each other. 

3.3.2 Global Warming Potential 

Global warming potential (GWP) expresses a comparison between different GHGs and 

it is used to scale the environmental impact from gases like Methane (CH4) to the 

impact made by CO2. It is a measure of the total energy a gas would absorb over a 

period of time, usually 100 years, compared to the absorption that would have been 

made by an equal amount of CO2. (EPA, 2013). 

The value of the scalar for a specific GHG depends on the Absolute Global Warming 

Potential (AGWP) of CO2. The AGWP of CO2 originates from the radiative efficiency 

for a small perturbation of CO2 in the atmosphere, making it a relative value since the 

concentration of CO2 changes over time. 
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The GWP for CO2 is 1 and all other values of the GWPs are relative to the impact CO2 

have on the global warming (IPCC, 2007).  

4. Methodology 

The methodology begins with a description of how the comparison of the diesel engines 

with the electric motors will be conducted. The methodology of the comparison is 

followed by how the report will estimate the emissions from the diesel engines and the 

electric motors. The methodology ends with a description of how an interview was used 

to acquire data and how a sensitivity analysis will be conducted. 

4.1 Comparison 

This section describes the methodology of the comparison of diesel engines with 

electric motors. 

4.1.1 Torque comparison 

This is how the torque comparison will be made: 

1) For every diesel engine, the maximum value of the torque is acquired from the 

diesel engine’s specification. The maximum value of the torque for the diesel 

engine is then used as a constant torque for the electric motor. 

2) With the description from the electric company Agera Industritillbehör AB 

about the electric motor, see 4.2, and the engine specifications of the diesel 

engines, see Appendix C, a torque curve is plotted, using Matlab. The plot 

contains both the diesel engine’s torque and the electric motor’s torque, as a 

function of the engine speed. 

The engine speed interval is 0rpm-3000 rpm with five data-points (0, 500, 1000, 1500, 

and 3000), which are chosen as to illustrate the performance of the electric motor 

described from the electric company and also include the diesel engine’s rated data. The 

electric motor’s torque is constant up to the synchronous speed, which is 1500 rpm for a 

four-pole electric motor and then drops to approximately half its value when the engine 

speed doubles. The torque for all the electric motors fulfils the torque-performance from 

the diesel engines, but for different engine speeds. See Appendix A: Torque curves & 

output power curves, see Appendix B: Matlab script: Diesel Engine vs Electric Motor. 

4.1.2 Output power comparison 

This is how the output power comparison will be made. 

𝑃[𝑊] = 𝑀 [𝑁𝑚] × 𝜔 [
𝑟𝑎𝑑

𝑠
] → [𝜔 = 2 × 𝜋 ×

𝑛[𝑅𝑃𝑀]

60𝑠
] → 
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𝑃[𝑘𝑊] = 𝑀[𝑁𝑚] ×  2 × 𝜋 ×
𝑛[𝑅𝑃𝑀]

60𝑠
 ×

1

1000
= 𝑀[𝑁𝑚] ×

𝑛[𝑅𝑃𝑀]

9550
    (1) 

 (See 4.2; Nordling and Österman, 2006, p.167). 

1) From (1), Matlab is used to calculate and plot the output power (P) for the 

electric motor as a function of the engine speed (n), interval 0-3000 rpm. The 

torque (M) is constant up to the synchronous speed. 

2) From the diesel engine’s specifications, the output power for the diesel engine is 

plotted in the same plot. 

See Appendix A: Torque curves & output power curves, there it is shown that the 

output power is higher for the diesel engines than for the electric motors in some 

intervals of the engine speed. The higher output power is reasonable since the output 

power is the product of the torque and the engine speed, see (1). The torque decreases 

after the synchronous speed (n=1500) for the electric motors and the diesel engines 

develop the torque for higher engine speeds than the electric motors. For higher engine 

speeds, the output power will be higher for the diesel engines than for the electric 

motors. The fact that the output power is lesser for the electric motors is not as 

significant as it might appear. If the electric motors fulfil the torque-performances from 

the diesel engines, which are achieved up to the synchronous speed, the electric motors 

can perform equal work compared to the diesel engines. This reasoning is strengthened 

by the following opposite scenario for the electric motors, if the torque is too low, but 

the output power is fulfilled. In this scenario the electric motor would increase the 

possibility of lifting a load, which for example exerts a 100N gravitational force, but if 

the generated torque only matches 10 Nm it does not matter whether the motor rotates at 

10000 rpm and generates a high output power, the torque (the rotational force) is too 

low to overcome the gravitational force. See Appendix B: Matlab script: Diesel Engine 

vs Electric Motor. 

4.1.3 Energy efficiency comparison 

This section describes the methodology of the energy efficiency comparison and the 

result is presented in 5.1. The section starts by introducing the term ‘engine mode’ and 

is followed by the methodology of the energy efficiency comparison. 

Diesel engines operate in a range of engine speeds, where the engines develop different 

torques and output powers. To clarify, diesel engines do have a different fuel 

consumption and a different energy consumption, depending on how the engine is 

operated, the engine mode. Equally, electric motors can operate in a range of engine 

speeds, where the energy consumption varies, depending on how the electric motors are 

operated, the engine mode. For the report, the engine mode is defined as a measurement 

to visualize and compare the dynamics of the diesel engines with the electric motors, 

depending on how the machines are operated. The engine modes depend on the output 

power for both the diesel engines and the electric motors: maximum output power for 

the diesel engines and the electric motors corresponds to engine mode 1 and the 
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minimum output power for the diesel engines and the electric motors corresponds to the 

highest index of the engine modes. Note that the number of engine modes varies 

between the studied engines. 

The theoretical energy efficiency comparison is defined as: 

𝜂 =
𝑃𝑒𝑙 

𝑃𝐷𝑖𝑒𝑠𝑒𝑙
           (2) 

For the comparison, all the available data-points from the output power comparison for 

each diesel engine will be used for comparison. Matlab has been used in the steps where 

calculations and plots are executed. With the output power comparison in mind: 

1) The output power for each diesel engine will be compared with the electric 

motor’s calculated output power, respectively in a descending order. The 

calculation starts at the synchronous speed for the electric motor and at the 

highest output power for the diesel engine.  

2) For the electric motor, the output power is calculated from equation (1) where 

the torque fulfils the torque-performance for each diesel engine.  

3) At every comparison point, equation (2) is applied. 

4) For every comparison-point after the first comparison, the engine speed for the 

electric motor is decreased by 200 rpm (1500, 1300, 1100...). The number of 

comparison points are solely decided on how many diesel engine data-points 

that are available, respectively for each diesel engine, see Appendix C. 

5) For every diesel engine, a plot will be presented to visualize the theoretical 

energy efficiency comparison when replacing the diesel engine with an electric 

motor. The plot will be presented as a subplot, see below. 

6) For every diesel engine and for every comparison point, a sensitivity analysis 

will be conducted depending on the efficiency of the diesel engines and the 

electric motors, see 3.4.2, The result will presented as subplots in a plot for 

every diesel engine. 

It is important to stress the fact that we are comparing data-points (diesel engines) and 

calculated values (electric motors) for different engine speeds. The energy efficiency 

will be compared as a function of the engine mode, as to visualize how the energy 

efficiency depends on how the engines/motors are operated. See 5.1 for the energy 

efficiency comparison figures, see Appendix B: Matlab script: Diesel Engine vs Electric 

Motor. 

4.2 Estimating emissions  

This section describes the methodology of estimating the emissions, presented in carbon 

dioxide equivalents. 
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4.2.1 Methodology for estimating the emissions  

The comparison of emissions between the diesel engines in the construction phase, used 

by NCC today, and the modeled electric motors this report presents, will be performed 

as follows:  

1) The emissions from the diesel engine will be calculated from the diesel engine’s 

specifications.  

2) A calculation of the amount of released CO2e from the production of electricity, 

in relation to the output power for each of the electric motors use, is made.  

3) The emission data, for the highest engine mode and the lowest engine mode, for 

each engine/motor, are summarized. 

4) The emission data for the diesel combustion and the alternative of using 

electrical motors, is compared, see 5.2.2 

The calculations have been made with Matlab, see Appendix B: Matlab script: 

Environmental Impact & Carbon Dioxide Equivalents. For the unit conversions made, 

see Appendix D.  

4.2.2 Calculating the CO2e emissions for the diesel combustion  

The emissions from the diesel engine will be estimated in terms of: 

𝐿𝑖𝑡𝑒𝑟𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 [
𝑙𝑖𝑡𝑒𝑟

ℎ𝑜𝑢𝑟
] × 𝐸𝐹 [

𝑔

𝑙𝑖𝑡𝑒𝑟
] = 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑔𝑎𝑠 (𝑖) [

𝑔

ℎ𝑜𝑢𝑟
]                (3) 

∑𝑖𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑔𝑎𝑠 (𝑖)  × 𝐺𝑊𝑃 𝑓𝑜𝑟 𝑔𝑎𝑠 (𝑖) = 𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2𝑒 𝑓𝑜𝑟 𝑒𝑛𝑔𝑖𝑛𝑒 𝑚𝑜𝑑𝑒 (4) 

By multiplying the liters of diesel fuel consumed by a machine, at given engine mode, 

with the emission factors for CO2, CH4 and N2O, the emitted amount of each gas is 

received, see (3). By multiplying each quantity of the emitted gas with the 

corresponding GWP value, the individual CO2e value of the gases are estimated. The 

gases’ individual CO2e are summarized and the total CO2e for the specific engine mode 

of the diesel engine are obtained, see (4). 

4.2.3 Calculating the CO2e emissions from the electricity consumption 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑[𝑘𝑊ℎ] × 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 [𝑔
𝐶𝑂2𝑒

𝑘𝑊ℎ
]

= 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛[𝑔 𝐶𝑂2𝑒]                      (5) 

The emissions for the electric motors in this report are calculated by multiplying the 

energy each machine consumes for one hour, with the energy scenarios presented in 4.4. 

The scenarios contain data of the amount of CO2e that are emitted per each kWh of 

electricity that is produced, each scenario representing a specific energy mix. By 

multiplying the kWh the electric motors consume, with the CO2e data from each 

scenario, a range of emission data is obtained.  
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Finally, the emission data for the diesel combustion and the electric motors, are 

presented in a comparative figure.  

4.2.4 Summation of engine modes 

The emission data for the engine mode, at which each machine performs the most work 

respectively the least work, is summarized. Each fuel scenario, diesel and the three 

energy scenarios, is summarized separately. For the electric motor, the efficiency of 

91% is studied as a mean value of the efficiencies of the electric motors. 

4.3 Interview 

Magnus Waxin at NCC, site manager of the construction site Kvarntornen, was 

interviewed to acquire data of the machinery used at the construction site. Waxin 

provided information about the machines used at the construction site and which of 

them that were powered by diesel (Personal communication with Magnus Waxin, 2015) 

Samuel Gunnarsson at NCC, was interviewed by telephone to receive information about 

the diesel fuel used (Personal communication with Samuel Gunnarsson, 2015). 

4.4 Sensitivity Analysis 

This section outlines the sensitivity analysis for the environmental impact, and the 

energy efficiency depending on the efficiency of the engines/motors. 

4.4.1 Parameters affecting the environmental impact 

The estimated emissions were used for the following comparisons: 

 A comparison of how the efficiency of the electric motors affects the 

environmental impact. 

 A comparison of how the engine modes affects the environmental impact. 

 A comparison of how the emission data for the diesel engines and the electric 

motors affect the environmental impact. 

The sensitivity analysis will be conducted for the diesel engine Cat(r) C6.6 ACERTTM. 

The studied parameters are the efficiency of the electric motor, the engine modes and 

the different energy scenarios. The result is presented in comparable table and 

illustrative figures, see 5.2.1. 

4.4.2 Analysis of the model 

To determine if the model is robust to estimate the potential of decreasing the 

environmental impact, a sensitivity analysis will be conducted. The sensitivity analysis 

investigates how the efficiency of the diesel engines and the electric motors affects the 

theoretical energy efficiency comparison, see 3.1.3. The sensitivity analysis will enable 

the energy efficiency to be compared with the experimental results of Vauhkonen et al. 
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(2014). The calculations are made with Matlab and equation (6), for every comparison-

point. The efficiency of the electric motors is in the interval of 85%-97% and for the 

diesel engines, the efficiency interval is 22%-41%, see 2.2.1 and 2.2.2. The actual 

energy efficiency is defined as: 

𝜂𝑎𝑐𝑡𝑢𝑎𝑙[%] =
𝑃𝑒𝑙 [𝑘𝑊] ×

1
𝜂𝑒𝑙

𝑃𝑑𝑖𝑒𝑠𝑒𝑙 [𝑘𝑊] ×
1

𝜂𝑑𝑖𝑒𝑠𝑒𝑙

   (6) 

 The scenarios plotted will be as follow: 

1) Low - Low (22% efficiency of diesel engine / 85% efficiency of electric motor) 

2) Medium - Medium (31% efficiency of diesel engine / 91% efficiency of electric 

motor) 

3) High - High (41% efficiency of diesel engine / 97% efficiency of electric motor) 

4) Low - High (22% efficiency of diesel engine / 97% efficiency of electric motor) 

5) High -Low (41% efficiency of diesel engine / 85% efficiency of electric motor) 

For the efficiency of the electric motors, see 2.2.2, the efficiency is given for the electric 

motors at full load and when the engine mode changes, the electric motors are not at full 

load. The efficiency of the diesel engines is held constant over the different engine 

modes as well and the problem of not adjusting the electric motor’s efficiency 

depending on the load, is somewhat countered by the fact that the diesel engine’s 

efficiency is also held constant. The results are presented in 5.1.  

5. Data 

In this section, the data for the report is outlined. 

5.1 Construction machine specifications and diesel engine 
specifications 

The received data from the interview with Magnus Waxin resulted in an investigation 

on replacing five diesel engines for the construction machines: Caterpillar 320 EL, 

Hitachi ZX 160 WT, Fiat Hitachi EX255 LC, Hitachi ZX280 LC and Åkerman H10B. 

The engine speed, output power, torque and fuel consumption, for the diesel engines 

were acquired from product data-sheet for the corresponding engine, see appendix C. 

For the diesel engine of Åkerman H10B, no relevant engine specifications could be 

found and the engine was omitted from the report. According to Samuel Gunnarsson at 

NCC, the diesel fuel used for the diesel engines is regulated by euro 5. Euro 5 is a 

certification rule from the European Union (EU, 2014). The density of the diesel fuel, 

812.4 kg/m3, was acquired through a product data sheet, which fulfills euro 5. (Swea 

Energi, 2014).  
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5.2 E-mails with the Swedish company Agera Industritillbehör 
AB 

For the report a contact has been made with the Swedish electric motor company Agera 

Industritillbehör AB. The contact is established and conducted through e-mails. The 

purpose of the contact was to find an electric motor that fulfills the diesel engine’s 

performance from the diesel engine’s specifications; torque and output power, at a 

specific engine speed. To add to this, the company referred to equation (1), the torque is 

constant up to the synchronous speed if the construction machines are equipped with an 

AC-drive/frequency changer, the synchronous speed for a four-pole electric motor is 

1500 RPM and the electric motor can run at over-synchronous speed, but at the cost of 

decreasing the torque. The torque drops to approximately half its value when the engine 

speed doubles.  

5.3 Carbon Dioxide Equivalents 

There are several necessary parameters needed to calculate the emission of CO2e from 

the combustion of diesel fuel. The parameters include, the quantity of the diesel 

consumed (liters/hour), see Appendix C, the emission factors for the GHGs and the 

GWPs for the GHGs, see table 2 below. The emission factors for CO2, C4 and N2O was 

gathered from a documentation published by the United states Environmental Protection 

Agency (EPA) in 2014. The EF for CH4 and N2O are listed under diesel construction 

equipment while the EF for CO2 are listed under diesel fuel. The GWP values for the 

gases are gathered from the same documentation as the EFs. 

Table 2: The table shows the corresponding global warming potential values and the 

emission factors for carbon dioxide, methane and nitrous oxide. The emission factors 

are given for a mobile source, see 2.3.1 (EPA, 2014b).                    

GHG 100-year-GWP EF [g/liter] 

CO2 1 2697 

CH4 25 0.1506 

N2O 298 0.06868 

5.4 Electrical mixes 

Three different scenarios for the production of electricity have been acquired to evaluate 

the environmental impact for the electrically powered construction machinery. The 

scenarios were acquired from Liljenström et al. (2015). They give the corresponding 

amount of CO2e per used kWh electricity for each scenario. The original data for the 

scenarios were given from the life-cycle assessment database Ecoinvent. 

Table 3: The table shows the corresponding amount of carbon dioxide equivalents each 

energy scenario generates per used kWh of electricity. The values include losses on the 

grid (Liljenström et al., 2015). 
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Scenario Climate 

impact  

(g 

CO2e/kWh) 

Percentage of energy scources 

(2009 - 2011) 

1: High percentage of renewable 

energy sources 

7,8 No data available 

2: Nordic powermix 160 61% renewable, 21% nuclear, 

18% fossil 

3: Low percentage of renewable 

energy sources 

327 27% renewable, 36% nuclear, 

37% fossil 

All scenarios are set in the frame of the Nordic countries’ power grid. They are 

examples of electricity mixes that are purchasable for a customer within the 

geographical region of the Nordic countries. Scenario 2 represents the average energy 

mix sold in the Nordic countries. Scenarios 1 and 3 represent typical shares of the 

Nordic power mix a customer can buy from the grid. As a simplification, whether or not 

a customer makes a specific request to only buy electricity from renewable energy 

sources of the grid, he or she is delivered electricity from scenario 1 respectively 

scenario 3. 

In reality, these scenarios exemplifies the electricity that is purchased by the customers 

from the distributors. For this report though, the scenarios represent the environmental 

impact derived from energy mixes with a varying share of renewable energy sources. 

(Liljenström et al., 2015). 

6. Results 

In this section the model’s result of the energy efficiency comparison will be presented 

in 5.1 and the environmental impact will be presented in 5.2 

6.1 Energy Efficiency comparison 

The foundation of the model has to be based on proper assumptions and this will be 

evaluated in this section. The results of the energy efficiency comparison will be 

presented with the figures 4, 5, 6 and 7. 

The similarity of the shapes between the individual subplots in the plot is because of 

that every calculation originates from the theoretical value. This is true for every figure 

presented below. 
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6.1.1 Cat(r) C6.6 ACERTTM 

 

Figure 4: Subplots for the diesel engine Cat® C6.6 ACERT. From the top and down; 

Theoretical value; 22% efficiency for the diesel engine / 85% efficiency for the electric 

motor; 31% efficiency for the diesel engine / 91% efficiency for the electric motor; 41% 

efficiency for the diesel engine / 97% efficiency for the electric motor; 22% efficiency 

for the diesel engine / 97% efficiency for the electric motor; 41% efficiency for the 

diesel engine / 85% efficiency for the electric motor. 

The triangle shape of figure 4 is because of the data-points from the output power curve, 

see Appendix A: Torque curves & output power curves: Cat® C6.6 ACERT. After the 

first data-point, the electric motor’s output power decreases more rapidly than for the 

diesel engine’s output power, hence the energy efficiency of the electric motor increases 

compared to the diesel engine (= negative derivative in figure 4). The reverse relation is 

true for the last data-point, the diesel engine’s output power decreases more rapidly than 

for the electric motor’s output power (= positive derivative in figure 4).  

The theoretical energy efficiency interval is ≈ 94%-98% and when the efficiencies 

affect the result, the energy efficiency interval is ≈21%-48% 
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6.1.2 Isuzu CC-6BG1T 

 

Figure 5: Subplot for the diesel engine Isuzu CC-6BG1T. From the top and down; 

Theoretical value; 22% efficiency for the diesel engine / 85% efficiency for the electric 

motor; 31% efficiency for the diesel engine / 91% efficiency for the electric motor; 41% 

efficiency for the diesel engine / 97% efficiency for the electric motor; 22% efficiency 

for the diesel engine / 97% efficiency for the electric motor; 41% efficiency for the 

diesel engine / 85% efficiency for the electric motor. 

The rollercoaster shape of figure 5 is explained by the derivative of the diesel engine’s 

output power curve, see Appendix A: Torque curves & output power curves: Isuzu CC-

6BG1T. The derivative varies from a lower to a higher value every second data-point, 

compared to the derivative of the electric motor’s output power, which is constant for 

the whole interval 

The theoretical energy efficiency interval is ≈ 60%-80% and when the efficiencies 

affect the result, the energy efficiency interval is ≈14%-38%. 
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6.1.3 Isuzu AI-4JJ1X 

 

Figure 6: Subplot for the diesel engine Isuzu AI-4JJ1X. From the top and down; 

Theoretical value; 22% efficiency for the diesel engine / 85% efficiency for the electric 

motor; 31% efficiency for the diesel engine / 91% efficiency for the electric motor; 41% 

efficiency for the diesel engine / 97% efficiency for the electric motor; 22% efficiency 

for the diesel engine / 97% efficiency for the electric motor; 41% efficiency for the 

diesel engine / 85% efficiency for the electric motor. 

The almost exponential shape of figure 6 can be understood by the deviating distance 

between the diesel engine’s output power curve and the electrical motor’s output power 

curve, as the engine speed is dropped step by step over the interval. See Appendix A: 

Torque curves & output power curves: Isuzu AI-4JJ1X, there it is shown that the 

derivatives are approximately constant for the output power between the last three 

comparison-points for both the diesel engine and the electric motor, but the derivative is 

larger for the diesel engine, which means that the diesel engine decreases the output 

power more for every comparison-point after the first comparison-point, hence the 

exponential shape. 

The theoretical energy efficiency interval is ≈ 64%-140% and when the efficiencies 

affect the result, the energy efficiency interval is ≈14%-68%. 
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6.1.4 Cummins 6CT8.3-C 

 

Figure 7: Subplot for the diesel engine Cummins 6CT8.3-C. From the top and down; 

Theoretical value; 22% efficiency for the diesel engine / 85% efficiency for the electric 

motor; 31% efficiency for the diesel engine / 91% efficiency for the electric motor; 41% 

efficiency for the diesel engine / 97% efficiency for the electric motor; 22% efficiency 

for the diesel engine / 97% efficiency for the electric motor; 41% efficiency for the 

diesel engine / 85% efficiency for the electric motor. 

The decreasing shape in figure 7 is explained by the fact that the output power curve for 

the diesel engine decreases with small steps for all the data-points and the electric 

motor’s output power curve decreases more between the respective data-points. See 

Appendix A: Torque curves & output power curves: Cummins 6CT8.3-C. 

The theoretical energy efficiency interval is ≈ 47%-77% and when the efficiencies 

affect the result, the energy efficiency interval is ≈ 11%-37%. 

6.2 Environmental Impact 

6.2.1 Emissions of the machines at different engine modes and at 
different efficiencies 

To show the relation between the parameters affecting the amounts of CO2e that the 

machines emit, the data from the Caterpillar 320 EL excavator was chosen to represent 

the four studied machines. The diagrams, see figure 8, 9 and 10, show a comparison of 

the environmental impact of the diesel engine Cat® C6.6 ACERTTM and the electric 

motor, for different energy scenarios. The comparison is made for the electric motor 

when the efficiency is 85%, 91% and 97% respectively, see figure 8, 9 and 10. Note that 

the efficiencies 85%, 91% and 97% are strictly related to the electric motor. The 

emission data for the diesel engine are chosen with the same fuel consumption for all 
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three diagrams since the fuel consumption is given depending on the engine mode in the 

diesel engine specifications, see 3.1.3 and Appendix C. 

The comparison of the efficiency for the electric motor shows that the scenario with 

97% efficiency of the motor yields 12% less GHG emission than the scenario with 85% 

efficiency at every engine mode and at every energy scenario. Likewise, the 91% 

efficiency scenario always yields 7% less emissions than at 85% efficiency. By 

comparing the differences between the engine modes that emit the most CO2e and the 

engine mode that emit the least CO2e, the emissions for the electric motor are reduced 

with 27% between engine mode 1 and 3 for every energy scenario. The diesel engine 

emits 17% less at engine mode 3 compared against engine mode 1. 

The difference of the environmental impact between the electric motor and the diesel 

engine, in the case of the Caterpillar excavator, shows a considerably greater difference 

than the comparisons of the efficiencies of the motor and of the engine modes 1 and 3, 

see table 4. The result shows that the efficiency-parameter and the engine mode-

parameter become marginal when scaled to the CO2e for diesel. The most influencing 

parameter is whether the machine is powered by one of the energy scenarios or driven 

by diesel. The difference between engine mode 1 and 3 is at its most 5.30% and at its 

least 0.11% when the emissions from the electric motor are compared to the emissions 

from the diesel engine. The difference between the efficiency of the electric motor is at 

its most: 5.82% and at its least: 0.06% when compared with the same method, see table 

4. 

Table 4: The emissions from the electric motor compared with the corresponding 

emissions for the diesel engine (Cat® C6.6 ACERT), expressed in percentages. The 

table shows that the emissions emitted by the electric motor are considerably smaller 

than the emissions from the diesel engine, for every scenario and engine mode.  

 Energy 

scenario 

1 

Energy 

scenario 

2 

Energy 

scenario 

3 

Energy 

scenario 

1 

Energy 

scenario 

2 

Energy 

scenario 

3 

Energy 

scenario 

1 

Energy 

scenario 

2 

Energy 

scenario 

3 

Engine 

mode 

1 

1.12% 22.99% 46.99% 1.05% 21.47% 43.89% 0.98% 20.15% 41.17% 

Engine 

mode 

2 

1.09% 22.42% 45.82% 1.02% 20.94% 42.80% 0.96% 19.64% 40.15% 

Engine 

mode 

3 

0.99% 20.40% 41.69% 0.93% 19.05% 38.94% 0.87% 17.88% 36.53% 

 85% efficiency 91% efficiency 97% efficiency 
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Figure 8: The diagram shows the CO2e at three engine modes for the Caterpillar 320 

EL excavator with 85% efficiency for the electric motor. Among the scenarios for the 

Caterpillar, this performs with the least efficiency. It takes more electricity to perform 

the same mechanical work as in the other scenarios, thus the amount of emitted GHGs 

becomes greater. 
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Figure 9: The diagram shows the CO2e at three engine modes for the Caterpillar 320 

EL excavator with 91% efficiency for the electric motor. 
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Figure 10: The diagram shows the CO2e at three engine modes for the Caterpillar 320 

EL excavator with 97% efficiency for the electric motor. This is when the electric motor 

has its best efficiency, which means that as much electrical energy as possible can be 

transformed into mechanical work. 

6.2.2 Summarization of the CO2e values for all machines 

The combined emissions for the four machines that were studied give an approximation 

of the combined environmental impact made from one hour of work, both for when the 

environmental impact is as large as it could be and when it is as small as it could be, due 

to the chosen engine modes, see 3.1.3. The efficiency for the electric motor is 91% for 

the comparison. 

Table 5 and figure 11 show the relation between the CO2e for the diesel engines’ 

environmental impact and the electric motors’ environmental impact depending on the 

energy scenarios. Further the range of how much the CO2e value can be reduced by 

implementing any of the energy scenarios instead of diesel, is estimated to 99.11% - 

62.81% for the highest engine mode and 99.18% - 65.53% for the lowest engine mode. 

Table 5: The potential of reducing the CO2e value by implementing electric motors 

instead of diesel engines. 

 Highest engine mode Lowest engine mode 
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Energy scenario 1 99.11% 99.18% 

Energy scenario 2 81.80% 83.13% 

Energy Scenario 3 62.81% 65.53% 

 

Figure 11: This diagram shows the combined CO2e value of all four studied machines 

for one hour of work. The four bars at the left half represent the summarized emission 

data for the corresponding engine modes at which each machine consumed either diesel 

or electricity the most. The right half instead shows the combined CO2e value from the 

engine modes when the machines consumed diesel or electricity the least.   
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7. Discussion 

The discussion points out the significant results of the energy efficiency comparison and 

the environmental impact. The section starts with the energy efficiency comparison in 

6.1 and is followed by the environmental impact. 

7.1 Energy Efficiency 

7.1.1 Analysis of the Energy Efficiency comparison 

The difference between the subplots for each plot is reasonable, where the diesel 

engine’s efficiency influences the result most of all. A higher efficiency for the diesel 

engines influences the energy efficiency comparisons for the electric motors in a 

negative way. The diesel engines’ efficiency is a major influence because of the 

intervals for the efficiencies, diesel engines have 22%-41% and the electric motors have 

85-97%, see 2.2.1 and 2.2.2. For the diesel engines, the efficiency almost doubles over 

the interval, which is not the case for the electric motors. The results of the theoretical 

energy efficiency comparison do not show a correlation between the size (referring to 

the output power or the torque) of the diesel engines and the energy efficiency nor a 

correlation between the engine modes and the energy efficiency. It should be noted that 

we have only investigated four different diesel engines, see 5.1 and Appendix C. 

For the best result of the electric motors, see 5.1.4, the electric motor’s energy 

consumption is 11%-17% of the diesel engine’s energy consumption when the 

efficiency is 22% for the diesel engine and 97% for the electric motor. The theoretical 

value is approximately 47%-77%. Without the efficiencies for the diesel engines and 

electric motors affecting the result, there is still a substantial reduction (more than 20%) 

of the energy consumption for the electric motor compared to the diesel engine’s energy 

consumption. The same reasoning can be made for Isuzu CC-6BG1T, see 5.1.2. For the 

diesel engines Cat® C6.6 ACERT and Isuzu AI-4JJ1X, however, the efficiency 

determines whether there is a substantial reduction of the energy consumption or not. 

The heat engine and the induction motor, which are based on different principles and 

different technologies, guarantees that the electric motors have a much higher efficiency 

than the diesel engines.  

The results of the energy efficiency comparison are reasonable, referring to the shape of 

figure 4, 5, 6 and 7, and that the diesel engine’s efficiency is the most influencing 

parameter. The results of the energy efficiency comparison demonstrate that there will 

be a substantial reduction of the energy consumption when a diesel engine is replaced 

by an electric motor. 

7.1.2 Is the model relevant for estimating the potential? 

The results of the energy efficiency comparison are similar to the results presented by 

Vauhkonen et al., see table 1 in 2.1 and 5.1 for the result. The values in table 1 for the 
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energy consumption, range from 9%-28% and the results of the energy efficiency 

comparison that are closest to these values are when the efficiency for the diesel engine 

is at 22%. When the efficiency is 22% for the diesel engine, the range for the electric 

motor’s energy consumption compared to the diesel engine’s energy consumption is 

11%-36%. For the engines Cat® C6.6 ACERT, Isuzu CC-6BG1T and Cummins 

6CT8.3-C, the results come relatively close when the diesel engine’s efficiency is 31%. 

When the efficiency is 31% for the diesel engine, the range for the electric motor’s 

energy consumption compared to the diesel engine’s energy consumption is 16%-48%. 

When the efficiency is 41% for the diesel engine, the range for the electric motor’s 

energy consumption compared to the diesel engine’s energy consumption is 20%-68%.  

In comparison with the results from Vauhkonen et al., the electric motors this report 

presents are less energy efficient, see table 1 in 2.1. The reasons for this could be many, 

for example that the diesel engine in “Electrification of Excavator” has an even lower 

efficiency than 22%, that the diesel engine replaced is approximately 1/10 less in output 

power or simply because of the components used to utilize the excavator’s energy 

consumption with an electric motor. Nonetheless, the results are similar to one of the 

few existing implemented examples and for the purpose of investigating the potential of 

decreasing the environmental impact, the results are robust. The report makes use of 

calculated values for the electric motors, which are not as good regarding the energy 

efficiency, as in Vauhkonen et al., hence the report will not produce unrealistic 

estimations. The report will produce, according to the result of the energy efficiency 

comparison, the minimum potential of decreasing the environmental impact when 

replacing diesel engines with electric motors. 

Notwithstanding the potential of decreasing the environmental impact, the result shows 

that the diesel engine’s efficiency is a major influence of the result for the energy 

efficiency and hence, it is still important to increase the efficiency of the diesel motors 

as to reduce the environmental impact. Depending on the energy mixes, see 5.2.2, it is 

of equal importance to increase the overall efficiency, see 3.1.3, for the electric motors 

as well. 

7.2 Environmental Impact 

The amount of released CO2e by the machines are heavily dependent on if the machine 

is diesel fueled or electrically powered. All scenarios with an electric motor performs 

equal mechanical work as the diesel engine, but with a significantly smaller 

environmental impact. In 5.2.1, it is shown that the engine mode, for both the diesel 

engine and the electric motor, and the efficiency of the electric motor, have a small 

effect on the CO2e value of the machine, relative to the potential reduction of the CO2e 

value if electric motors could be implemented.  

The larger the share of renewable energy sources is, the smaller the environmental 

impact becomes. While the results clearly show that energy scenario 1 holds the greatest 

potential to reduce the amount of CO2e emitted from the machines, with a potential 
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reduction between 99.11%-99.18%, it is important to remember that energy scenario 1 

does not represent an energy mix produced in reality. Scenario 1 only gives the effect of 

what a highly renewable energy mix would have on the environment if the studied 

machines was electrically powered. This report takes no effort in estimating the 

probability of producing any energy mix of the sort. Nevertheless, energy scenario 1 

shows the importance and the potential of implementing more renewable energy sources 

in the energy mix.  

To instead get an understanding of how the de facto reduction of emissions would 

become if electrical machines were to be implemented, the energy scenario 2 

(representing the average electricity mix sold in the Nordic region) gives a good 

estimation. As presented in table 5, the approximate range of reducing the CO2e value 

for the machines used at Kvarntornen lies between 81.80%-83.13%, referring to the 

Nordic power mix. 

Even with energy scenario 3, the scenario with the largest CO2e value per kWh, the 

results show that the CO2e value can be reduced between 62.81%-65.53%. The 

percentage of fossil energy sources are 37% for the energy mix, which imply that the 

share of fossil energy sources could be a great deal larger and still yield a reduction of 

the CO2e value if the machines were to be electrified. 

7.3 For future work 

IPCC has given a time schedule for when the reduction of the greenhouse gases must be 

implemented, 25%-72% until the year 2050 and 73%-118% until the year 2100. To 

implement the potential of reducing the environmental impact with 63%-99% in the 

construction phase of the construction process, the need to create economic incitements 

for this becomes apparent, to add to this, the experimental- and theoretical research of 

replacing diesel engines with electric motors in the construction phase must accelerate.  

7.3.1 Experimental research 

There is a lot of research needed to be done before a paradigm shift in the construction 

industry can occur. One way to power the electric motors, if the electrification were to 

be made possible, would be to connect the electric machine via a cable to the power 

grid. A hypothetical cable transportation system is used, to let the excavator be flexible 

enough to do its work without interruptions. To be able to accomplish the cable 

transportation system, there is a couple of investigations that first have to be made: if 

the usage of electrically powered construction machines could be implemented in a 

larger scale, how would the greater demand of electricity affect the power grid system? 

Is it possible to construct such a cable transportation system on a construction site so 

that the machines can work without interruption, with the same performance and with 

the same/or better safety standards in comparison of today? 

Another interesting topic is to investigate the development-potential for production of 

battery- driven construction machines. A new study from Nature states that the price of 
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car batteries is dropping at a staggering rate. Between 2007 and 2014 the price fell from 

above 1000 $ per kWh to around 410 $ kWh and by 2020 the price is expected to 

decrease to 230 $ per kWh (Nature, 2015). Hopefully this price-drop of batteries will 

make the process of developing- and research battery-driven construction machines, for 

the manufacturing sector of construction machines, less economically risky, hence much 

likelier in the future. For a battery-solution to work in practice for the construction 

machines, lifetime of the battery must be analyzed and the energy storage performance 

of the battery has to be increased, so that a full day of work can be conducted. If not, the 

possibility of powering the electric machine by a cable and by a battery could further 

investigated, which could also help with the problem of the greater demand for the 

power grid system. 

It is interesting to notice that the premium electric car company, Tesla Motors, is 

leading the way in research for battery-driven vehicles. Their development and open-

source system are having an impact on the light-vehicle market and might stimulate the 

development of the construction process, referring to the technological advances in the 

battery industry.  

The electric motor that replaced the diesel engine in Vauhkonen et al. (2014) was used 

as a point of reference for the report, but the size of the engine being replaced was much 

smaller in output power than the engines studied in this report. The search for other 

scientific reports of a replacement of a diesel engine with an electric motor in a 

construction machine, was in vain. The results of this report would have benefitted from 

more point of references with a likewise output power range, specifically with the same 

type of measurements used in Vauhkonen et al. (2014). The measurements however, 

would originate from the tested construction machine’s specific operations. By doing 

that, apart from strengthen/weaken the result of this report, the manufacturing sector of 

construction machines would have somewhat of a model to work with if the economic 

incitements were to reward decreasing emissions in the construction process. A change 

of engines, rather than a new production of electric construction machines, would be 

preferred. 

7.3.2 Economic incitements 

The electrification of the construction process cannot succeed without changes of 

legislations, policies and norms. The legislations refer here for when governments, 

states, municipalities, etc. start rewarding an emission reduction of greenhouse gases in 

the construction process. Notwithstanding other legislations, an example of a legislation 

that would be of interest would be the taxation of energy sources as a fuel and how it 

could be applied specifically for the construction process. Note here that electricity is 

generally cheaper than diesel fuel as an energy source, especially if the efficiencies of 

the different types of engines/motors are considered.  

The policies and norms refer to every decision maker on every level of economic 

unions, organizations, companies, etc. that have a business relation with the 

construction process and the construction process’ actors as well. It is important to 
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modify the method of evaluating offerings from construction companies by only 

looking at a time- and economic perspective, the environmental impact perspective must 

have a bigger saying than the other two together in the longer run. In the potential 

beginning of the electrification of the construction process, it is of equal importance to 

demand- and explain the environmental impact perspective to the construction 

companies. The essence of the environmental impact perspective would be that the 

contract can be won by the lowest environmental impact, even if the timescale is longer 

and the economic costs are higher. Another aspect of policies and norms refer to 

research foundations’ donations and the construction process’ actors that should 

increase the in-house research and the support of the research and implementation of the 

electrification of the construction process. If not, the probability that the time schedule 

from IPCC are to be fulfilled, decreases.  

7.3.3 Theoretical research 

A deeper environmental analysis is required to further investigate the potential of 

reducing the environmental impact. In this study, three energy mixes were chosen to 

represent the electricity production with varying shares of renewable energy sources. 

The energy scenario with the greatest environmental impact consisted of 37% fossil 

energy sources. To show the potential reduction of CO2e more accurately, the 

consistency of fossil energy sources in the electricity mix need to be more flexible. A 

similar comparison between diesel engines and electric motors, as made in this report, 

should calculate the environmental impact from electric motors with energy scenarios 

ranging from 0% - 100% share of fossil sources in the electricity mix. That would make 

it possible to show a maximum level of how much fossil energy sources the electricity 

mix could consist of, to still yield a reasonable reduction of the environmental impact of 

the construction phase. Writers of such an investigation would need to argue for what a 

"reasonable" level of reduction would be, and contrast this in a wider perspective to 

environmental goals. 

8. Conclusions  

The model developed for the bachelor thesis is shown to be robust as to estimate the 

potential of decreasing the environmental impact when diesel engines are replaced with 

electric motors. The bachelor thesis can show a potential reduction of the environmental 

impact, expressed in carbon dioxide equivalents, with 63%-99% when diesel engines 

are replaced with electric motors. The share of renewable energy sources in the 

electricity mix is what affects the electric motor’s environmental impact the most.  
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Appendix A 

Torque curves & output power curves 

Cat® C6.6 ACERT

 

Isuzu CC-6BG1T 
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Isuzu AI-4JJ1X 

 

Cummins 6CT8.3-C
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Appendix B 

Matlab script: 

Diesel Engine vs Electric Motor 

% Matlabscript - Diesel engine vs Electric motor 

  

  

  

  

  

Index = 1;                                                                  % loopvariable - help looping 

SavedValuesMatrix 

figureIndex=1;                                                              % loopvariable - help looping the 

figures 

n = 1500;                                                                   % synchronous speed for the electric 

motor(4-pole) 

P = 0;                                                                      % Output power variable 

  

SavedValuesMatrix = zeros(100,6);                                           % Creates a matrix to 

store all CALCULATED VALUES 

MatrixDiesel = DieselMatlabElectric;                                        % Creates a matrix(12*6) 

from an imported matrix with the  

                                                                            % Diesel engines' specifications 

  

OutputPowerArray = zeros(1, 5);                                             % creates an array where 

the output power will be stored for  

                                                                            %the electrical motors 

maxTorqueArray = [];                                                        % Creates an array to store the 

Max-Torque for all engines 

EngineSpeedArray = [0 500 1000 1500 3000];                                  % Creates the 

interval chosen for the electrical motor, x-axis. 
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for i = 1:12                                                                % creates a SUPERloop that goes 

through every row of   

                                                                            % MatrixDiesel. Observe where it ends. 

     

    if (i == 1)||(i ==4)||(i==7)||(i==10)                                   % the torque values are in 

these rows 

        maxTorque = max(MatrixDiesel(i,:));  %take out the maximum value of 

                                             %the torque for every diesel 

                                             %engine, store it in an array 

                                             %for the energy efficiency 

                                             %comparison 

        maxTorqueArray(end+1)=maxTorque;                                    % stores the 

maximum torque in a list 

                                                                            % to be used in the next script. 

        figure(figureIndex)         %plot 

         

        subplot(2,1,1)              %plot 

        plot(EngineSpeedArray, [maxTorque, maxTorque, maxTorque, maxTorque, 

(maxTorque/2)],'md-.') %plot 

        % plot torque curve for the electric motor from the electric 

        % company information 

        SavedValuesMatrix(Index,1:length([maxTorque, maxTorque, maxTorque, 

maxTorque, (maxTorque/2)])) = [maxTorque, maxTorque, maxTorque, maxTorque, 

(maxTorque/2)]; 

        % The torque is constant up to the synchronous speed, store the 

        % calculated torque values for every electric motor in 

        % SavedValuesMatrix 

        Index = Index+1; 

        xlabel('Engine Speed [RPM]') %plot 

        ylabel('Torque [Nm]')        %plot 

        title('Diesel engine VS Electrical Motor - Torque') %plot 
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        grid on                                             %plot 

        hold on                                             %plot 

        plot(MatrixDiesel(i+2,:),MatrixDiesel(i,:),'bx-')   %plot  

        legend('Electric motor', 'Diesel Engine')           %plot 

        SavedValuesMatrix(Index,1:length(MatrixDiesel(i,:)))=MatrixDiesel(i,:); 

        % store the torque data points in SavedValuesMatrix  

        % for every diesel engine 

        Index = Index+1; 

         

         

         

        for j = 1:5                                                         %creates a for loop, which calculates 

the output power of the 

                                                                            %electric motor for five data points. 

Equation (1) is applied. 

             

            if(j==5) 

            %the last data point, when the torque is reduced to half its 

            %torque, engine speed = 3000. 

                P = ((maxTorque/2)*EngineSpeedArray(j))/9550;   

                 

                OutputPowerArray(j) = P; 

                %stores the output power 

            else                             

            P = (maxTorque*EngineSpeedArray(j))/9550;  

            % torque is constant up to the synchronous speed, 1500 

             

            OutputPowerArray(j) = P; 

            %stores the output power 

            end 
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        end 

         

        figure(figureIndex)                         %plot 

        figureIndex = figureIndex+1;                 

        subplot(2,1,2)                              %plot 

        plot(EngineSpeedArray,OutputPowerArray, 'md-.') % plot  

        SavedValuesMatrix(Index,1:length(OutputPowerArray))=OutputPowerArray; 

        %stores the output power for each electric motor 

        Index = Index+1; 

        xlabel('Engine Speed [RPM]')                %plot 

        ylabel('Output Power [kW]')                 %plot 

        title('Diesel engine vs Electrical Motor - Output Power')   %plot 

        grid on                                     %plot 

        hold on                                     %plot 

        plot(MatrixDiesel(i+2,:),MatrixDiesel(i+1,:),'bx-') % plot 

        SavedValuesMatrix(Index,1:length(MatrixDiesel(i+1,:)))= MatrixDiesel(i+1,:); 

        %stores diesel engine's data points in SavedValuesMatrix , the 

        %output power 

        Index = Index+1; 

        legend('Electric motor', 'Diesel Engine')   %plot 

         

         

             

             

         

    end      

         

end 
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% Calculation of the energy efficiency 

  

  

  

ElectricMotorOutputPower = zeros(24,6);                                     % Creates a matrix to 

store the electric motor's output 

                                                                            % power 

  

  

EfficiencyIndex = 1;                                                        % creates a loop variable to loop 

EnvironmentalImpactMatrix 

INDEX = 1;                                                                  % creates a loop variable to loop 

maxTorqueArray 

  

SortedDieselOutput = [];                                                    % to match the engine modes, 

we need to sort the output power 

                                                                            % row in MatrixDiesel. The sorted row 

is saved  

                                                                            % in SortedDieselOutput. 

                                                                             

                                                                             

n1 = [1.0 0.85 0.91 0.97 0.97 0.85]; n2 = [1.0 0.22 0.31 0.41 0.22 0.41];   % The 

efficiencies for the result and the sensitivity analysis, 

                                                                            % 1.0 = 'theoretical value'... 

  

for k = 2:3:11                                                              % A SUPERloop to loop 

MatrixDiesel, the rows of interest 

                                                                            % are 2,5,8 & 11. Observe where the 

loop ends. 
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    ElectricOutputPowerCalc =[];                                            % creates a list for saving 

data for electric output power 

    EngineSpeedList = [];                                                   % creates a list for saving the 

engine speeds 

    SortedDieselOutput = sort(MatrixDiesel(k,:), 'descend'); 

    % sorting the row k, results in a sorted list with the highest output 

    % power, descending to the lowest output power, NaN last. 

     

    for x = 1:6                                                             % A loop to loop the efficiencies, n1 

& n2, and the subplots 

                                                                             

        EngineSpeed = 1500;                                                 % Startvalue for the engine 

speed 

        index = 1;                                                          % loop-variable for multiple lists 

         

        EngineModeInterval = [];                                            % creates a list to store the 

engine mode interval for every 

                                                                            % comparison and engine. 

        EnergyEfficiency = [];                                              % creates a list to store the 

result of the energy efficiency 

                                                                            % comparison [%] for every comparison 

and engine. 

                                                                             

        for l = 1:6                                                         % A loop to loop the 

SortedDieselOutput 

                     

               if(SortedDieselOutput(l)>1)                                  % to avoid error with NaN 

and a solution to the different 

                                                                            % amount of comparison-points in the 

loop (MatrixDiesel). 

                       

                   EnergyEfficiency(index) = (((maxTorqueArray(INDEX)* 

EngineSpeed)/9550)/n1(x))/(SortedDieselOutput(l)/n2(x)); 
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                   % equation (6) is applied. Observe that the electric 

                   % motor's output power is being calculated in this step 

                   % with equation (1). The torque is constant up to the 

                   % synchronous speed, hence the torque does not change in 

                   % the 'if-statement', since the engine speed drops. 

                   % Store the calculation value in EnergyEfficiency 

                   ElectricOutputPowerCalc(index) = (((maxTorqueArray(INDEX)* 

EngineSpeed)/9550)/n1(x)); 

                   % store the output power for the electric motor  

                   % for every comparison point 

                   EngineModeInterval(index) = index; 

                   % engine mode is added. 

                   EngineSpeedList(index) = EngineSpeed; 

                   % the engine speed for the calculation is stored 

                   index = index+1;                

                   EngineSpeed = EngineSpeed-200; % The engine speed 

                   % drops 200 rpm every engine mode as to visualize the  

                   % dynamics of the electrical motor and that The diesel  

                   % engine does not operate on its maximum all the time. 

               end        

        end 

        figure(figureIndex)                                      %plot 

        set(gcf,'numbertitle','off','name','Energy efficiency; Electric Motor versus Diesel 

Engine(=100%)') %plot 

        subplot(6,1,x)                                           %plot 

        plot(EngineModeInterval,(EnergyEfficiency*100),'kx-')    %plot 

        set(gca,'xtick',0:6)                                     %plot 

         

        SavedValuesMatrix(Index,1:length(EnergyEfficiency))= EnergyEfficiency; 

        % Store the calculated comparison, the energy efficiency, in  
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        % SavedValuesMatrix 

        Index = Index+1; 

        SavedValuesMatrix(Index,1:length(EngineSpeedList))= EngineSpeedList; 

        % Store the engine speeds used the for calculation of the electric 

        % motor's output power; equation(6) and equation (1) 

        Index = Index+1; 

        ElectricMotorOutputPower(EfficiencyIndex,1:length(ElectricOutputPowerCalc)) = 

ElectricOutputPowerCalc; 

        % Store the calculated output power of the elctric motors for every  

        % comparison in ElectricMotorOutputPower. 

        EfficiencyIndex = EfficiencyIndex+1; 

    end 

  

  

    INDEX = INDEX +1; 

    figureIndex = figureIndex+1; 

end 

 

Matlab script; Environmental Impact 

% Environmental impact of elecric motors 

  

MatrixElectricOutputPower=EnvironmentalImpactMatrix;                        % creates a 

12*6 matrix from the edited 

                                                                            % ElectricMotorOutputPower, the 

extracted output power 

                                                                            % are for the efficiencies: 97%, 91% & 

85% .  

  

CarbonDioxideEquivalent=zeros(36,6);                                        % creates a matrix to 

store all CALCULATED VALUES 

  



46 
 

  

CO2Eq = [7.8, 160, 327];                                                    % Climate impact [g 

CO2e/kWh], see 4.4 

indexLoop = 1;                                                              % creates a loop-variable to 

CO2Eq 

  

  

for a=1:12                                                                  % A loop to loop every row of 

MatrixElectricOutputPower  

     

    OutputPowerProcent=[];                                                  % for every row an empty list 

is created to store the  

                                                                            % the output power. This is part of the 

solution to the different 

                                                                            % amount of values in the 

MatrixElectricOutputPower 

                                                                             

                                                                             

        for b=1:6                                                           % for every column in the row. 

             

             

            if (MatrixElectricOutputPower(a,b)>0)                           % part of the solution to 

the differnt amount of values  

                                                                            % in the in the 

MatrixElectricOutputPower. 

                OutputPowerProcent(b) = MatrixElectricOutputPower(a,b);     % As long as it 

is a value store it in OutputPowerProcent 

            end 

        end 

        for c = 1:3                                                         % A loop to loop CO2Eq for the 

electric motors' every 

                                                                            % output power values for when the 

efficiencies are  
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                                                                            % 97%, 91% & 85% 

            CarbonDioxideEquivalent(indexLoop,1:length(OutputPowerProcent)) = 

OutputPowerProcent*CO2Eq(c); 

            % equation (5) is applied and every calculation is stored in 

            % CarbonDioxideEquivalent 

            indexLoop = indexLoop+1; 

        end 

end 

 

Matlab script; Carbon Dioxide Equivalents 

% CarbonDioxideEquivalents 

  

format short 

EmissionFactorArray = [2697 0.1506 0.06868];                                % Emissonfactor for 

[CO2, CH4, N2O], given in 4.3 

GWPArray = [1 25 298];                                                      % GWP-values for [CO2, 

CH4, N2O], given in 4.3 

  

  

  

LiterDiesel = input('Give liter of diesel used: ');                         % Input, hence type in 

the diesel engine's fuel consumption 

  

EmissionArray = zeros(1,3);                                                 % creates an array to store 

the calculation 'quantity of the  

                                                                            % gas' 

CarbonDioxideEquivalentArray = zeros(1,3);                                  % creates an array to 

store the calculation 'total CO2e'  

  

  

for i = 1: length(EmissionFactorArray)                                      % A loop to loop every 

value of EmissionFactorArray 
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    EmissionArray(i) = LiterDiesel * EmissionFactorArray(i); 

    % Equation (3) is applied and stored in EmissionArray 

end 

  

  

  

for i = 1:length(EmissionArray)                                             % A loop to loop every 

value of EmissionArray 

     

    CarbonDioxideEquivalentArray(i) = EmissionArray(i) * GWPArray(i); 

    % Equation (4) is applied and stored in CarbonDioxideEquivalentArray, 

    % see below. 

end 

 sum(CarbonDioxideEquivalentArray) 

    % Equation (4) is applied and the total CO2e is displayed 

 

 

 

 

 

 



49 
 

Appendix C 

Caterpillar 320 EL: Cat® C6.6 ACERTTM 

(http://www.cat.com/en_US/products/new/equipment/excavators/medium-

excavators/18254206.html 2015-05-31, 10:59; Caterpillar, Cat® C6.6 ACERTTM engine 

specifications (http://s7d2.scene7.com/is/content/Caterpillar/LEHH5386 2015-06-02)  – 

tabulated values) 

Engine Speed 

[RPM] 

Output Power 

[kW] 

(hp) 

Torque [Nm] Fuel consumption 

[liter/hour] 

1800 143 (191.8) 922 41.4 

2200 157 (210.5) 986 46.6 

2500 116.5 (156.2) 695 38.5 

 

Hitachi ZAXIS280: Isuzu CC-6BG1T (http://www.hitachi-c-

m.com/asia/products/excavator/medium/zx280-5g/specification_1.html 2015-05-31, 

11:03; Isuzu CC-6BG1T engine specifications 

(http://www.isuzu.co.jp/world/product/industrial/engines/other/t2_6bg1t.html 2015-06-

02) – Manually read of diagrams) 

Engine Speed 

[RPM] 

Output Power 

[kW] 

Torque [Nm] Fuel Consumption 

[liter/hour] (g/h) 

1000 48 430 13.6 (11040) 

1200 55 460 15.1 (12265) 

1400 72 490 19.6 (15912) 

1600 80 510 22.1 (17920) 

1800 110 553.6 30.7 (24970) 

2200 121.6 520 37.0 (30035) 

 

Hitachi ZX 160: Isuzu AI-4JJ1X 

(http://hitachiconstruction.com/assets/files/products/excavators/ZX160-3_specs.pdf 

2015-05-31, 11:06; Isuzu Diesel engines 4JJ1X 

(http://www.assocpower.com/index.php?Equipment-Data 2015-06-02) – Manually read 

of diagrams) 

Engine Speed 

[RPM] 

Output Power 

[kW] 

(hp.) 

Torque [Nm] 

(LB/ft.) 

Fuel Consumption 

[liter/hour] (g/h) 

1000 28.3 (38) 271.2 (200) 8.47 (6885) 

1500 58.2 (78) 386.5 (285) 15.9 (12922) 

2000 89.5 (120) 420.3 (310) 21.9 (17802) 

2500 97.8 (131.2) 372.8 (275) 24.9 (20226) 

 

http://www.cat.com/en_US/products/new/equipment/excavators/medium-excavators/18254206.html
http://www.cat.com/en_US/products/new/equipment/excavators/medium-excavators/18254206.html
http://s7d2.scene7.com/is/content/Caterpillar/LEHH5386
http://www.hitachi-c-m.com/asia/products/excavator/medium/zx280-5g/specification_1.html
http://www.hitachi-c-m.com/asia/products/excavator/medium/zx280-5g/specification_1.html
http://www.isuzu.co.jp/world/product/industrial/engines/other/t2_6bg1t.html
http://hitachiconstruction.com/assets/files/products/excavators/ZX160-3_specs.pdf
http://hitachiconstruction.com/assets/files/products/excavators/ZX160-3_specs.pdf
http://www.assocpower.com/index.php?Equipment-Data
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Fiat-Hitachi EX255 LC: Cummins 6CT8.3-C 

(http://www.mascus.se/specs/bandgravare_971334/fiat-hitachi/ex-255_987063 2015-

05-31, 11:09; Cummins 6CT8.3-C Technical specifications 

(http://www.dieselparts.com.au/wp-content/uploads/2013/03/6CT8.3-208-hp-

Cummins.pdf 2015-06-02) – Tabulated values) 

Engine Speed 

[RPM] 

Output Power 

[kW] 

Torque [Nm] Fuel Consumption 

[liter/hour] (g/h) 

1500 121 769 30.8 (25047) 

1800 140 746 35.5 (28840) 

2000 151 721 39.0 (31710) 

2100 154 702 40.4 (32802) 

2200 157 679 43.7 (35482) 

 

 

 

 

 

 

 

 

 

 

http://www.mascus.se/specs/bandgravare_971334/fiat-hitachi/ex-255_987063
http://www.dieselparts.com.au/wp-content/uploads/2013/03/6CT8.3-208-hp-Cummins.pdf
http://www.dieselparts.com.au/wp-content/uploads/2013/03/6CT8.3-208-hp-Cummins.pdf
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Appendix D 

Conversion for emission factor: 

[g/gallon][g/liter] 

1gallon (American gallon) = 3.785 

liter 

[g/gallon][g/(3.785*liter] (Physics 

handbook for science and Engineering, 

2006) 

Conversion for diesel consumption: 

[g/kWh]↔[liter/kWh] 

812.4 kg  = 1000m3 = 1000liter 

[812.4 g/kWh] ↔ [1 liter/kWh] (Product 

data sheet Diesel B0) 

Conversion for diesel consumption: 

BSFC[lb/(hp.*h)]BSFC[g/kWh] 

BSFC [lb/(hp·h)] = BSFC 

[g/(kWh)]×0.001644 

(www.wikipedia.org) 

Conversion for output: 

[hp.][kW] 

100hp = 74,50kW (UK, and US) 

[1hp = 0.745] (Physics handbook for 

science and Engineering, 2006) 

Conversion for torque: 

[lb/ft.][Nm] 

1lb/ft. = 0.737Nm (Cummins 6CT8.3-C 

specifications) 
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Appendix E 

NaN are because of the interface of Matlab and Excel. Some of the zeroes in this table are also 

because of this. NaN and the zeroes originate from that a Matrix has been used, different 

amount of data points, gives NaN/zeroes in the matrix. 

      

Diesel engines' input 

data 

922 986 695 NaN NaN NaN Torque [Nm] 

143 157 116,5 NaN NaN NaN Output Power [kW] 

1800 2200 2500 NaN NaN NaN Engine speed [RPM] 

430 460 490 510 553,6 520 Torque [Nm] 

48 55 72 80 110 121,6 Output Power [kW] 

1000 1200 1400 1600 1800 2200 Engine speed [RPM] 

271,2 339 420,3 372,8 NaN NaN Torque [Nm] 

28,3 58,2 89,5 97,8 NaN NaN Output Power [kW] 

1000 1500 2000 2500 NaN NaN Engine speed [RPM] 

769 746 721 702 679 NaN Torque [Nm] 

121 140 151 154 157 NaN Output Power [kW] 

1500 1800 2000 2100 2200 NaN Engine speed [RPM] 

      

Output from the 

script Diesel engine 

vs Electric motor 

      

Torque & Output 

power comparison 

986 986 986 986 493 0 

Electric motor's 

torque 

922 986 695 NaN NaN NaN 

Diesel engine's 

torque 

0 

51,6230

4 

103,2460

7 

154,869

1 

154,869

1 0 

Electric motor's 

output power 

143 157 116,5 NaN NaN NaN 

Diesel engine's 

output power 
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553,6 553,6 553,6 553,6 276,8 0 

Electric motor's 

torque 

430 460 490 510 553,6 520 

Diesel engine's 

torque 

0 

28,9842

9 

57,96858

6 

86,9528

8 

86,9528

8 0 

Electric motor's 

output power 

48 55 72 80 110 121,6 

Diesel engine's 

output power 

420,3 420,3 420,3 420,3 210,15 0 

Electric motor's 

torque 

271,2 339 420,3 372,8 NaN NaN 

Diesel engine's 

torque 

0 

22,0052

4 

44,01047

1 

66,0157

1 

66,0157

1 0 

Electric motor's 

output power 

28,3 58,2 89,5 97,8 NaN NaN 

Diesel engine's 

output power 

769 769 769 769 384,5 0 

Electric motor's 

torque 

769 746 721 702 679 NaN 

Diesel engine's 

torque 

0 

40,2617

8 80,52356 

120,785

3 

120,785

3 0 

Electric motor's 

output power 

121 140 151 154 157 NaN 

Diesel engine's 

output power 

      

Energy Efficiency 

Comparison 

0,98642

7 

0,93860

1 

0,974855

6 0 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 0 0 0 

Engine speed for the 

comparison point for 

the eletric motor 1 

0,25531

1 

0,24293

2 

0,252315

6 0 0 0 

Energy Efficiency 

[%] 
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1500 1300 1100 0 0 0 

Engine speed for the 

comparison point for 

the eletric motor 1 

0,33603

6 

0,31974

3 

0,332093

7 0 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 0 0 0 

Engine speed for the 

comparison point for 

the eletric motor 1 

0,41694

4 

0,39672

8 

0,412052

4 0 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 0 0 0 

Engine speed for the 

comparison point for 

the eletric motor 1 

0,22372

6 

0,21287

9 

0,221101

3 0 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 0 0 0 

Engine speed for the 

comparison point for 

the eletric motor 1 

0,47580

6 

0,45273

7 

0,470224

5 0 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 0 0 0 

Engine speed for the 

comparison point for 

the eletric motor 1 

0,71507

3 

0,68508

3 

0,797068

1 

0,72460

7 

0,73778

2 

0,60383

9 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 500 

Engine speed for the 

comparison point for 

the eletric motor 2 

0,18507

8 

0,17731

6 0,2063 

0,18754

5 

0,19095

5 

0,15628

8 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 500 

Engine speed for the 

comparison point for 

the eletric motor 2 

0,24359

6 0,23338 

0,271528

7 

0,24684

4 

0,25133

2 

0,20570

4 

Energy Efficiency 

[%] 
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1500 1300 1100 900 700 500 

Engine speed for the 

comparison point for 

the eletric motor 2 

0,30224

7 

0,28957

1 

0,336905

1 

0,30627

7 

0,31184

6 

0,25523

1 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 500 

Engine speed for the 

comparison point for 

the eletric motor 2 

0,16218

2 0,15538 

0,180778

3 

0,16434

4 

0,16733

2 

0,13695

3 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 500 

Engine speed for the 

comparison point for 

the eletric motor 2 

0,34491

8 

0,33045

2 

0,384468

1 

0,34951

6 

0,35587

1 

0,29126

4 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 500 

Engine speed for the 

comparison point for 

the eletric motor 2 

0,67500

7 

0,63925

8 0,831813 

1,39962

6 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 0 0 

Engine speed for the 

comparison point for 

the eletric motor 3 

0,17470

8 

0,16545

5 

0,215292

8 

0,36225

6 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 0 0 

Engine speed for the 

comparison point for 

the eletric motor 3 

0,22994

8 

0,21776

9 

0,283364

9 

0,47679

6 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 0 0 

Engine speed for the 

comparison point for 

the eletric motor 3 

0,28531

2 

0,27020

2 

0,351591

1 

0,59159

5 0 0 

Energy Efficiency 

[%] 
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1500 1300 1100 900 0 0 

Engine speed for the 

comparison point for 

the eletric motor 3 

0,15309

4 

0,14498

6 

0,188658

6 

0,31744

1 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 0 0 

Engine speed for the 

comparison point for 

the eletric motor 3 

0,32559

2 

0,30834

8 

0,401227

5 

0,67511

4 0 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 0 0 

Engine speed for the 

comparison point for 

the eletric motor 3 

0,76933

3 

0,67974

4 

0,586595

5 

0,51765

1 

0,46583

9 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 0 

Engine speed for the 

comparison point for 

the eletric motor 4 

0,19912

2 

0,17593

4 

0,151824

7 0,13398 0,12057 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 0 

Engine speed for the 

comparison point for 

the eletric motor 4 

0,26208

1 

0,23156

1 

0,199829

2 

0,17634

3 

0,15869

2 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 0 

Engine speed for the 

comparison point for 

the eletric motor 4 

0,32518

2 

0,28731

5 

0,247942

4 

0,21880

1 

0,19690

1 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 0 

Engine speed for the 

comparison point for 

the eletric motor 4 

0,17448

8 

0,15416

9 

0,133042

3 

0,11740

5 

0,10565

4 0 

Energy Efficiency 

[%] 
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1500 1300 1100 900 700 0 

Engine speed for the 

comparison point for 

the eletric motor 4 

0,37109 

0,32787

7 

0,282946

1 

0,24969

1 

0,22469

9 0 

Energy Efficiency 

[%] 

1500 1300 1100 900 700 0 

Engine speed for the 

comparison point for 

the eletric motor 4 

      

Electric motor's 

output power 

154,869

1 

134,219

9 

113,5706

8 0 0 0 

Electric motor 1 

[Theoretical] 

182,199 

157,905

8 

133,6125

7 0 0 0 

Electric motor 1 

[85% efficiency] 

170,185

8 

147,494

4 

124,8029

5 0 0 0 

Electric motor 1 

[91% efficiency] 

159,658

9 138,371 

117,0831

8 0 0 0 

Electric motor 1 

[97% efficiency] 

159,658

9 138,371 

117,0831

8 0 0 0 

Electric motor 1 

[97% efficiency] 

182,199 

157,905

8 

133,6125

7 0 0 0 

Electric motor 1 

[85% efficiency] 

86,9528

8 

75,3591

6 

63,76544

5 

52,1717

3 

40,5780

1 

28,9842

9 

Electric motor 2 

[Theoretical] 

102,297

5 

88,6578

4 

75,01817

1 61,3785 

47,7388

4 

34,0991

7 

Electric motor 2 

[85% efficiency] 

95,5526

1 

82,8122

7 

70,07191

8 

57,3315

7 

44,5912

2 

31,8508

7 

Electric motor 2 

[91% efficiency] 

89,6421

4 

77,6898

6 

65,73757

2 

53,7852

9 41,833 

29,8807

1 

Electric motor 2 

[97% efficiency] 

89,6421

4 

77,6898

6 

65,73757

2 

53,7852

9 41,833 

29,8807

1 

Electric motor 2 

[97% efficiency] 

102,297

5 

88,6578

4 

75,01817

1 61,3785 

47,7388

4 

34,0991

7 

Electric motor 2 

[85% efficiency] 
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66,0157

1 

57,2136

1 

48,41151

8 

39,6094

2 0 0 

Electric motor 3 

[Theoretical] 

77,6655

4 

67,3101

3 

56,95472

7 

46,5993

2 0 0 

Electric motor 3 

[85% efficiency] 

72,5447

3 62,8721 

53,19947

1 

43,5268

4 0 0 

Electric motor 3 

[91% efficiency] 

68,0574

3 

58,9831

1 

49,90878

2 

40,8344

6 0 0 

Electric motor 3 

[97% efficiency] 

68,0574

3 

58,9831

1 

49,90878

2 

40,8344

6 0 0 

Electric motor 3 

[97% efficiency] 

77,6655

4 

67,3101

3 

56,95472

7 

46,5993

2 0 0 

Electric motor 3 

[85% efficiency] 

120,785

3 

104,680

6 

88,57591

6 72,4712 

56,3664

9 0 

Electric motor 4 

[Theoretical] 

142,100

4 

123,153

7 

104,2069

6 

85,2602

4 

66,3135

2 0 

Electric motor 4 

[85% efficiency] 

132,731

1 

115,033

7 

97,33617

2 

79,6386

9 61,9412 0 

Electric motor 4 

[91% efficiency] 

124,521 

107,918

2 

91,31537

8 

74,7125

8 

58,1097

9 0 

Electric motor 4 

[97% efficiency] 

124,521 

107,918

2 

91,31537

8 

74,7125

8 

58,1097

9 0 

Electric motor 4 

[97% efficiency] 

142,100

4 

123,153

7 

104,2069

6 

85,2602

4 

66,3135

2 0 

Electric motor 4 

[85% efficiency] 

      

Input for 

environmental 

impact of Electric 

motors 

182,199 

157,905

8 

133,6125

7 0 0 0 

Electric motor 1 

[85% efficiency] 

170,185

8 

147,494

4 

124,8029

5 0 0 0 

Electric motor 1 

[91% efficiency] 

159,658

9 138,371 

117,0831

8 0 0 0 

Electric motor 1 

[97% efficiency] 
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102,297

5 

88,6578

4 

75,01817

1 61,3785 

47,7388

4 

34,0991

7 

Electric motor 2 

[85% efficiency] 

95,5526

1 

82,8122

7 

70,07191

8 

57,3315

7 

44,5912

2 

31,8508

7 

Electric motor 2 

[91% efficiency] 

89,6421

4 

77,6898

6 

65,73757

2 

53,7852

9 41,833 

29,8807

1 

Electric motor 2 

[97% efficiency] 

77,6655

4 

67,3101

3 

56,95472

7 

46,5993

2 0 0 

Electric motor 3 

[85% efficiency] 

72,5447

3 62,8721 

53,19947

1 

43,5268

4 0 0 

Electric motor 3 

[91% efficiency] 

68,0574

3 

58,9831

1 

49,90878

2 

40,8344

6 0 0 

Electric motor 3 

[97% efficiency] 

142,100

4 

123,153

7 

104,2069

6 

85,2602

4 

66,3135

2 0 

Electric motor 4 

[85% efficiency] 

132,731

1 

115,033

7 

97,33617

2 

79,6386

9 61,9412 0 

Electric motor 4 

[91% efficiency] 

124,521 

107,918

2 

91,31537

8 

74,7125

8 

58,1097

9 0 

Electric motor 4 

[97% efficiency] 

      

Diesel fuel 

consumption for 

'Carbon Dioxide 

Equivalents' 

41.4 46.5 38.5    

Cat® C6.6 

ACERTTM 

13.5 15.1 19.6 22.1 30.7 37.0 Isuzu CC-6BG1T 

8.47 15.9 21.9 24.9   Isuzu AI-4JJ1X 

30.8 35.5 39.0 40.4 43.7  Cummins 6CT8.3-C 

      

Output Carbon 

Dioxide Equivalents 

112700 

126800 

= 0.002e 104800    

Cat® C6.6 

ACERTTM 

37010 = 

0.007e 41090 53340 60140 83540 100700 Isuzu CC-6BG1T 

23050 43270 

59590 = 

0.0002e 67760   Isuzu AI-4JJ1X 



60 
 

83810 96600 106100 109900 118900  Cummins 6CT8.3-C 

      

Output for 

environmental 

impact of Electric 

motors 

1421,15

2 

1231,66

5 1042,178 0 0 0 

Electric motor 1; 

85% efficiency 

energy - scenario 1 

29151,8

3 

25264,9

2 21378,01 0 0 0 

Electric motor 1; 

85% efficiency 

energy - scenario 2 

59579,0

6 

51635,1

8 

43691,30

9 0 0 0 

Electric motor 1; 

85% efficiency 

energy - scenario 3 

1327,45 

1150,45

6 

973,4629

8 0 0 0 

Electric motor 1; 

91% efficiency 

energy - scenario 1 

27229,7

3 23599,1 

19968,47

1 0 0 0 

Electric motor 1; 

91% efficiency 

energy - scenario 2 

55650,7

7 

48230,6

7 

40810,56

3 0 0 0 

Electric motor 1; 

91% efficiency 

energy - scenario 3 

1245,33

9 

1079,29

4 

913,2487

7 0 0 0 

Electric motor 1; 

97% efficiency 

energy - scenario 1 

25545,4

2 

22139,3

6 

18733,30

8 0 0 0 

Electric motor 1; 

97% efficiency 

energy - scenario 2 

52208,4

5 

45247,3

3 

38286,19

9 0 0 0 

Electric motor 1; 

97% efficiency 

energy - scenario 3 

797,920

5 

691,531

1 

585,1417

3 

478,752

3 

372,362

9 

265,973

5 

Electric motor 2; 

85% efficiency 

energy - scenario 1 
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16367,6 

14185,2

5 

12002,90

7 

9820,56

1 

7638,21

4 

5455,86

7 

Electric motor 2; 

85% efficiency 

energy - scenario 2 

33451,2

8 

28991,1

1 

24530,94

2 

20070,7

7 15610,6 

11150,4

3 

Electric motor 2; 

85% efficiency 

energy - scenario 3 

745,310

4 

645,935

7 

546,5609

6 

447,186

2 

347,811

5 

248,436

8 

Electric motor 2; 

91% efficiency 

energy - scenario 1 

15288,4

2 

13249,9

6 

11211,50

7 

9173,05

1 

7134,59

5 

5096,13

9 

Electric motor 2; 

91% efficiency 

energy - scenario 2 

31245,7

1 

27079,6

1 

22913,51

7 

18747,4

2 

14581,3

3 

10415,2

4 

Electric motor 2; 

91% efficiency 

energy - scenario 3 

699,208

7 

605,980

9 

512,7530

6 

419,525

2 

326,297

4 

233,069

6 

Electric motor 2; 

97% efficiency 

energy - scenario 1 

14342,7

4 

12430,3

8 

10518,01

2 

8605,64

6 6693,28 

4780,91

4 

Electric motor 2; 

97% efficiency 

energy - scenario 2 

29312,9

8 

25404,5

8 

21496,18

6 

17587,7

9 

13679,3

9 

9770,99

4 

Electric motor 2; 

97% efficiency 

energy - scenario 3 

605,791

2 525,019 

444,2468

7 

363,474

7 0 0 

Electric motor 3; 

85% efficiency 

energy - scenario 1 

12426,4

9 

10769,6

2 

9112,756

4 

7455,89

2 0 0 

Electric motor 3; 

85% efficiency 

energy - scenario 2 

25396,6

3 

22010,4

1 

18624,19

6 

15237,9

8 0 0 

Electric motor 3; 

85% efficiency 

energy - scenario 3 

565,848

9 

490,402

4 

414,9558

7 

339,509

3 0 0 

Electric motor 3; 

91% efficiency 

energy - scenario 1 
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11607,1

6 

10059,5

4 

8511,915

3 

6964,29

4 0 0 

Electric motor 3; 

91% efficiency 

energy - scenario 2 

23722,1

3 

20559,1

8 

17396,22

7 

14233,2

8 0 0 

Electric motor 3; 

91% efficiency 

energy - scenario 3 

530,848 

460,068

2 389,2885 

318,508

8 0 0 

Electric motor 3; 

97% efficiency 

energy - scenario 1 

10889,1

9 

9437,29

7 

7985,405

1 

6533,51

3 0 0 

Electric motor 3; 

97% efficiency 

energy - scenario 2 

22254,7

8 

19287,4

8 

16320,17

2 

13352,8

7 0 0 

Electric motor 3; 

97% efficiency 

energy - scenario 3 

1108,38

3 

960,598

7 

812,8142

9 

665,029

9 

517,245

5 0 

Electric motor 4; 

85% efficiency 

energy - scenario 1 

22736,0

6 

19704,5

9 

16673,11

4 

13641,6

4 

10610,1

6 0 

Electric motor 4; 

85% efficiency 

energy - scenario 2 

46466,8

3 

40271,2

5 

34075,67

6 27880,1 

21684,5

2 0 

Electric motor 4; 

85% efficiency 

energy - scenario 3 

1035,30

3 

897,262

5 

759,2221

4 

621,181

8 

483,141

4 0 

Electric motor 4; 

91% efficiency 

energy - scenario 1 

21236,9

8 

18405,3

9 

15573,78

7 

12742,1

9 

9910,59

2 0 

Electric motor 4; 

91% efficiency 

energy - scenario 2 

43403,0

8 

37616,0

1 

31828,92

8 

26041,8

5 

20254,7

7 0 

Electric motor 4; 

91% efficiency 

energy - scenario 3 

971,263

6 

841,761

8 

712,2599

4 

582,758

1 

453,256

3 0 

Electric motor 4; 

97% efficiency 

energy - scenario 1 
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19923,3

6 

17266,9

1 14610,46 

11954,0

1 

9297,56

6 0 

Electric motor 4; 

97% efficiency 

energy - scenario 2 

40718,3

6 

35289,2

4 

29860,12

8 

24431,0

1 19001,9 0 

Electric motor 4; 

97% efficiency 

energy - scenario 3 

 


